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Preface

The second title of this book is 7he_Journey of Our Lifetime; 1 have been
privileged to follow the lifetime of a very remarkable man from Scotland,
John Scott Haldane. Born into an aristocratic family, Haldane was comfort-
able in every human situation, from sampling the air in the slums of Dundee,
to working in the rarefied atmosphere of New College, Oxford. His inves-
tigations brought him into contact with miners, divers, munitions workers,
soldiers, engineers, scientists, politicians and royalty. He counted Einstein
among his friends and shared with him the distinction of being awarded the
oldest prize in science, the Copley Medal of the Royal Society of London.
Uncomfortable with the constraints of academic life, he established a labora-
tory at his home in Oxford. His colleagues were known as “partners” and he
would readily discuss his research with anyone who would listen.

Haldane was truly a polymath, readily crossing disciplinary boundaries in
the investigation of a multitude of human conditions. His clarity of thought
produced solutions to medical problems that many still allege to be unre-
solved today, despite astonishing advances in medical technology. In his fa-
mous book Respiration, published by Yale University Press in 1922, he explains
the importance of breathing, not just to gain sufficient oxygen to sustain life
and health, but to ensure healing from illness and injury.

It has been the interface between engineering and medicine that proved
an irresistible fascination for me and it led to a career in industrial medicine.
Immersion in thousands of papers across many disciplines, decades of treat-
ing deep sea divers and hospital patients with high levels of oxygen in pressure
chambers has amply confirmed Haldane’s contention that the oxygen in air is
often not enough. Giving more oxygen, possible with a modest increase in the
pressure around us, can greatly extend the envelope of natural recovery.

The developing use of oxygen treatment in medicine was sidelined af-
ter WW2 by the spectacular growth of the multinational pharmaceutical in-
dustry. But, as Haldane would surely have pointed out, it is obvious that all
recovery, whether natural, assisted by drugs, or induced by a placebo effect,
is only possible when there is sufficient oxygen present and, moreover, there
is no substitute. He would have been astonished, although probably not sur-
prised, by the pivotal discovery that oxygen actually is the controller of our
most important genes. The implications of this research can be distilled down
to a simple statement: We need to use more oxygen in medical practice and,
especially, in the treatment of disorders of the brain. The allegation that giv-
ing more oxygen is “alternative” medicine is unscientific and absurd: Illness



and injury always reduce the oxygen available to cells and healing only occurs
when adequate levels are restored. It is drugs that are alternative.

I hope that others will share my excitement over the latest discoveries
about the molecule of life and also gain the satisfaction that comes from
using oxygen in treatment. There is so much more to do: To quote Winston
Churchill after the pivotal victory of WW2 at El Alamein: “Now this is not
the end. It is not even the beginning of the end, but it is, perhaps, the end of
the beginning.”

Philip B. James
January 2014
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Introduction

This book is about the importance of oxygen to the brain, not only to its
function, but also to its recovery from the many conditions that may affect us.
The story takes us from the first conquest of the skies by the balloonists, to
the deepest dives made in the ocean. The science underpinning these exploits
was used to put men on the moon and it now allows thousands of us to jet
around the world every day. The technology is set to impact on mainstream
medicine because scientists have discovered a dramatic new dimension to the
role of oxygen in the body; far from simply providing energy, this vital gas
actually controls many of our most important genes.

Despite the astonishing advances made in medicine, from the discov-
ery of penicillin to heart transplant surgery, something has been overlooked,
something so fundamental that it defies belief; it is simply how oxygen can be
used as a treatment. We have forgotten that the oxygen we gain from breath-
ing not only allows us to function, it is the key to our recovery from injury or
disease. For the most part, breathing is silent; moving an invisible gas in and
out of the lungs usually goes unnoticed in our daily lives, although we can
generate plenty of noise when we speak! But there are times when the oxy-
gen in the air is simply not enough and, even after a delay of years, breathing
more may restart a stalled recovery. This was, perhaps, anticipated by William
Shakespeare in Act 3 of King Lear when he wrote, “Here is better than the
open air, take it thankfully.”

As an element, oxygen is, of course, unique and there is no substitute;
water and glucose are also unique, but they are compounds and the body can
make them from food; we must breathe to gain oxygen molecules from the
air of the atmosphere. This layer of gas extends from the surface of the earth
to the edge of space about 140 miles above us. Although the discovery of
oxygen and its importance to most living things dates from the seventeenth
century, only a handful of doctors in the world have become aware of the
immense power of using high levels of the gas to extend the ability of the
body to heal. There is, however, an obvious stumbling block for most of
the medical profession; it is simply, why giving a large dose of oxygen for
just one hour in the 24 hours of a day can mean that wounds begin to heal,
even after a delay of many years. The science is now in place, but giving oxy-
gen has yet to be recognised as a treatment in medicine and is even viewed
as “alternative”or “complementary” therapy, when it is actually impossible
for healing to take place in its absence. This is partly because medicine has
been fractured by the creation of specialities, largely based on our organs, the
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“ologies,” as for example, cardiology, dermatology and neurology etc. How-
ever, all of our organs are linked by blood vessels and blood, and their prime
function is to transport oxygen. Unfortunately today the central importance
of oxygen, and the hydraulics of blood flow, barely rate a mention in the
curricula of our medical schools; medicine has moved on to molecules and
drugs. This reflects the fact that many who teach in our institutions think that
oxygen is understood and “old hat”; being involved in the latest research, they
do not have time to revisit well-travelled paths. Most of the research into the
physiology of breathing was done more than 50 years ago, well before the
sophisticated technologies available today were developed. Our investment
in understanding life is dwarfed by the vast amounts of money spent in ex-
otic particle physics, constructing machines like the Large Hadron Collider in
Geneva, just to collide protons, when the complexities involved are dwarfed
by the processes that take place in a single living cell. Ironically, it is “proton
pumping” in our cells that generates the energy we need to live!

No one can seriously doubt the importance of oxygen to the brain; if we
stop breathing, consciousness, the window that allows us to be aware of our
surroundings, rapidly fades. The most critical function of the “machinery”
of the body is to maintain our consciousness but, isolated in the bony skull,
the brain cannot alert us to its own problems. The brain has no pain recep-
tors and so cannot feel pain when it is injured; it can only experience the pain
produced by damage to other tissues. This is not to discount the emotional
distress of the many life events that may affect us, but to retain our sanity,
it is important to recognize that no greater pain can exist than is felt by the
consciousness that resides in just a single brain. And consciousness cannot
be shared, every man is indeed an island; each of us has our own and unique
view of the world. It is unfortunate that the incessant global media coverage
of disasters makes it seem that the pain we each feel is somehow added to-
gether.

It is universally recognised that deprivation of oxygen soon causes brain
damage, although this may be prevented if the deficit is corrected quickly, the
timing is critical. Based on textbook accounts, most would say this is mea-
sured in minutes, but this is certainly wrong; the uncomfortable evidence,
which will be discussed later, is that after the heart has stopped, its cells may
not die for some hours after cardiac arrest.! But, to take matters a step further,
will giving more oxygen to patients with brain injuries help them to recover?
The purpose of this text is to show that it can and why. In 19817 three emi-
nent neurologists introduced the concept of the “idling neuron,” recognising
that, after an injury, brain cells may be not dead but sleeping. Although this
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still awaits acceptance by many leading scientists involved in brain reseatch,
there is overwhelming evidence to indicate that it is correct. This quote, at-
tributed to a neuroscientist in 2010 Dadly 1elegraph article, illustrates the popu-
lar view that brain cells are simply either alive, or dead.

W hen we have a stroke, onr brain is starved of oxcygen, cansing the catastrophic death
of those nerve cells and leaving us paralysed and unable to speak. Yet within days,
the same patients start to regain movement and the ability to speak. This is not a
sign of nerves coming back to life, but the brain rebuilding itself, creating new nerve
connections and bypassing the damaged areas.

It is most unlikely that new connections can actually form within days.
However, brain imaging has shown that nerve cells may become dormant and
can be revived after injury, but it depends on sufficient oxygen being avail-
able. There has been a second important discovery relating to brain repair; the
stem cells that form the brain as we grow in the womb are still present in our
brains as adults and they retain the ability to grow new nerve cells.” Astonish-
ing studies of patients who have received bone marrow or heart transplants
from a donor of the opposite sex have shown that stem cells produced by
the donated bone marrow can migrate into the recipient’s brain.* They have
been identified after death by their sex chromosomes and the phenomenon
has been termed chimerism. This has shown that, rather ironically, the sex
chromosomes are not a factor in the rejection that often effects transplanted
organs. Not only are the primary cells added, for example, muscle cells in the
heart,” ot neurons in the brain, new blood vessels are constantly formed. So,
the brain, like other tissues, is constantly rebuilding itself using stem cells,
which suggests that aging occurs when our ability to repair damage fails.

Unfortunately, because oxygen has not been given its rightful place in
treatment, medicine remains in the “Dark Ages” in the treatment of brain
disorders; drugs have been the rallying point for medical effort, often gen-
erating huge profits for investors before being discarded. The mistaken be-
lief that everything will eventually be cured by a pill is a delusion no longer
shared by the executives of pharmaceutical companies. It was reported on
the BBC Radio 4 programme 7oday in February 2011, by Professors David
Nutt and Douglas Kell, that the giant multinational drug companies Pfizer,
Glaxo Smith Kline, and Astra Zeneca had closed their neuroscience divisions.
Ironically, they referred to it as “the last nail in the coffin.”

Despite the universal acknowledgement of the importance of oxygen
to life, it will come as a surprise to many that using oxygen as a treatment,
rather than just a supplement, is often dismissed by otherwise knowledge-
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able doctors. Today, with few exceptions, additional oxygen is given to pa-
tients simply to ensure that their blood is carrying a normal quantity; that it
is as red as possible, but not to ensure that sufficient oxygen is available to
the cells of our tissues. Ironically, blood is the one tissue little affected by
lack of oxygen. The failure to consider the transport of oxygen to the tis-
sues is apparent in a 2008 UK guideline on the emergency use of oxygen in
adult patients,® which advocates “target” oxygen saturations in blood based
on the so-called “saturation” of the carrier molecule haemoglobin in form-
ing oxyhaemoglobin. This is the molecule containing iron, which is respon-
sible for the redness of blood. But oxyhaemoglobin is a compound which
contains oxygen, just as water contains oxygen bound to hydrogen and, in
both cases, the oxygen is part of the molecule and is not free to be used.
Only when oxygen is free and dissolved in the watery liquid of plasma can
it enter tissues and cells. It is tragic that, despite the certain science involved,
this fact is constantly overlooked in medical practice.

This failure has historical roots that need to be explored, especially be-
cause some believe that oxygen is poisonous and that giving more may be
harmful. Too much of even essential nutrients can be harmful, even water
and glucose. But there is ample evidence, which will be discussed in detail
later, that the phenomena described as the “toxic” effects of oxygen on the
lungs and the brain are extensions of the normal physiological actions of the
gas. Here the unique knowledge gained from the fields of aviation, space ex-
ploration, and diving is desperately needed to change opinions firmly held in
mainstream medicine. As will be seen, the body is able to cope with short pe-
riods of breathing oxygen levels vastly in excess of the concentration we not-
mally breathe in air. In contrast, it is painfully obvious that lack of oxygen is
much more dangerous; indeed we all ultimately die from it. Significant prog-
ress in the treatment of many disorders of the brain will not be possible until
the fears relating to the use of oxygen, embedded in the minds of the medical
profession, have been allayed. There will, inevitably, be resistance; suggesting
that doctors do not understand how to use oxygen is a full frontal assault
on their professional competence. The critical question, given that doctors
are constantly bombarded with multimillion dollar advertising to adopt new
drugs is: How can this truly monumental change be achieved when there is no
financial incentive? Based on the experience of the author over many years,
it can only be achieved by giving the facts to patients, their relatives, and car-
ers; it is painfully obvious that they have the greatest motivation to promote
recovery. Doctors can, of coutse, also be patients and it is a constant surprise
to discover that their opinions about oxygen treatment change.

xXvl

This text brings together the work of many thousands who have been
involved in oxygen-related research since science began to influence the prac-
tice of medicine about a hundred and fifty years ago. No claims for priority
are made; it is obvious that the enormous growth of knowledge in every field
of human activity makes it impossible for any single individual to be expertin
more than a small area, and our lifespan is the ultimate biological limitation.
Although we have developed many ways to increase our productivity, we still
need leisure, as well as work, and we spend about a quarter of our lives asleep.
Also, the problem of information overload has spawned a new discipline
called “complexity science,” which aims to determine unifying principles and
is the approach used in this book. We now live under a veritable Tower of Ba-
bel, with millions of new papers published in medicine every year. Incredibly,
it is becoming common to cite only papers published in the last ten years; few
are now aware of the work of the eatly pioneers. Sadly, the unfettered clarity
of thought they were able to bring to medicine is now rarely possible. Un-
fortunately, attempts to generalise often upset experts, but this risk must be
taken so that sense can be made of the vast amount of data that has been ac-
cumulated about oxygen. The biochemist Dr. Nick Lane grasped this nettle
in writing his scholarly text, Oxygen: The Molecule that Made the World. Published
by Oxford University Press in 2002, it brings together key information about
the central role of oxygen in the development of life on our planet. Unfortu-
nately, it repeats much of the current misinformation about the use of oxy-
gen in medicine. Nevertheless, the author is pleased to take this opportunity
to acknowledge helpful discussions with Dr. Lane and the stimulus given by
this and his subsequent books.”®

Most of us are content to accept the advances that science has made pos-
sible; they allow us to live longer, communicate more freely, travel further, and
certainly play more than our forbears; not having to worry about keeping a
roof over our heads, or finding food every day, we have the time. Nevertheless,
many people do not want to know what happens inside us, not least because it
reminds us of our vulnerability and mortality. It also brings us face to face with
our origins; it is now well established that we share more than 98% of our genes
with chimpanzees. No doubt, if they could understand this, they would actually
be much more uncomfortable with the fact than we are; we are far more tet-
rible than any other species on our planet. Other facts should also make us feel
awkward; we rely on other members of the animal kingdom not just to work
for us, but for experimental models of our diseases, to test our drugs, and to de-
velop surgical techniques. There can be little doubt that it is easier to leave these
uncomfortable matters in the hands of professionals, but today, this is simply
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not good enough. When we are children we have no choice but to trust others,
but it is part of growing up to recognise that we live in an imperfect world and
must take some responsibility for the actions taken by our societies.

Some may question why this book is necessary; sutely, doctors are kept
aware of the latest research? Unfortunately, we are all children of our time,
the pressures of medical practice mean that doctors have little time to read
journals and increasingly rely on other agencies and drug companies for in-
formation. As more than $1 billion may be spent on the marketing of a single
drug,” an ambience has been created in medicine where, unless this level of
effort is seen to be expended, a treatment does not appear to be worthwhile.
Obviously, oxygen cannot be patented, and it is a rule of business that there
can be “no promotion without protection” of a financial investment.

Suggesting more oxygen should be used in treatment is regarded today
as “controversial,” despite the end point being to restore normal values in
our tissues. It would be difficult to imagine a more sensible, indeed a more
scientific objective! We are entering an exciting era and remarkable new infor-
mation can dispel the myths surrounding oxygen that are impeding progress.
Although at times this book may be a disturbing read, to be in control of our
lives the information is needed in the public domain. A comprehensive list of
references is provided for each chapter at the end of the book, so that readers
can access the primary sources of the information. Chapter 1 sets the scene.

XV

CHAPTER 1
Setting the Scene

The presence of oxygen in a planetary atmosphere is the litmus test of
life: Water signals the potential for life, but oxygen is the sign of its
Sfulfilment.

Oxygen: The Molecule that Made the World. Nick Lane, 2002.

There can be no doubt that the human brain represents the pinnacle
of development in our solar system, making any of our own creations in
comparison, even the most sophisticated supercomputers, appear primitive.
We are capable of astonishing genius; over the last few thousand years we
have dominated the planet, making our mark in even the most inhospitable
places, and building giant structures clearly visible from space. At night, satel-
lite images show myriad centres of population glowing—stark evidence of
our contribution to global warming (see www.earthlights.com). As far as
we can tell, we are on our own in the galaxy known as the Milky Way, and it
will not be possible to travel to other stars with planetary systems because it
would take far too many lifetimes. The adult human brain typically weighs
just over three pounds, about 1,350 grams, and all of the complex apparatus
of the body has the sole purpose of supporting the astronomic number of
100 billion cells it is said to contain. There is also one certainty; its develop-
ment would not have been possible without the oxygen present in the earth’s
atmosphere.

It appears that a single event several billion years ago led to the develop-
ment of organisms containing multiple cells, and prepared the way for the
complexity of the human brain. The most likely explanation is that a single-
celled animal, rather like an amoeba, engulfed a purple bacterium, encapsu-
lating it within the confines of its cell membrane.! However, the bacterium
was not destroyed; it survived to form a partnership with the cell. Ironically, a
similar event takes place daily in every one of us and can be seen by viewing
a sample of fresh blood under a microscope. Neutrophils, one of our white
blood cells—also known as phagocytes, continually engulf bacteria in our blood
to destroy them before they do us harm. They are also capable of captur-
ing other particles and the sequence in which human neutrophils ingest latex
granules over just a few minutes has been filmed.? After contact with the latex
spheres, the phagocyte sends out projections which surround them and they

are then incorporated within the cell membrane.
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Figure 1.1: A neutrophil ingesting latex microspheres.
Frame two is after 1 minute and frame three is after 3.5 minutes.
(Courtesy of Dr. W.L. Lee.)

The coming together of a single-celled organism with a purple bacterium
billions of years ago was to benefit both. The bacterium found a safe haven,
and the cell was given a way to generate vastly more energy from the glu-
cose molecule—enough to eventually allow the development of organisms
with many billions of cells, including the species we have called outselves,
Homo sapiens. The purple bacterium was the ancestor of the hundreds of tiny
structures within our cells called mitochondria, which are responsible for the
production of most of our energy. They are one of a number of structures
within the cytoplasm of our cells outside the cell nucleus, known as organ-
elles. The purple bacterium had its own DNA containing about 1,500 genes,
although it did not possess a nucleus. After the bacterium was incorporated
into the cytoplasm of the engulfing cell, most of its genes transferred to
the nucleus of the host cell, leaving only about a hundred or so behind in
the mitochondrium. The genes retained within mitochondria allow them a
degree of independence, for they are actually capable of reproducing within
our cells. Fragments of the DNA released from mitochondria when cells are
ruptured are now used for identifying tissue from victims of disasters, as
they were following the destruction of the Twin Towers in the 9/11 attack in
2001. They can also be detected in the circulating blood of patients after in-
jury, and may be responsible for the generalised inflammation seen in severely
injured patients, known as SIRS—short for systemic inflammatory response
syndrome, which is a leading cause of death after trauma.’

The chemical apparatus that mitochondria donate to our cells allows
access to the energy locked in the glucose molecule by removing its elec-
trons. It is the unique structure of molecular oxygen that renders it capable
of accepting electrons—a process that is known as oxidation. The energy
gained by stripping the electrons from glucose is used to create the molecule
central to life known as adenosine triphosphate (ATP). It is now accepted
that the production of energy from ATP actually involves pumping protons
and osmotic forces, and it was termed chemiosmosis by its discoverer Sir
Peter Mitchell* (1920-1992). Although his work was fiercely contested for
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many years, he was eventually awarded the Nobel Prize in 1978. The ef-
ficiency of oxidation in mitochondria has been critical to the development
of multi-cellular organisms, especially those, like us, with large, complex,
energy-demanding brains. All living things on earth, with the exception of
some species of microbe and, apparently, one nematode worm living at the
bottom of the Black Sea,” can only function if there is sufficient oxygen
available to release the energy contained in the glucose molecule.

Everyone knows that the primary reason we breathe is to get oxygen
from the air, but most remain unaware that, because it is a gas, the amount of
oxygen we take in by breathing is determined by pressure—the atmospheric
ot barometric pressure that surrounds us. This pressure is exerted by gravity
acting on the gases in the atmosphere of our planet, constantly pulling them
down towards the ground. The clouds suspended above us are a constant
reminder of the presence of the atmosphere, which is clearly visible as a thin
blue haze around earth on this photograph taken on an Apollo mission.

Figure 1.2:

The earth photographed from the
moon.

(Courtesy of NASA.)

We all live under pressure, the atmosphere of our planet being effectively an
enormous pressure chamber without walls, maintained by the force of grav-
ity. Continue to lie in a bath when letting the water out quickly, and the effect
of gravity becomes very obvious. We owe our lives to the concentration of
oxygen in the atmosphere, and it is all down to gravity.

It is now more than 40 years since the late Neil Armstrong and Buzz
Aldrin first walked on the moon, in what was probably the most com-
plex project ever undertaken. Its success is in stark contrast to the failure
of the initiative launched by President Richard Nixon to solve the riddle
of cancer. The reason is simple: The biological issues involved in cancer
are much more complex than rocket science. Space missions, of course,
require a detailed understanding of the effects of gravity, pressure, and
oxygen. Because the moon has no atmosphere, astronauts have to wear a
pressure suif; without a suit, the water in the body would actually boil in the
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Figure 1.3:

Buzz Aldrin, photographed by Neil
Armstrong on the Apollo 11 mission in
1969.

(Courtesy of NASA.)

vacuum of space. A fascinating book by Nicholas de Monchaux details the
development of the Apollo suit by the International Latex Corporation in
the face of determined opposition from defence contractors.” Space suits
are personal high-pressure (hyper-baric) chambers, which are pressur-
ized with pure oxygen supplied from cylinders contained in the backpack.
The gas is circulated by a fan through a canister of lithium hydroxide to re-
move the carbon dioxide an astronaut exhales with each breath.

The suit can only be pressutized to about a third of earth’s atmospheric
pressure at sea level because, at a higher pressure, the glove becomes too rigid
for astronauts to be able to bend their fingers. Let no one doubt the risks
that astronauts take—loss of suit pressure from a puncture, for example by a
meteorite, would be very rapidly fatal.

Today, pressure is a word in constant use, as in the “pressures of life” and
the “pressures to conform,” etc. Although we may not think much about it,
we constantly rely on the pressures exerted by gases and liquids in everyday
life, from using the hydraulic pressure controlled by a tap to fill a glass of
watet, to adjusting the air pressutre in our car tyres. As biological machines,
we are able to live because of the pressure changes produced by the pneu-
matic pump which inflates the lungs and the hydraulic pressure produced
by the heart to drive the circulation. The primatry function of both is to
provide oxygen to our trillions of cells. Medical students are taught how to
take a patient’s blood pressure and its relevance to the circulation of blood,
and also about the pressure changes in the chest associated with breathing.
But they are o taught the importance of atmospheric pressure to the final
delivery of oxygen to our cells or, indeed, the critical importance of oxygen
to our recovery from illness or injury. Astronomers today are obsessed with
black holes—the tragic failure to recognise the importance of giving patients
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more oxygen to assist their recovery could well be called the “black hole” of
medical practice.

We all know from daily weather forecasts that atmospheric, or baromet-
ric, pressure varies with the weather. It is more likely to rain on a low-pressure
day and be sunny when the pressure is high. We watch the developing low and
high pressure systems ringed by the isobars on television weather forecasts,
knowing what they bring. Weather systems are so powerful that they even
make the planet wobble on its axis. Figure 1.4 shows the isobars defining ar-
eas of high and low pressure on a typical Atlantic weather chart. The units are
millibars (SI unit hectoPascals) and normal atmospheric pressure is regarded
as 1,013 millibars.

Figure 1.4:
Isobars on an Atlantic weather
chart.

The range from the lowest to the highest barometric pressure in the UK
is actually more than 10%, and it is even greater in some countries. This means
that our intake of oxygen varies by the same amount, and it is one reason
why we feel better on a high pressure day. When ascending high mountains,
climbers become breathless because the air pressure reduces with increasing
altitude. But is atmospheric pressure 7ea/ly important to our health? It may ini-
tially be tempting to say no, especially when it is obvious that changes in pres-
sure are ignored in mainstream medicine; barometers certainly do not feature
in our hospitals. In fact, the variation is not important to healthy, normal,
people but, as we shall see, it may be a matter of life and death to critically ill
patients needing intensive care.

As a gas, oxygen obviously must be at pressure and it exerts about 21%
of the pressure of the air we breathe, with nitrogen contributing an addi-
tional 78%. The remaining 1% is composed of the noble gases, principally
argon, together with water vapour and carbon dioxide. It is the pressure
exerted by oxygen that determines how much of it dissolves in the blood
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passing through our lungs. The physics involved is much the same as us-
ing pressure to put the carbon dioxide in a drink during manufacture to
produce the fizz. The quantity of carbon dioxide that dissolves is directly
proportional to the pressure of the gas, so doubling the pressure doubles
the amount of the gas dissolved. This relationship was first described by the
English chemist William Henry (1775-1836), and so is known as Henry’s
law. When we breathe in, we create negative pressure within the chest cavity
and it is atmospheric pressure that actually drives the air into our lungs. In
the lungs, oxygen dissolves in the blood passing through the capillaries next
to the air sacs known as alveoli. It is, therefore, the concentration of the oxy-
gen dissolved in the plasma of blood that is directly responsible for its final
transfer when blood is transported into the tissues of the body to each cell.

Despite being the element most critical to life, oxygen has had bad press
in recent years with much loose talk of oxygen free radicals. Indeed, it almost
seems that the first word it evokes in the minds of doctors is “toxicity.” This
has had two unfortunate consequences: A tragic restriction of the use of
oxygen for patients, and the lucrative marketing of antioxidants by the health
food industry. Administering a higher level of oxygen to patients, whether
it is at normal atmospheric pressure or in a hyperbaric chamber, is termed
hyperoxia. 1t is common to see the unqualified statement in medical papers
that “Hyperoxia produces free radicals.” This is, perhaps, not too surprising
in view of the paper unfortunately entitled “Oxygen is Toxic!” published
in 1977 by the celebrated biochemist, Professor Irwin Fridovich.” The author
visited him at his laboratory in Duke University in 1991 to discuss the sub-
ject, and found that he does not support the view that oxygen itself is toxic;
indeed, he has stated emphatically that “Molecular oxygen is surprisingly un-
reactive” and bases his argument on quantum mechanics:

The modern view holds that oxygen is toxic not in and of itself, but rather becanse its
reduction to water often proceeds by a univalent, stepwise process which creates dangerously
reactive intermediates. Oxygen toxicity is, then, due to these intermediates. This point of
view has been presented in several reviews.

Molecrlar oxygen is surprisingly unreactive. Its paramagnetism indicates the presence
of two unpaired, parallel, electronic spins. This electronic configuration accounts for
its modest reactivity under ordinary conditions. Thus, stable organic substances, which
might react with oxygen, contain only pairs of electrons. Direct insertion of a pair of
electrons into the half filled orbitals of oxygen would result in two parallel spins in the
same orbital. This situation is disallowed by the well-tested rules of quantum mechanics.
Spectfically, it wonld violate Panli's exclusion principle.

Fridovich 1. Bioscience 1977;27:462-6.
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But the desperate confusion about the properties of molecular oxygen is
not restricted to medicine; in a Wikipedia entry discussing free radicals, there
are conflicting statements on the same page. It states:

The high reactivity of atmospheric oxygen is due to its diradical state.
It is then pointed out that,

... the triplet-singlet transition is also spin forbidden. This presents an additional
barrier to the reaction. It also means molecular oxygen is relatively nnreactive at
room temperature.

http://en.wikipedia.org/wiki/Radical_(chemistry)

However, Fridovich, in a second paper entitled “Hypoxia and Oxygen Toxic-
ty,” which he delivered to an audience of neurologists in 1979, suggests that it
is lack of oxygen, that is hypoxia, that is associated with free radical damage.®
Unfortunately, this paper is rarely cited, although we now know that it is actu-
ally correct; insufficient oxygen is, paradoxically, associated with the release
of free radicals. Hypoxia is actually difficult to define but refers to lack of an
adequate level of oxygen, sypo indicating less and oxia, of course, referring to
oxygen. Its association with free radicals obviously needs to be explained, but
first it is necessary to outline the role of oxygen in normal metabolism.

The energy we need is derived from the glucose we obtain from food,
and it is used to build the molecule at the centre of life ATP, by a process
known as oxidative phosphorylation. 1t is used for actions as diverse as pow-
ering muscle contractions, to building proteins; even our thinking depends
on this molecule. The process by which oxygen gains the energy contained
in the glucose molecule involves removing its electrons; /oss of electrons is
known as axidation. In the reaction, oxygen gains an electron; gain of an elec-
tron is known as reduction. Together, these effects are known as redox reac-
tions. However, if glucose powder is dusted onto a surface it will not react
with the oxygen present in the air, nor would it react if the air was replaced
by pure oxygen. Equally, iron will not rust in 100% oxygen in the absence
of water. However, if activation energy is provided by a flame, both glucose
and iron will react in air and pure oxygen; in other words, they will burn.
Burning glucose releases energy and produces carbon dioxide and water.
The body cannot use fire to produce energy for obvious reasons, and in-
stead uses an enzyme reaction and the enzyme is known as ¢ytochrome oxidase.
The reaction takes place in the mitochondria of our cells and the end
result is the same as combustion; the glucose molecule is oxidised to carbon
dioxide and water. A small amount of its energy is dissipated as heat, but
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most is used for the chemical reactions essential to life. What is so remark-
able is that cytochrome oxidase is able to transfer electrons onto the oxygen
molecule safely, avoiding the formation of free radicals. In other words, in
providing energy it is acting as a powerful antioxidant producing water from
oxygen without toxicity.

Although cytochrome oxidase is supremely effective in safely removing
electrons from glucose, some free radicals escape from other proteins in mito-
chondria and it is usually stated that 1-2% of the oxygen we consume forms
free radicals. To deal with this threat, cells have developed a sophisticated
defence system of free radical scavengers. However, the scavenging molecules
require energy for their production because they have to be synthesised by
cells. This needs ATP and the production of ATP, of course, needs oxygen.
The problem arises when oxygen levels fall because free radicals continue to
be produced when there is less energy available to synthesize the complex
scavenger molecules needed. And so, in the absence of effective scavenging,
free radicals persist causing cell damage. Conversely, if oxygen levels are in-
creased above normal levels, for example when oxygen is given to a patient,
ample energy is available for the production of matching levels of scavenger
molecules. The dynamic balance between free radical production and free
radical scavenging is central to life. To add yet another tier of complexity it
appears that free radicals are involved in signaling within cells. Debunking the
many myths and legends regularly cited about oxygen and free radicals is a key
objective of this book, and is certainly needed to establish the use of higher
levels of oxygen in treatment.

When a molecule of glucose is oxidised in mitochondria, it yields 18
times more ATP than is produced when it is converted to lactate in the ab-
sence of oxygen. This process later is termed anaerobic gheolysis and it has
been assumed that glycolysis only occurs when lack of oxygen has reduced
the mitochondrial production of ATP to zero. However, despite this being
widely believed, it is not the case. The switch from oxidation to glycolysis is
actually an active process, one of many controlled by a key protein hypoxia-
inducible factor 1 alpha (HIF 1a),” which simply translates as low oxygen-in-
duced factor 1 alpha. The hypoxia-inducible factor proteins are, paradoxically,
increased when oxygen levels fall because their rate of destruction is reduced
and, as will be seen later, this is the key to the existence of both multi-cellular
plant' and animal life. Fibroblasts, genetically modified so that they cannot
produce this protein, were cultured in a gas containing only 1% oxygen."
Although they continued to produce ATP, they died because of an increased
release of electrons before their final transfer to complex IV and the produc-
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tion of carbon dioxide and water could take place. This release of electrons
resulted in the production of the superoxide radical, which was responsible
for the cell death—it appears that Fridovich was correct; paradoxically, hy-
poxia—TIack of oxygen—is associated with free radical damage.

This information can actually explain the results of experiments reported
in 1995," which atre of immediate relevance to the disease known as multiple
sclerosis,because they confirm the vulnerability of o/igodendrocytes. They are the
cells which are responsible for producing the myelin sheaths in the nervous
system which wrap around nerve fibres to increase the rate at which impulses
are transmitted. Oligodendrocytes are the cells most commonly damaged in
multiple sclerosis and the disease features in Chapter 13. When tissue cultures
of the precursor cells that form oligodendrocytes were exposed to a gas not
containing any oxygen at all, a state called anoxia, the cells astonishingly sur-
vived for 24 hours using anaerobic glycolysis. However, when the same cell
cultures were incubated with a gas containing 1% oxygen, there was evidence
of severe damage from lipid peroxidation. Lipids are forms of fat, and lipid
peroxidation is the free radical chain reaction that makes butter rancid. In
the body this process of peroxidation damages cells by attacking the lipids in
their membranes. It became clear that the oligodendrocyte damage was due
to the formation of the formation of the superoxide radical associated with
lack of oxygen and indicates failure of the normal scavenging of free radicals.
It seems reasonable to suggest that although at very low oxygen levels free
radicals continue to be produced, there is insufficient energy to construct the
complex scavenger molecules. The investigators found that when the oxygen
content of the culture gas was znereased to just 2%, there was no peroxidation
of lipids, and metabolism was normal. And so doubling the oxygen level to
2%, far from increasing free radical production, actually abolished it! An oxy-
gen level of 2% in culture gives a concentration of about 14 mm Hg, which
represents a normal oxygen concentration for most cells in the body. It is
clear that it is hypoxia, or too little oxygen, and not too much oxygen, that
is so dangerous. The retention of genes by mitochondria referred to eatlier
is needed to allow them to reproduce within the cell retaining some of the
characteristics of an independent life form. However, when oxygen levels are
very low, the mitochondria of cells die and are absorbed into spaces called
vacuoles within the cell. In the skin disease known as scleroderma, which is
associated with an increase in connective tissue, the cells have been found by
biopsy to contain very few mitochondria. A course of treatment with a high
level of oxygen under hyperbaric conditions has been found to restore not-
mal numbers of mitochondria in skin cells, confirming that they are capable
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of reproduction within the cytoplasm of cells.”

In recent years, astonishing proof that higher levels of oxygen are
actually beneficial has come from the study of fossils. About 300—400
million years ago, the atmosphere of our planet was about 35% oxygen; much
higher than the 21% value it is today. Dragonflies, like the fossil found in
1977 near Bolsover in Derbyshire, England, were able to achieve wingspans
of more than 30 inches. Many other insects also grew to a much larger size,
so it is clear that, far from being harmful to living things, a higher level of
oxygen can be very advantageous. Unfortunately, many in medical practice
today appear to regard such an increase to the concentration of oxygen as
clinically insignificant. However, chemists employing air as the soutrce of
oxygen for an industrial process would certainly disagree; such an increase
is highly significant and would dramatically alter the dynamics of a chemi-
cal reaction. This is all brought into sharp focus with the recognition that
the genes that have shaped our existence on earth were able to develop when
the earth’s atmospheric oxygen concentration was much higher than it is to-
day. Confirmation of the importance to the brain of breathing higher oxygen
concentrations came from studies of brain damage associated with anaesthe-
sia in the 1960s."* It was found that key areas of the brain were vulnerable
to a slight reduction in the blood flow if only 21% oxygen was used in the
gas supplied to patients in anaesthesia. A minimum level of 30% oxygen in
the mixture used was introduced, which is now the required standard. It is
notable that in the eighteenth century, such an increase in the concentration
of oxygen was achieved by using compressed air and employed as a medical
treatment.

The use of an increased air pressure in treatment has a long and
controversial history, which dates back to the experiments of the English
clergyman Henshaw in 1662." He believed that acute diseases could be
treated with an increase in pressure and chronic diseases with a reduction.
As will be seen later, he was actually correct, although he had no idea why
pressure has such effects. Changes in air pressure directly alter the pressure
of oxygen it contains. A descent to the Dead Sea, which is below sea level,
increases the concentration of oxygen breathed and an ascent to altitude
reduces it. Interestingly, the reduction of the density of air by an ascent to
a modest altitude—a few thousand feet, improves lung function because
human lungs use a “push-pull” system, with the incoming air being mixed
with the gases being exhaled.
pressure predated the discovery of oxygen by more than a hundred years.
The Polish alchemist Michael Sendivogius (1566—1636) should probably be

Henshaw’s research into the effects of air
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credited with the discovery of oxygen. The English chemist Joseph Priest-
ley also isolated it in 1774, although he called it dephlogisticated air. Priest-
ley breathed the gas and anticipated some of the comments made by the
customers of oxygen bars today (Figure 1.5). The term oxygen o, pro-
phetically, oxygene was applied to the gas by the celebrated French chemist
Antoine Lavoisier in 1778.

It is common knowledge that most of us feel better during a period of
high pressure, and our aches and pains often increase if barometric pressure
suddenly falls. The benefits from being in compressed air were rediscovered
in France in the 1830s by Junod, Tabarie, and Pravaz, beginning the extraordi-
nary era of the compressed air baths. They flourished in Europe and America
until the outbreak of WW2, and persisted in Germany until the 1970s. The
movement reached its zenith in the US with the construction of an enormous
hyperbaric hotel by Dr. Orville ]. Cunningham, a professor of anaesthesia at
the University of Kansas. Apparently, in 1918, Cunningham had successfully
treated a young doctor in his hospital suffering from severe influenza in a
hyperbaric chamber that had been used for animal experiments. He then built
a large horizontal chamber and treated patients with a variety of conditions.
His hyperbaric hotel was a 900-ton sphere 64 feet in diameter, with 38 rooms
and 350 portholes. It was built in 1928 by the Melbourne Construction Co. at
a cost of $1 million and financed by a patient Cunningham had treated, H.H.
Timken, the owner of the Timken Roller Bearing Co. of Canton, Ohio. The
sphere was attached to a seties of large cylindrical chambers, and the entrance
was via a three-story sanatorium hotel. A history of hyperbaric medicine was
the subject of a remarkable book called 7he Uncertain Miracle by the Pulit-
zer Prize winner Vance Trimble, published by Doubleday Press in 1973. The
grasp of the principles he displayed is exceptional and the author is delighted
to have been given a signed copy.

Patients stayed in the sphere for days at increased pressure in luxurious
rooms with a library and restaurant provided. They were even allowed to
smoke! Cunningham treated patients with syphilis, diabetes, and cancer, arguing
correctly that lack of oxygen was an important factor in these diseases. It is now
known that they are all associated with lack of oxygen and with inflammation,
a critical feature of the response of the body to a variety of challenges. Cun-
ningham was making a good deal of money, and this attracted the attention of
the American Medical Association. They undertook an investigation and their
report claimed that there was no scientific evidence to support the treatment,
obviously discounting the increase in the level of oxygen from compressed ai.
The facility closed in 1937, and Cunningham died a penniless and broken man.
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“I have gratified that curiosity by breathing it, drawing it through
a glass siphon, and, by this means, I reduced a large jar full of it to the
standard of common air. The feeling of it to my lungs was not sensibly
different from that of common air; but I fancied that my breast felt
peculiarly light and easy for some time afterwards. Who can tell but
that, in time, this pure air may become a fashionable article in luxury.
Hitherto only two mice and myself have had the privilege of breathing
it.” [p. 162.]

“...From the greater strength and vivacity of the flame of a candle,
in this pure air, it may be conjectured, that it might be peculiarly
salutary to the lungs in certain morbid cases, when the common air
would not be sufficient to carry off the putrid effluvium fast enough.”
[p- 168.]

“But, perhaps, we may also infer from these experiments, that
though pure dephlogisticated air [oxygen] might be very useful as a
medicine, it might not be so proper for us in the usual healthy state of
the body; for, as a candle burns out much faster in dephogisticated
than in common air, so we might, as may be said, lfve out too fast,
and the animal powers be too soon exhausted in this pure kind of air.
A moralist, at least, may say, that the air which nature has provided for
us is as good as we deserve.” [p. 168-169.]

Figure 1.5:
Title page and quotations from Joseph Priestley’s book.
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Figure 1.6: Dr. Orval Cunningham’s hyperbaric sphere.

The sphere was dismantled in 1942, and the steel used to build Liberty ships for
the war effort. It would be 60 years before the key role of oxygen in the control
of inflammation would be discovered, and it explains why compressed air can
be an effective treatment.

A startling vindication of Cunningham’s assertion that a modest in-
crease in pressure improves health has come from a study in Israel of
patients with advanced lung disease, published in the journal Chest in
1996."" The patients who were all receiving supplemental oxygen in Je-
rusalem were taken down to the Dead Sea to see if they would benefit
from the higher level of oxygen in the denser air. Jerusalem is 2,600 feet
(800 metres) above sea level, and the Dead Sea is 1,300 feet (402 me-
tres) below sea level, giving a total reduction in altitude of about 3,900
feet (1,200 metres). On the satellite image in Figure 1.7, which shows the
Red Sea's Gulf of Suez and Gulf of Aqgaba, the Dead Sea is the stretch of
watet on the right below the Mediterranean.

The general health of the patients improved with better quality sleep,
and they were able to walk significantly further, despite the fact that the
use of supplementary oxygen in Jerusalem actually increased their blood
oxygen values considerably above those achieved by being at the Dead
Sea. Why, then, did the patients benefit so much more, despite the dens-
er air at the lower altitude is harder to breathe? The answer may lie in the
fact that at the Dead Sea, the patients were breathing a higher level of oxy-
gen all the time whether they were awake or asleep. Patients rarely tolerate
the constant use of oxygen masks or nasal spectacles, especially during the
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Figure 1.7:
The Dead Sea (arrowed) imaged from a
satellite.

night. When we are asleep we all stop breathing, albeit for a short time. As
a result the oxygen blood content falls, and the delivery of oxygen to the
tissues decreases. As the normal leakage of water from capillaries and small
veins increases when the oxygen level breathed falls, the tissues of the body
become slightly swollen, although not enough to see with the naked eye. This
“micro” tissue problem exacerbates chronic inflammation, and may not have
been reversed by breathing supplementary oxygen just during the daytime in
Jerusalem. In contrast, the additional oxygen associated with the increased air
pressure at the Dead Sea was breathed 24 hours a day, avoiding intermittent
reductions of oxygen level as when patients remove the nasal spectacles to eat
and to sleep. The researchers found the evidence to support this suggestion;
the patients maintained better oxygen values sleeping at the Dead Sea than
when they were in Jerusalem. (The median haemoglobin oxygen saturation
increased from 85% to 95%, and the percentage of sleep time with a satura-
tion above 90% almost doubled, increasing from a median of 24% to 73%.) It
is very important to note that the benefits of the very modest increase in the
level of oxygen breathed at the Dead Sea unexpectedly lasted for several weeks
affer the patients returned to Jerusalem. Dr. Cunningham had been right and
the naysayers, including many now involved in hyperbaric medicine, have been
proved wrong.

Today, only saturation divers working in the oil industry experience
the benefits of living in an atmosphere providing a similar level of oxygen
to that used in the era of compressed air treatment. They live at constant
high pressure in chambers usually built into ships, known as diving sup-
port vessels (DSVs), undertaking what is commonly known as saturation
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diving. A diving bell is attached to the chambers and lowered through an
aperture known as a moon pool in the centre of the ship so that the div-
ers can be transferred into the sea. Synthetic atmospheres of helium and
oxygen are used, with a level of oxygen equivalent to breathing, about
35-45% at normal atmospheric pressure. Many North Sea divers have now
worked in the industry for decades and experience the usual aches and
pains associated with getting older; they find that the pains disappear after
a few days of breathing the higher oxygen level. Now, because the science
is in place, we know why: Inflammation causes pain, and oxygen actually
controls inflammation.

Our understanding of the fundamental role of oxygen in the develop-
ment of life has come from intensive research in the last few decades. Far
from just providing us with energy, oxygen controls much of our physiology
and many of our most important genes. It is now well established that oxy-
gen is the molecule that has underpinned the development of the biological
world, and it has been equally important in making us. We all start life as a
single cell, the fertilised egg, and it must embed in the lining of the womb to
obtain the oxygen, glucose, and other nutrients essential for growth, from
the blood of the mother. The oxygen, of course, comes from the mothet’s
breathing, and is carried in her blood to the womb and thence to the devel-
oping embryo. The final transfer is into the mitochondria of the cells of the
embryo to provide the energy needed for growth, that is, cell multiplication.
Over 50 years ago it was shown that the first part of the process in which
one cell divides into two can take place at very low oxygen concentrations.'®
However, a higher level of oxygen is needed to complete the division of
the chromosomes, which contain the genes carried by our DNA. With the
exception of the sex cells (eggs and spermatozoa), all our cells carry the full
complement of 46 (23 pairs) of chromosomes in the nucleus. Every one of
our cells, even the humble skin cells we discard into the air in their thousands
every day, contain a complete set of the instructions needed to build another
one of us; hence, the developing science of cloning;

The fertilized egg cell divides rapidly and soon becomes a ball contain-
ing many thousands of cells. Initially, the oxygen from the mother has to pass
into this mass of cells by simple dffusion from the blood vessels in the lining
of the womb. However, this process is not sufficient to sustain the embryo
as it continues to grow; it needs its own circulation, and this means that
blood vessels have to form, together with blood itself and a pump, that
is, a heart. The development of the components that form the circulation
is actually triggered (signaled) in the rapidly growing embryo by the falling
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level of oxygen. This is, without question, the central paradox of life; a falling
level of oxygen means that the energy that can be made available reduces, and
there is the possibility that metabolism may stop altogether. To rescue the
situation, something must zzcrease to allow life to continue. The obvious
problem in using oxygen itself as a signal is that if the level of oxygen falls
too quickly, there may be insufficient energy available to power the actions
necessary for survival. This critical balance determines whether an embryo
lives or dies and, when we are older, if parts of us live or die.

What actually increases when the oxygen level in our cells falls is the pro-
tein hypoxia-inducible factor 1 alpha (HIF 1a). Every cell in the body pro-
duces HIF 1o, only for it to be continually destroyed when oxygen levels are
normal, by another protein named after its discoverers, the von Hippel-Lindau
protein (VHL). The following is a simplified explanation from a 2003 review
in the journal Nature” of complex events which are still unfolding. A reduc-
tion of the oxygen available within a cell reduces the production of the von
Hippel-Lindau protein, and so /ss HIF 1o, is destroyed and, consequently, its
level rises. HIF 1a. is then able to bind with a second protein known as hy-
poxia-inducible factor 1 beta and this binding is also oxygen dependent. Two
similar proteins have been discovered, also regulated by oxygen in a similar
way—hypoxia-inducible factor 20* and hypoxia-inducible factor 3a,* which
is present in lung epithelial cells that form the gas side of the lung membrane.
However, it appears that HIF 1a.is present in all of our cells, HIF 20 in certain
specialised cells, whereas HIF 30 is only present in cells in the lungs. This is for
a very special reason: In contrast to every other location in the body, the blood
vessels in the lungs contract, rather than dilate, in response to lack of oxygen;
this reduces the transit time of red blood cells giving them more time to col-
lect oxygen and improves the distribution of blood flow. In all, the HIF system
proteins are now known to be responsible for regulating over 8,000 genes.

This is the answer to what must be the central paradox of life: Less oxygen
equals, at least for a short time, more of the master proteins HIF 1o, HIF
20, and HIF 3a. In the developing embryo, hypoxia begins the activation,
or upregulation, of the necessary genes that control many growth factors via
the HIF protein system. This includes the gene responsible for the produc-
tion of blood vessels—vascular endothelial growth factor (VEGF), which
translates as blood vessel lining cells growth factor. It is only one of several
agents involved in the formation of new capillaries when we begin life as an
embryo in the womb. But the system remains in control of the formation of
new capillaries throughout our lives—for example, to form new capillaries to
repair tissues after injury. The word #ssue simply refers to a collection of cells,
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and it is important to note that, when a tissue is damaged, not only are its cells
destroyed, the blood vessels the tissue contains are also damaged. The key
message is that a fz// in the oxygen level actually initiates the action needed to
correct its own deficiency. Imagine a drug that can automatically ensure that
it is delivered in the right concentration to the cells that need it! On the other
hand, when we breathe a higher level of oxygen, the body is able to reduce
the level of oxygen delivered to normal tissues by reducing blood flow, and
the output of the heart is also reduced. This introduces another important
principle yet to be recognised in medical practice or to influence treatment,
which is also a central theme of this book: Giving oxygen is a unique treat-
ment in not only being able to reduce blood flow, but actually improve its own
transport into the tissues. A detailed explanation of why this happens and the
scientific measurements that have confirmed it will be given later.

It is the rise in the level of HIF 1a that, by upregulating the key genes,
initiates the formation of capillaties in the eatly embryo developing in the
womb that allows its dramatic rate of growth. Primitive capillaries form as
tiny tubes, pushing forward into the spaces between clusters of cells and
branching out like a growing tree. Some capillaries begin to bury into the
lining of the womb to form the placenta to improve the oxygen transport
from the mother. As more capillaries form in the tissues, they begin to con-
nect together, some becoming arteries that carry blood away from the heart,
whilst some remain as capillaties and others become veins. By the end of the
third week of life, one capillary cutls back on itself, which is the first stage in
forming the heart. The piping begins to join up to form a continuous loop,
finally allowing the circulation of blood. By about the fifth week, the tiny
heart begins to beat, blood has formed, and the pumping action forces blood
round the newly formed circuit. The developing brain and spinal column are
cleatly visible.

Figure 1.8:

Human embryo at five weeks.
(From Behold Man, courtesy of
Dr. Lennart Nilsson.)
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The development of this fine tubular transport system dramatically in-
creases the surface area for the critical transfer of oxygen and nutrients to
take place from mother to baby across the placenta and to the cells of the em-
bryo itself. The embryo would, of course, soon die if a system to transport
vital oxygen and nutrients was not organized in time to support its continued
growth. The network of blood vessels in the body is truly enormous, espe-
cially within the brain. It is said that if all the blood vessels we possess were
placed end to end they would easily surpass the circumference of the earth.

To illustrate the function of blood vessels, it may be useful to utilize an
analogy from the organization of human societies, the development of what
we call civilization—of villages, towns, and cities. Villages formed when the
value of collective agriculture made it easier for people to survive living to-
gether as a group. At first, the villagers grew crops and kept animals captive
for food locally and they did not need roads; in fact, roads could bring the
threat of invasion, allowing marauders to steal their belongings. However,
as the number of people in villages became greater, outside resources be-
came necessary and paths became roads and connected villages. Security was
met by employing groups of strong men, who were the forerunners of our
modern police forces. Now we can not only transport over land and sea, we
can transport by air, which means that produce can be distributed quickly
to anywhere in the world, sometimes with very unfortunate consequences.
Blood vessels are our roads and not only transport oxygen, nutrients, and
waste products, they are also responsible for transporting the white blood
cells responsible for our defences against invading microbes. Ironically, mi-
crobes themselves may also be transported in blood and, as will be seen later,
the effects of one, Treponema pallidum, the spiral bacterium responsible for
syphilis, has profoundly altered the course of human history. The genetic
control of new capillary formation, programmed by the lack of oxygen re-
ferred to as hypoxia, and the actions of the HIF transcription proteins are the
key to recovery from disease and injury.

The term anoxia, which has already been introduced, should really be
reserved for a situation where oxygen is completely absent, but it has been
found that a level of less than 1% oxygen (at sea level), which is less than
about 7.6 mm Hg, has the same adverse effects on cells in culture as true
anoxia. This is because, for most cells, this concentration of oxygen is simply
not sufficient to maintain their metabolism. Curiously, the term “hypoxia”
cannot be related in this way to a specific level of oxygen—it does not repre-
sent an absolute concentration of oxygen. So the expression of the hypoxia-
inducible factor proteins relates to a reduction in the oxygen concentration in
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cells and it is the rate of change that is important. In a clinical situation which
will be discussed in Chapter 11, newborn children were often nursed in incu-
bators breathing 80% oxygen, which was abruptly reduced to air with a nos-
mal oxygen level of 21% oxygen.” This caused a tise in the level of the HIF
system proteins and, tragically, blindness due to an overgrowth of capillaries
in the retina. In this case, the 21% oxygen in air is the normal concentration
we breathe at sea level—and, therefore, not “hypoxia.”

Of course, if we are abruptly starved of oxygen there is insufficient time
for the growth of blood vessels to compensate and, unless the deficiency is
rapidly corrected, vulnerable tissues, especially those in the brain, will eventu-
ally die from anoxia. The highest dosage of oxygen it is possible to give not-
mally, that is, without a pressure chamber, is determined by the air pressure
that surrounds us—barometric pressure. What does this mean for us as po-
tential patients? It means that if we are rendered close to death, for example,
by being strangled, and given pure, that is 100% oxygen in an intensive care
unit, the concentration of oxygen we actually receive depends on the baro-
metric pressure af that moment. This is determined by two factors, the altitude
of the hospital and the weather. In the UK at sea level, batometric pressure
varies by more than 10%; the lowest recorded pressure is 925 millibars and
the highest 1,054 millibars. This means that 10% less oxygen enters the body
on a very low pressure day than on a very high pressure day and the variation
is even larger in other areas of the world.

Although the lowest pressutre on our planet is at the top of Mount Ever-
est, the brain cells of an asphyxiated patient may have oxygen levels far lower
than those climbing to the summit who, of coutse, remain conscious. Most
Himalayan climbers know that an increase in the level of oxygen they breathe
of just a few percent when they are in the Death Zone above 28,000 feet
may mean the difference between life and death. Unfortunately, asphyxiated
patients are dying unnecessarily in out hospitals, simply because doctors in
routine medical practice have no choice than to give 100% oxygen at what-
ever the barometric pressure is on the day; the vast majority remain unaware
that they may not be doing the best for their patients. So the take-home mes-
sage for someone threatened by asphyxia from being grasped warmly by the
throat—is make sure it is on a high-pressure day! But, as will be seen, a much
bigger dose, equivalent to say 300%, may save a strangled patient from oth-
erwise certain death, and this is oz/y possible using an enclosute; a hyperbaric
chamber.

If we are going to argue the case for hyperbaric oxygen treatment, then it
is necessaty to define baric oxygen treatment. This will be met by blank stares
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for two reasons: First, because the word “baric” is rarely used, and second,
because giving more oxygen is rarely thought of as a treatment. Fortunately, in
contrast to using drugs, giving more oxygen to restore viable levels in damaged
or diseased tissue does not require detailed knowledge of the complexities of
the body’s repair mechanisms. But the baric oxygen in the air we breathe is
treating our injuries and illnesses all the time and the use of more oxygen may
extend the envelope of normal healing. For many people, their only expetience
of being given oxygen is by a flimsy mask or prongs pushed up their nose, and
most assume they are getting 100% oxygen. The pipes in hospital wards deliver
close to 100% oxygen, but the harsh reality is that a mask or prongs add only a
few percent to the 21% oxygen in the air, when much more may be needed.

A hyperbaric chamber is simply an enclosure that allows the administra-
tion of oxygen to patients to be independent of these two factors. Many people,
including doctors, allege they have never seen a hyperbaric chamber, but they
have—aircraft are pressure chambers, and they must be equipped with oxygen
breathing systems in case cabin pressure is lost at altitude. If aircraft were de-
nied the use of pressutisation they would be limited to an altitude of just 10,000
feet and so the technology has to be accepted by every country in the wortld
for aviation to continue. However, if today’s aircraft were pressurised on the
ground using their auxiliary power unit (APU) they could transform intensive
care by allowing critically ill patients to benefit from the higher levels of oxygen
possible. A new initiative is certainly needed in intensive cate and this has been
acknowledged by the team undertaking medical research on Everest. A leading
critical care doctor in London interviewed for a magazine in 2010* has high-
lighted the failure of many recent “innovations” for patients in intensive cate
which, he claims, have been responsible for worsening outcomes. Put bluntly,
they have not helped, they have hindered recovery.*

The remarkable information about the role of oxygen in gene control,
largely the result of the work of biological scientists, has yet to alter medical
acceptance of the use of oxygen as a treatment. In mainstream medicine,
oxygen is used simply as a supplement given to ensure that blood is as red as
it can be. The term used, which is not strictly correct, is haemoglobin satura-
tion and 100% has assumed the status of a c/inical constant. The redness is due
to the combination of the pigment known as haemoglobin, which is carried
in red blood cells. However, when oxygen is combined with haemoglobin it
forms a compound and it is not available—just as the oxygen bound to hy-
drogen in water is not available. It is only the oxygen dissolved in the liquid
component of blood, the plasma, that can be transported to tissues and cells.
This means that for the oxygen bound to haemoglobin to become available it
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has to dissociate—Ileave the red blood cell and enter the plasma. The concen-
tration of oxygen in plasma can only be significantly increased by breathing
more oxygen and, curiously, when used as a treatment it does not need to be
given continuously; sessions of a high level for just an hour a day are often
very effective. It is important to emphasise at this juncture that the principles
underpinning the use of oxygen are 7ot a matter of opinion; they are derived
from the basic physical laws that govern the universe.

Knowledge is advancing so rapidly that it is next to impossible for doc-
tors to stay abreast of developments, even in their own specialised fields.
The eye, for example, is a globe just a few centimetres in diameter, but years
of training are needed to become a fully-fledged ophthalmic surgeon, and
their knowledge and techniques must be constantly updated. Accumulating
research data is hard work and often, unfortunately, those who produce it
are jealous of its interpretation. This is usually because it has been collected
to support a theory, which is often regarded as sacrosanct. The theory may
dictate that a particular approach is correct, and so the test is then to see if
the data collected fit the theoretical model. The best example of this is the
still-fashionable theory of “auto” immunity in which, it is claimed, the im-
mune system normally used to kill infecting microbes, attacks healthy, not-
mal tissue. This has led to the development of a raft of drugs to suppress
the immune system, which all risk blunting resistance to infection. However,
evidence accumulated over the last 60 years indicates that this approach is
mistaken—the problem is due to inflammation. The word is detived from the
Latin wotd #nflammatio, meaning flame.”® Oxygen is required for combustion
and it is ironic that inflammation in the body is actually associated with /ack
of oxygen,” and, in contrast to anti-inflammatory drugs, giving more oxygen
as a treatment can control inflammation safely.

The evidence that high levels of oxygen benefit healing has been
published in many thousands of papers over the last hundred years and
needs to be assessed by open minds aware of a simple principle: Lack of oxy-
gen can only be corrected by giving more. Oxygen, like water and glucose, is
unique; there are no substitutes. Many interventions in medical practice make
more oxygen available by improving blood flow such as, for example, coro-
nary bypass surgery, but there are many situations where improving blood
flow is not possible. It is then necessary to breathe more, and the objective
is absolutely clear: It is to bring the level of oxygen in the affected tissues
towards normal, just as we give water to patients who are dehydrated. It is here
that conflict arises with what is termed evidence-based medicine because, some
allege, oxygen should be viewed as a drug”’ and be subject to the same rules in
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trials as drugs, especially if it is delivered at increased pressure as hyperbaric
oxygen treatment. Rebutting this contention is so important that it merits
separate coverage in Chapter 10. Nevertheless, it needs to be stated here that
it is monsense; molecular oxygen is not changed by a modest increase in pres-
sure and is not an adjunct to recovery, it is essential. The principles involved
appear simple and, in many ways, they are; we are all aware that the oxygen in
air keeps us alive, but are much less likely to recognise that it also determines
if we get better when we are sick or injured.

Until very recently, medical information was locked away in institutional
libraties accessible only to professionals. Today medical publications are ac-
cessible on computers via the Internet and the words, if not their meaning,
are accessible to all. To understand the words needs training and, for the most
part, patients still have to rely on professionals for their interpretation. How-
evet, at least now they can ask relevant questions based on the information
they have accessed. Patients who have discovered many of the publications
that stress the importance of using oxygen under hyperbaric conditions are
often perplexed and dismayed when there is a brusque dismissal of the basic
facts from medical professionals. It is, of course, implicit in medical practice
that no doctor will deny a patient a treatment that may be of benefit—itis a
failure of the duty of care. The defensive response to oxygen treatment so
commonly encountered is the result of the failure to teach the importance of
oxygen and barometric pressure in our medical schools. The overriding prob-
lem facing society is obvious: Who can teach the teachers? It is to be hoped
that after reading this book, the reader agrees with the suggestions made in
the last chapter to find a way out of this terrifying impasse.
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CHAPTER 2

The Brain: The Ultimate Oxygen
Machine

The thorough aeration of the blood by free exposure to a large breathing
surface in the lung is necessary to maintain that full vital power on
which the vigorous working of the brain in so large a measure depends.

Self Help (Oxford World Classics). Samuel Smiles, 1857.

The oxygen the brain needs cleatly comes from the air we breathe. It is
the product of plant photosynthesis with the energy of photons from the
sun acting on the green pigment chlorophyll. A molecule of oxygen breathed
in the UK may well have been released from a plant in the Amazon rainfor-
est and carried across the Atlantic by the trade winds. Entering the nose or
mouth, pushed in by atmospheric pressure as we take a breath, it passes down
the throat into the voice box—through the triangular space formed by the
vocal cords in the larynx—on into the trachea. Descending a few inches, the
oxygen molecule enters the right or the left bronchus continuing down to the
smallest tubes known as the bronchioles. There are 23 generations of branch-
ing from the trachea to the final air sacs—the alveolz, where gas exchange takes
place and oxygen transfers into the blood.!

Figure 2.1:
A resin cast of the airways of human lungs. (Courtesy of the late Prof. Brian Hills.)
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During its journey down these air passages, the oxygen molecule will be
buffeted against molecules of other gases, mainly those of nitrogen and wa-
ter vapour, but also against molecules of carbon dioxide, which need to leave
the lungs to be exhaled. Finally, the molecule reaches one of the clusters of
alveoli, and here the oxygen dissolves in the membrane of the lung. This is
formed by just two cells, one contributed by the lung itself and the other
which abuts this cell is that of a capillary, as shown in Figure 2.2.
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Figure 2.2:

Lung tissue showing red blood
cells and plasma with the lung
membrane separating blood from
the air spaces.

(Courtesy of the late Dr. R.
Alistair Bennet.)

only 0.35 microns (0.000018 of an inch) thick, the oxygen molecule then
dissolves in less than a second in the watery plasma of the blood flowing
through the lungs. The sutface area of the lung membrane is a truly astonish-
ing 755 square feet (70 square metres), which is about the area of a tennis
court. This lung membrane area has gas on one side, and on the other blood.
It is, of course, essential for the alveolar membrane to be as thin as possible
to allow gases to pass through easily. The blood pressure in the vessels of the
lungs is very much lower than the blood pressure in the rest of the body—in
fact, about eight times less. This is important because the membrane is so
thin that a higher pressure would tend to force water through the lung mem-
brane into the gas space and drown us. Some water from blood does pass
into the lung tissues but it escapes via tiny lymphatic vessels to the lymph
nodes in the centre of the chest. The low pressure in the blood vessels of the
lung circulation is important for a second reason: Debris in the blood flow-
ing into the capillaties can be easily trapped, and then be removed by white
blood cells. This secondary function of the lungs as “the guardian angels of
the circulation” has been forgotten, and will feature in later chapters.? Rather
surprisingly, trapping debris in the blood in the lungs is critical to protecting
the brain and spinal cord from damage.
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The constituents of air and Henry’s law were discussed in Chapter 1 and
it is necessary to introduce a second gas law, Dalton’s law of partial pressutes
(John Dalton, 1766—1844). Because the actual molecules of gas are incred-
ibly small, they occupy a very tiny part of the volume of any container and,
in effect, each component gas molecule of a mixture like air has access to
virtually the total volume. Possessing kinetic energy, gas molecules are in con-
stant motion bombarding the walls of a container, thus creating pressure.
The total pressure of air in a container is, therefore, made up of the sum of
the pressures of each of the gases present; that is, the sum of the part of the
pressure exerted by each gas, hence the use of the term partial pressure when
describing a mixture of gases. As oxygen is 21% of air, it contributes a partial
pressure of 21% of the total pressure. It is then possible to calculate the oxy-
gen pressure at sea level on a day when the barometric pressure is at 760 mm
Hg, which has been adopted as the standard reference value for atmospheric
pressure, 1 ATA. The partial pressure of oxygen will be 20.9% of 760 mm
Hg, which is close to 160 mm Hg, As we have seen in the previous chapter,
the quantity of a gas that will dissolve in a liquid is directly proportional to
the pressure of the gas. Oxygen is pootly soluble in water, and so the actual
quantity of oxygen that dissolves in the plasma of the blood passing through
the lungs is quite small. Nevertheless, it has been measured expetimentally
and assigned a value, known as the solubility coefficient.

To sustain our level of activity, especially the demands of the brain, much
more oxygen must be transported in blood than can be carried dissolved, that
is, in solution in the plasma. This is achieved by storing oxygen attached to
the molecules of haemoglobin in red blood cells and at this point, it is im-
portant to give some values. Imagine taking a very large syringe, withdrawing
100 millilitres (ml) of blood from an artery, and then measuring the volume
of oxygen it contains. In a healthy person, it will be found that the volume
of gaseous oxygen carried by 100 ml blood is about 19.3 ml, of which 79 »/
are carried attached to haemoglobin, and just 0.3 7/ dissolved in the plasma.
The volume of dissolved oxygen stored in plasma is so small that it is even
suggested that it should be ignored, as it is for example in the reference text
Scientific Tables, published by Geigy.’?

This fundamental error is a very significant factor in the academic rejec-
tion of the use of increasing pressure to give oxygen as a treatment and it
needs to be understood at this point. To illustrate the importance of this
factor an analogy is needed and the pressure of the dissolved oxygen in
plasma can be compared to a wolfage. The pressute of oxygen dissolved in a
liquid, in this case blood plasma, is referred to in physiology as the oxygern

Chapter 2: The Brain: The Ultimate Oxygen Machine ~ 25



tension. Tension is the term used by electrical engineers for voltage, as in the
high-tension overhead cables used in a national electricity grid. Imagine pos-
sessing a small transistor radio that normally uses a tiny 9 volt battery but,
not having one, connecting it to a very large 6 volt battery, for example, of a
size that could be used to power a submarine. Despite the enormous amount
of electricity in the 6 volt battery, the radio simply will not work. Substitute
the tiny 9 volt battery and, despite storing only a fraction of the power that
is in the submarine battery, the radio will spring to life. The reason is that the
series of resistances in the circuits of the radio requires 9 not 6 volts for it to
operate. In the body, a molecule of oxygen entering the airway, at a pressure
of about 160 mm Hg, also meets a succession of resistances when passing
through the lungs into the blood and then transferring into the tissues until it
finally powers our cells. The oxygen pressure, or more correctly, the oxygen
tension may fall down to as little as 5 mm Hg and yet be sufficient for some
cells, like those in the skin.

Although some oxygen molecules ate transported around the body
dissolved in the watery plasma, we have seen that a much larger number
are transported attached to the molecule haemoglobin. Oxygen combines
four binding sites on the haemoglobin molecule to form the compound oxy-
haemoglobin. Again, it is important to emphasise that the molecule oxyhae-
mogobin is a compound, just as water is a compound of hydrogen and oxygen.
The oxygen that oxyhaemoglobin carries is not free to be transported into
our cells until it dissociates from haemoglobin and enters into solution in the
plasma. Only this dissolved oxygen is then free to pass through the capillary
wall into tissues and their cells.

The relationship of the level of oxygen in solution to the oxygen bound
to haemoglobin as oxyhaemoglobin is illustrated graphically by the dissocia-
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Figure 2.3:

The dissolved oxygen in plasma versus the oxyhaemoglobin level.
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tion graph A, which is faithfully reproduced in every textbook of physiology.
Saturation is plotted on the vertical axis and the oxygen tension on the
horizontal axis in graph A, with the first point logged as zero. However, this
state never exists in the body—there is never any time when the oxygen ten-
sion in the body is zero; it would mean that there was no oxygen present at
all, and this is not the case even when we die. Also it is the dissolved plasma
oxygen that leads, because oxygen first dissolves in the plasma in the lung
capillaties, and then some transfers into the red blood cells. So graph B is a
better representation of what actually happens and shows the plasma ten-
sion on the vertical axis and the oxyhaemoglobin level on the horizontal axis.
The volume of oxygen carried in arterial blood is about 19.3 millilitres (ml)
per 100 ml of blood, with 19 ml carried attached to haemoglobin and 0.3 ml
being carried in solution. However, the blood that returns to the lungs under
normal resting conditions is still carrying about 15 ml of oxygen and this is
“topped up” with more oxygen when passing through the lungs, as shown
in Figure 2.4.
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Figure 2.4:

Changes in blood oxygen tension on two passes round the circulation:
Blood leaves the lungs at maximum oxygenation (A) and is at its lowest
oxygen level (B) in the veins entering the heart.

The increase in oxygenation—B to A—takes place in the lungs.

Note: When the oxygen tension falls to half its maximum value (50 mm Hg),
haemoglobin saturation is still 85% (dotted line).
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The mistepresentation of actual events in the body, implicit in the dis-
sociation curve A, is reminiscent of the graph drawn by Edwin Hubble of
measurements made of the expanding universe. He drew the regression line
to zero, which has been claimed to indicate the Big Bang that started the
universe. It seems that most astrophysicists now accept that this was not the
beginning, as was discussed in the BBC programme “The Big Bang,” broad-
cast in the Horigon TV seties in October, 2010. In fact, oxyhaemoglobin is just
one oxygen store; the molecule myoglobin, which is present in muscles, also
stores oxygen and is responsible for the redness of red meat. It has been sug-
gested that similar molecules store a limited amount of oxygen in the brain.

To continue tracing the route of an oxygen molecule from the lungs to
the brain we will follow a molecule that simply remains dissolved in solution
in plasma. Leaving the lung capillaries, blood flows into the chambers of the
left side of the heart, entering the left atrium, or entrance chamber, before
passing through the mitral valve, named after its resemblance to a bishop’s
hat, into the left ventricle. The left ventricle is the high pressure pump that
circulates blood everywhere in the body except, of course, the lungs them-
selves, that are served by the right ventricle.

Blood leaves the left ventricle passing up the aorta, which is the largest
artery in the body. After a short distance, the aorta begins to curve like a
shepherd’s crook. A large artery leaves it at this point known as the brachio-
cephalic artery, which is so named because it divides into the artery supplying
the right arm, the subclavian artery, and the artery that passes up the right side
of the neck, the right carotid artery. A little further around the curve of the
aorta is the opening for the left carotid artery, and the next is the opening of
the left subclavian artery, which supplies the left arm.

Let us assume that the oxygen molecule is pumped in the blood which
passes up into the right carotid artery and then on into the skull to the point
where the artery divides. It divides into three branches and for the sake of this
account we will assume that the oxygen molecule then passes into the branch
known as the middle cerebral (brain) artery. The oxygen molecule then passes
down successively smaller branches until it reaches those with the smallest
diameter, the capillaties, where it can finally transfer from the blood through
the capillary wall into the liquid which surrounds brain cells. It finally passes
through the wall of one of these cells to reach one of the hundreds of mi-
tochondria it contains to oxidise a glucose molecule releasing energy for the
nerve cell activity we need to think.

The route taken by an oxygen molecule from the lungs to the brain is,
of course, exactly the same whether it is breathed in at sea level, in a hyper-

28 ~ Oxygen and the Brain: The Journey of Our Lifetime

baric chamber, or on the top of Mount Everest, where the air pressure is
only a third of the barometric pressure at sea level. Everest, as the highest
point on earth, is still a magnet for climbers and others who simply want to
be able to say that they have been to the top of the wortld. It is a distressing
place; there are more than 200 bodies frozen to the mountain at over 28,000
feet in what, not surprisingly, is known as the Death Zone. A group of doc-
tors involved in intensive care are undertaking expeditions to the mountain
to study the effects of lack of oxygen using the latest scientific techniques
(see http:/ /www.xtreme-everest.co.uk/). They were puzzled as to why some
patients in their hospitals in London died, despite their blood oxygen values
being higher than other patients who survived. However, the oxygen values
in blood do not indicate the oxygen levels 7z the tissues of the body. The re-
search objectives of the expedition were stated in a BBC Horizon television
programme “Doctors in the Death Zone” in 2007 and in effect, by invoking
genes, they imply that we should choose our parents wisely!

1t might for the first time reveal how the body becomes more efficient when faced
with a lack of oxygen allowing a treatment to be developed that can recreate this
life saving effect in critically ill patients. In our wildest dreams what we wonld
love to see is that some people have genes which allow them to use oxygen more
efficiently than others and target treatment to poor oxygen users.

Unfortunately, being on Everest inevitably introduced many variables
into the research that could not be controlled, not least the emotions generat-
ed by tending distressed and dying climbers. A gas-tight enclosure that could
allow pressure to be reduced safely under controlled conditions, known as a
hypobaric chamber, would have allowed their research to have been done in
London under more scientific conditions but, of course, without the spectac-
ular scenery. Ironically, a medical ethics committee would almost certainly not
allow such extreme experiments to take place in a medical school because of
health and safety legislation. The requirement for a minimal level of oxygen
in the workplace would be flouted because low levels of oxygen may render
an individual unconscious.

All mammalian brains share the same basic layout with symmetrical left
and right hemispheres, and range in weight from less than 0.5 grams for a
shrew to the massive 7,500 grams of a sperm whale. At about 1,350 grams,
the human brain is actually considerably smaller than the brains of elephants,
bottle-nosed dolphins, and whales. Although about 15% of the weight of the
adult brain is contributed by blood, curiously no estimate has been made of
the weight of the vast network of the blood vessels the brain contains. When
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the author was a medical student in the 1960s, blood vessels were viewed as
simple tubes—they even look like soft plastic when they are opened. In fact,
they are amazingly complicated, and their lining cells manufacture many im-
portant compounds, including a gas, nitric oxide (NO), involved in regulating
their diameter.

The most complex blood vessels in the body are those that supply the
brain, because they form a crucial barrier between blood and the delicate cells
of the nervous system. Until recently, the blood-brain barrier has had little
attention in neurology, although the first question asked in pharmaceutical
companies about a new drug is whether it crosses the blood-brain barrier.
We shall see later that understanding the blood-brain barrier is vital to finding
effective treatment for several conditions that affect the nervous system and
the barrier is, in fact, damaged in the commonest disease of the brain and
spinal cord, multiple sclerosis.*> When, after damage, the blood-brain bartier
does not recover, the escape of toxic components from blood into sensitive
nerve tissue may cause damage and, in patients with multiple sclerosis, the
progression of disability.

The brain has a second circulation involving the coloutless liquid
known as cerebrospinal fluid. It is this fluid which is removed from the base
of the spine in the procedure known as a lumbar puncture. The developing
cells of the embryo in the womb form two humps which eventually bridge
over to enclose a liquid-filled cavity. It is this cavity that is present in the cen-
tre of the developing spinal cord as the central canal and forms the ventricles
present in the brainstem, mid-brain, and the two hemispheres of the fore-
brain. The cells of all tissues must be in a water-based environment known,
logically, as extracellular fluid. In most tissues of the body, this liquid is pro-
duced by the minute leakage of water through the walls of capillaties and
the small veins known as venules. The rate of leakage in the skin changes with
temperature, which is one reason why swelling may accompany exposures to
high ambient temperatures. This transport of water carries with it molecules
that dissolve readily in water, like glucose.

In most tissues, extracellular fluid drains into the tiny tubes of the lym-
phatic system, but the nervous system does not have lymphatic vessels and,
in fact, the blood vessels of the nervous system severely restrict such leakage.
However, it has recently been reported that during sleep the space between
the cells of the brain increases in volume. This facilitates the drainage of lig-
uid and metabolites including 3 amyloid, which is associated with Alzheimet’s
disease.” Figure 2.5 shows an attery in the brain of a mouse with the trans-
port of fluid (green and yellow colouration)along the wall.
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Figure 2.5:
An artery in the brain of a mouse: the
Virchow Robin green and yellow represents the flow
of cerebro-spinal fluid along the wall.
(Redrawn from J. Illif, University of
Rochester.)

Space

The lining cells of capillaries abut tightly together, and a cell called an
astrocyte wraps around the capillary, inserting a process into the junction rather
like the bung in a barrel. The blood vessels supplying the nervous system
are said to have #ght junctions, which allow very little leakage of water from
blood. This means that an alternative supply of liquid is needed to bathe
the cells of the nervous system. It is provided by the specialised tissue of
the choroid plexus in the large ventricles of the two hemispheres and on the
roof of the third ventricle in the mid-brain. This tissue provides a continu-
ous flow of the necessary extracellular liquid inside and outside the nervous
system and it drains away into small veins. If the drainage of cerebrospinal
fluid is hampered, for example by brain inflammation, the pressure of the
fluid rises. The condition that results is known as “hydrocephalous,” which
translates simply as “water on the brain.” When, in the 1960s, tubes known
as shunts were placed in children developing this problem, they limited the
enlargement of the head but often did not prevent the ventricles expanding,
This was revealed when CT imaging became available and a seties of children
were followed in Sheffield by Professor John Lorber. His work featured in an
article published in the journal Seience in 1980 under the catching heading of
“Is your Brain Really Necessary?” Lorber stated “There’s a young student at
this university, who has an 1.Q. of 126, has gained a first class honours degree
in mathematics, and is socially normal and yet the boy has virtually no brain.”
There was, in fact, normal grey matter present but the bulky myelin sheaths
of the white matter were absent.

The constituents of cerebrospinal fluid are very tightly controlled, en-
suring a very constant chemical environment to allow the cells of the brain
to function propetly. The complexity of the blood-brain barrier defies be-
lief and its relationship to disease has recently been reviewed. Take, for ex-
ample, the simple molecule glucose. Glucose is the key fuel for the activity
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of the brain—if a diabetic patient injects too much insulin and causes the
level of glucose in the blood to fall, he will rapidly lose consciousness and
may even convulse. Glucose readily dissolves in water, and so is known as a
water soluble molecule. Such molecules do not cross the blood-brain barrier
and, in fact, glucose is actively transported by five proteins, dubbed the GLUT
proteins.® This transport system itself uses energy. In contrast, fat soluble
molecules such as ethanol, the alcohol present in our drinks, readily diffuse
into the brain across the barrier—sometimes with unfortunate effects!

The development of the early neural cleft in the embryo, which forms
the neural tube, defines the left and right sides of the developing nervous
system. The lobes which develop at the front of the tube become the cerebral
hemispheres, with the spinal cord forming at the rear. Viewed from above,
an adult’s hemispheres appear like a large, wrinkled walnut. The wrinkles,
known as convolutions, are needed to allow the brain to be compressed
into the limited space in the bony skull; otherwise, the head would be
impossibly large. The rim of the outer part of the hemispheres, known
as the cortex, can be up to six layers of the nerve cells known as neurons,
which make up the grey matter. Underlying the grey matter is the white
matter, which appears white because of the presence of the myelin forming
sheaths around the nerve fibres that emanate from nerve cells. The myelin
sheaths are formed by a parent cell called an o/igodendrocyte, and one cell
may be responsible for up to 30 sections of myelin sheath. Each sheath
projecting from the parent cell is rather like the tentacle of an octopus
and may wrap around a nerve fibre as many as 30 times. The impression
is often given that the fibres of the nerve cells in the grey matter of the
brain’s cortex do not have myelin sheaths, but this is not true—there is
just much less myelin present than in the white matter. Myelin sheaths are
often said to insulate nerve fibres, but this is also not true—they actually
increase the speed at which impulses are conducted, which is up to several
hundred times greater than fibres that possess only thin sheaths. However,
the trillions of fibres that are associated with the nerve cells occupying the
tiny space available in the skull zust be insulated in some way, otherwise
interference from cross talk would render clear thought impossible! The
most likely explanation is that the insulation is provided by the presence of
double-charged insulating molecules called surfactants in the cerebrospinal
fluid which bathes all the cells and fibres. An indication that mammalian
brains possess large quantities of surfactant is that the surfactants used for
laboratory experiments are usually extracts of bovine brain. Their general
importance in the body’ will be discussed later.
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The two cerebral hemispheres are connected by a bridge of fibres known as
the corpus callosum. 1f this communicating pathway is cut, as it is sometimes sut-
gically in an attempt to control severe epilepsy, then the patient finds that their
hands may obey independent instructions, even though they are only conscious
of the action taken by their dominant hemisphere. Below the hemispheres are
the mid-brain regions containing clusters of neurons called the basal ganglia. 1t
is fortunate that we have two of many of the important structures in the brain
as much, but not all, function can be preserved if one side is damaged. Passing
through these areas are the large groups of nerve fibres known as tracts, which
pass down to the brain stem and to the cerebellum, which lies under the rear
of the two hemispheres. The cerebellum is connected by large tracts of nerve
fibres that wrap around the brainstem, giving the appearance of a bridge and so
is known as the pons. These structures and the spinal cord also have subdivided
left and right pathways without the clear distinction obvious by the large cleft
seen between the cerebral hemispheres.

The brain requires approximately 20% of the total blood flow from the
heart, and needs a truly colossal network of arteries, capillaries, and veins.
The complexity of the genetic programme controlling the growth of this
immense pipe work beggars belief. As the embryo grows and organs de-
velop, the growth of cells must be matched by the growth of blood vessels.
The arteries penetrate from the outside of the brain and pass down through
the complex folds and lobes into the depths of the cortex to supply a dense
matrix of capillaries. A cubic millimeter of the grey matter of the brain
cortex contains hundreds of capillaries. The illustration below of the blood
vessels of the grey matter of the cortex of a mouse brain shows their ex-

traordinary density. A blockage of just the one small penetrating artery may
cause a stroke.'’

Figure 2.6:

Blood vessels of the cortex of a
mouse brain.

(Courtesy Drs. Tsai and Blinder.)
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The average distance of any cell in the cortex to a nearby capillary is 13 mi-
crometres. In order to oxygenate nerve cells and fibres, they need to be within
80 micrometres of a capillary which indicates that individual capillaries can be
blocked without a significant fall in the oxygen level risking damage. The sig-
nificance of this safety factor will become clear later. Like the astronomical
numbers of nerve cells and nerve fibre connections, the density of capillaties
in the brain is difficult to comprehend. It is estimated that the total length of all
the capillaries in just a cubic millimetre of the grey matter of the human brain may
be an astonishing 50 centimetres—almost 20 inches."

Inevitably, given the complexity of the architecture of the nervous sys-
tem there are some compromises in the layout of blood vessels and their
far-reaching consequences are not widely appreciated. The front and middle
areas of the brain’s two hemispheres are supplied from continuations of the
left and right carotid arteries in the neck after they pass through their respec-
tive holes in the base of the skull. Each carotid artery divides to form the
two arteries that supply the corresponding hemispheres and are known as the
left and right anterior (front) and middle cerebral arteries; the word cerebral
simply refers to the brain.

The supply to the rear of the hemispheres is by the postetior (rear) cerebral
arteries, which are derived from a single vessel, the basilar artery. The basilar ar-
tery is derived from the union of two arteries, the vertebral arteries which pass
up through holes in the vertebra in the upper neck and join together to form
the basilar artery before passing into the cranium through the large hole in the
base of the skull, the foramen magnum. The anastomoses ensure that if blood
flow in one artery is crimped by neck movement, the reduction of flow can be
compensated for by an increase in flow in the other artery. Even in situations
where one of the vertebral arteries does not develop propetly, the blood flow
up to the basilar artery might remain constant but a setious reduction in blood
flow to the vital centers in the brain stem can be fatal. The same principle is
used in the electrical supply of our houses, where the power points detive from
a ring circuit to maintain the voltage.

At the base of the brain, branches of the two internal carotid arter-
ies connect to each other and also to branches from the basilar artery.
The connections are known as anastomoses. This well-known arterial loop
was first described by the anatomist Thomas Willis (1621-1673), and so is
known as the Circle of Willis; however, the stylized textbook illustration of
the anatomy is only found in about a third of brains examined at autopsy.
Anastomoses ate a feature of many sites in the body, occurring, for example,
in the palms of the hands, soles of the feet, ends of fingers and toes, and in
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the tip of the nose. Not surprisingly, in view of the disaster that may follow
blockage of an artery in the brain, it has many such connections." Figutre 2.7

shows the connections of most of the larger arteries in the brain.

Anterior cerebral a.
Middle cerebral a.

Ophthal-mic -
Temporal branches

Internal carotid a. Posterior cerebral a.

T Basilar a.
4
Vertebral a.
Figure 2.7:
The anastomoses of the arteries of the brain.
(From Cerebrovascular Disease, courtesy of Dr. James Toole.)

In fact, there is considerable variation in the arrangement of blood ves-
sels in the body—just look at the differences in the pattern of the veins on
the back of one person’s hands. Arterial patterns vary less than veins, and
the anatomical layout of arteries in the human arm and hand reproduced
in textbooks are, like the Circle of Willis, only found in about a third of the
population. Although most arteries in the brain connect to other arteries, it
is little known that there are notable and rather unfortunate exceptions both
in the brain and in the spinal cord. The lenticulostriatal arteries supply critical
areas in each of the areas in the middle of the brain’s hemispheres. They are
branches of the middle cerebral arteries, and are “end” arteries because they
do not connect to other arteries, as shown in Figure 2.8.

The lack of artery-to-artery connections for the lenticulostriatal arteties
is central to explaining the vulnerability of these areas, which can be faitly
termed the Achilles heels of the brain. The direction of flow is also important
in the blood supply to tissues. Again, because of the complexity of the convo-
lutions and lobes of the brain, sometimes a zone can have flow entering from
opposing directions. This creates what have been termed “watershed tertito-
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between the areas supplied by two arteries. The watershed territories of the
brain are frequently involved in brain injuries such as the birth injury known
as cerebral palsy, in patients with multiple sclerosis, and in the strokes that
usually affect older people. These and other conditions will be discussed in
later chapters.

Arteries form branches and their diameters reduce successively until,
by the time they are about half a millimetre in diameter, they are renamed
arterioles. Arterioles are the site of blood flow control; the muscle in their
walls is able to contract, reducing their diameter. Blood flows from them
Post. choroidal a. into the multiple branches of the smaller vessels known as capillaries.

Most of the exchange between tissues and blood takes place across the thin
walls of capillaties and this, of course, includes the transport of oxygen.

Ant. choroidal a.

Post. cerebral a.

However, some exchange of nutrients takes place across the walls of veins.
A paper by the German anatomist Pfeifer published in 1929'* shows that the
areas surrounding the small veins which pass through the white matter deep
in the brain are actually devoid of capillatries. The tissue immediately sur-
rounding these veins therefore depends on the blood flowing through them
for oxygen and nutrients, and it will be seen that it is a critical factor in many

Figure 2.8:
The lenticulostriatal arteries (highlighted) of one hemisphere. disease and injuries of the brain.

(From Cerebrovascular Disease, courtesy of Dr. James Toole.)
ties”"? and in the spinal cord they may be associated with dire consequences.
The region just above D8 in Figure 2.9 in a vertical section of human lower spi-
nal cord" can truly be termed the Achilles heel of the nervous system—block-
age of one small blood artery can cause paraplegia. A similar area is arrowed at
D6. The diameter at this point is about the same as a little finger and D6 and
D8 refer to the dorsal or #horacic segments and so today they would be labeled
T6 and T8.

The arrows show where blood flows in opposing directions up and down

the spinal cord and some of the watershed territories, where tissues are in

L A S

Figure 2.10:
Capillary-free zones around the veins in the deep white matter of human brain.
(From: Pfeifer RA. Grundlegende Untersuchungen fiir die
Angio-Architektonik des menschlichen Gehirns. Springer: Berlin, 1930.)

Curiously, despite most of the tissues of the brain and spinal cord requit-
ing a high level of blood flow, they actually need to be protected from blood
itself. This raises the obvious question: Protection from what in blood? The
answer may come as a surprise: It is from large molecules such as proteins,
and especially from red blood cells. They are dangerous because if they are
allowed to enter tissues and their capsule ruptures, iron is released from the

Figure 2.9:
Arteriogram of lower spinal cord. (Courtesy of Dr. O. Hassler.)
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breakdown of the haemoglobin molecules they contain. Haem, of course,
stands for iron (haematite mines extract iron ore); and globin means a protein.
Haemoglobin is an example of a group of compounds widely distributed in
living organisms called metalloproteins. The chemists Max Perutz (1914-2002)
and John Kendrew (1917-1997) were jointly awarded the Nobel Prize in 1959
for determining the structure of haemoglobin by crystallography. Iron is dan-
gerous because when released it is involved in the formation of highly-toxic
free radicals, and even a small amount of bleeding into the brain is often fatal.

The oxygen present in blood must finally be transported across the walls
of blood vessels in order to reach cells and their mitochondria, but the wall of
capillaries and the liquid that bathes our cells form resistances to this transfer.
The current clinical fixation on measuring the “saturation” of haemoglobin
with oxygen neglects the importance of the dissolved oxygen pressure to this
critical process. When the walls of capillaries become thickened as they do,
for example, in diabetic patients, less oxygen is transported. Less oxygen is
also transported when the water content of the extracellular fluid surround-
ing cells increases, which happens in many injuries and diseases—the cells are
effectively drowning, As already discussed, when less oxygen is transported,
the fall in the concentration of oxygen leads to an increase in the level of
hypoxia-inducible factor 1o and the associated genes are upregulated. This
means that when we suffer a cut in the skin, new capillaries can be grown to
allow repair to take place.

It is important here to again highlight an obvious and important principle
that has yet to be propetly recognised; simply, when tissues are injured, not
only are the cells of the tissue damaged, the capillaties within the tissue are also
damaged. This may reduce blood flow and, as a consequence, oxygen delivery
to critical levels, thus slowing, or in some cases even preventing, recovery.
The wotd 7ay is needed here because, in lesser injuties, blood flow sometimes
increases. Hence, the changes in blood flow and oxygen delivery that result
from injury depend on its severity. In very severe injuries, of course, large
arteries may be torn and surgery may be needed to repair them to re-establish
blood flow. Generally in severe trauma, just when more oxygen and nutrients
are needed to begin a repait, their supply is often seriously reduced. This
introduces the concept of an axygen threshold that needs to be overcome to
initiate recovery.

Nowhere does this need to be emphasised more than in the treatment
of the brain because, without sufficient oxygen, its cells cannot function and
may die. Nevertheless, brain cells may survive for years in a state best de-
scribed as “not dead, but sleeping.” In other words, they have enough oxygen
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to continue to exist, but not enough to allow them to function. The term that
has been adopted to describe this state is the “idling neuron.” The record for
the duration of a coma after head injury with the return of consciousness
appears to be 19 years."” Such patients show that the potential for recovery
after brain injury is much greater than is often thought possible, and oxygen
is the key to the door. But without sufficient oxygen, many patients who may
be capable of regaining consciousness will remain in a coma. This does not,
however, mean that all coma patients can be saved, because in many cases the
damage to the brain will have been too severe.

The neurological concept of idling brain cells has been confirmed by rath-
er macabre research in the University of Amsterdam, which was reported in
a letter published by the Lancer more than a decade ago.'
brains was removed eight hours after death at a normal post-mortem examina-
tion. Slices of the brain tissue were incubated with oxygen and glucose, and, as-
tonishingly, it was found that nerve cells were still functioning—in some cases,
they were kept alive for many hours. This does not mean that resuscitation is
possible over such an extended time, although it obviously raises critical issues
that need to be discussed. The author wrote to the Lancet about the report,
but publication of the catrefully constructed and detailed letter was declined.
Intrigued, the author made contact with a deputy editor at the journal who
revealed that they had received no other correspondence about these astonish-
ing observations. This research forms one piece of an astounding jigsaw that
defines the importance of using oxygen at high concentrations—not only in
the treatment of injuties and diseases of the brain, but in a wide range of other

Tissue from human

conditions where tissues fail to recover because of lack of oxygen. So, when
was the importance of pressure and oxygen to brain function first recognised?
The answer will undoubtedly come as a surprise: It was discovered by balloon-

ists in the middle of the nineteenth century!
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CHAPTER 3
The Importance of Pressure and Oxygen

We live submerged at the bottom of an ocean of elementary air, which is
known by incontestable experiments to have weight.

Evangelista Torricelli, 1608—1647

It may come as a surprise to many that the importance of pressure
and oxygen to the brain was actually discovered by balloonists in the nine-
teenth century. The Montgolfier brothers, Joseph and Etienne, had proved
that balloon flight was possible in 1783 by using the lift provided by the hot
air from a brazier. Their first unmanned balloon, made out of sackcloth
and paper and held together with 1,800 buttons, managed to reach the im-
pressive altitude of 6,000 feet before landing several miles away in a field.
It was summarily destroyed by local villagers, who viewed it as an instru-
ment of the devil. Human flight became a reality when the brothers per-
suaded a surgeon, Jean-Francois Pilatre de Rozier, and an army officer, Fran-
cois Laurent, the Marquis d’Arlandes, to ascend in a much larger balloon.
It measured 2,200 cubic metres, and was propelled by the hot air generat-
ed by a large iron furnace. The flight, from the outskirts of Paris on No-
vember 21, 1783, lasted just 25 minutes, reached a height of nearly 3,000
feet, and traveled over six miles. Just ten days later, Alexander Charles and
his assistant Monsieur Robert made the first ascent in a hydrogen balloon.
They took off from the Jardin des Tuileries in the centre of Paris as a crowd
of 400,000 people looked on. Hydrogen balloons proved capable of much
higher altitudes than the early hot air balloons which were prone to catch fire,
usually with tragic consequences.

In 1862, James Glaisher, a Fellow of the Royal Society and Superinten-
dent of the Greenwich Observatory, and Henry Coxwell, a dentist and ama-
teur balloon engineer, undertook a series of balloon ascents carrying scientific
instruments. Their third and most sensational ascent was to just over 29,000
feet, which is about the height of Everest. It took place from Wolverhampton
on September 5, 1862, and the pair left the ground from the gas works of the
city at 1:03 p.m. The site is now used for gas pipe storage by British Gas PLC,
and the arches carrying one of the main West Coast railway lines to Scotland
can be seen in the background of Figure 3.1.

By 1:34 p.m. the pair had reached an altitude of about 17,900 feet, where
the pressure was recorded at about half normal barometric pressure at sea

Chapter 3: The Importance of Pressure and Oxygen ~ 41



The balloon Mammoth at Wolverhampton
gas works prior to the ascent.

level. They had become aware of the first physiological changes: Glaisher
noticed that Coxwell, who was working hard managing the balloon, was “out
of breath,” although he was not panting. Glaisher did not actually record the
breathing rate; he chose to log their pulse rates, which had risen from about
70 on the ground to over 100 beats per minute. Cleatly, the decision to record
the pulse rather than the breathing rate had been influenced by their experi-
ence of eatlier ascents. They had noticed that, although they felt breathless at
altitude, it was not accompanied by an increase in their rate of breathing,

At 1:39 p.m., they had reached a height of 21,000 feet and, having
thrown out some of their sand bags, they continued their ascent. Up to
this time, Glaisher records that he had taken his observations “without any
difficulty,” although he noted that Coxwell “seemed weary”” Then, sud-
denly, Glaisher found he could not see the column of mercury in the wet
bulb thermometer, or the hands of his watch, or the fixed divisions of any
of the instruments. He calmly asked Coxwell to help him get the figures,
but Coxwell was otherwise engaged—the balloon had rotated during the
ascent, and the cord of the hydrogen valve had become entangled. He had
left the safety of the basket to climb up onto the ring of the balloon to un-
tangle it. Glaisher managed to see that the barometer registered 10 inches
of mercury, and “was falling rapidly.” The final pressure reached was about
9 and 3/4 inches of mercury (247.65 mm Hg), indicating that their height was
over 29,000 feet.

Curiously, and perhaps appropriately, their paper was published in a med-
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Figure 3.2:
A lithograph showing Coxwell releasing
the hydrogen from the balloon.

ical journal—the Lancet' the following year. Glaisher graphically described
for the first time the profound effects of lack of oxygen on the functioning
of the brain.

Shortly afterwards I laid my arm, possessed of its full vigour, upon the table, and,
on being desirous to use it, I found it powerless; it must have lost its power almost
momentarily. I tried to move my other arm, and found it powerless also. I then
tried to shake myself, and did shake my body but I did not seem to be aware of
having any legs; I conld only shake my body. I then looked at the barometer, and
whilst doing so my bead fell on my left shoulder. I struggled and shook my body
again, but counld not move my arms. I got my head upright, but for an instant
only, when it fell on my right shoulder; and then I fell backwards, my back resting
against the side of the car, and my head on its edge; in this position my eyes were
directed towards Mr. Cosxcwell in the ring. When I shook my body 1 seemed to
have full power over the muscles of the back, and considerable power over those
of the neck, but none over either my arms or my legs; in fact, I seemed to have
10 limbs. As in the case of the arms, all muscular power was lost in an instant
from my back and neck.

Glaisher then records even more dramatic effects on his nervous system,
and feared he was about to die as the balloon continued its perilous ascent:

1 saw Mr. Coxwell in the ring, and endeavonred to speak, but conld not;
and then, in a moment, intense black darkness came: The optic nerve lost
power suddenly. I was still conscious, with as active a brain as at the present
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moment whilst writing this. I thought I had been seized with asphyxia, and that
1 should experience no more, as death wonld come, unless we speedily descended.
Other thoughts were actively entering my mind, when, like every other symptoms,
1 suddenly became unconscions, as if going to sleep. I cannot tell anything about
the sense of hearing; the perfect silence of the regions six miles from the earth (and
at this time we were between six and seven miles high) is such that no sound (from
the earth) reaches the ear.

Glaisher had heard the words “temperature” and “observation,” and re-
alized that Coxwell was trying to speak to him, but he could not actually see
him. When Coxwell tried to descend from the ring, he found he could no
longer use his hands—he was forced to let himself slide on his elbows to get
back into the basket, where Glaisher was stretched out unconscious. This is
the sequence in which the loss of function occurs with a reduction in the level
of oxygen breathed and the same sequence occurs with the administration of
a general anaesthetic. Surprisingly the mode of action of anaesthetics is still
“controversial” and it is possible that the shared feature is that they may re-
duce oxygen transport by changing the characteristics of the lipid membranes
of neurons.” The effects of alcohol, which is, of coutse, lipid soluble, are
reduced by increasing the level of oxygen breathed.” In the same experiments
it was found that breathing 100% oxygen reduces the effects of a hangover
and this was widely used by Allied aircrew in WW?2. Regardless, the balloon
ascent over Wolverhampton had demonstrated the extreme sensitivity of the
brain to lack of oxygen. The lack of oxygen resulted from the fall in pres-
sure that occurs on an ascent to altitude. Exactly the same sequence follows
a reduction of the oxygen available to the brain, regardless of the cause, as
in the effects of black damp in coal miners. Glaisher’s account of the events
continued:

Mr. Coxwell told me that on coming from the ring, he for the moment thought
1 had laid back to rest myself; that he spoke to me without eliciting a reply;
that be then noticed that my legs projected, and ny arms hung down by my side;
that my countenance was serene and placid, without the earnestness and anxiety
he had noticed before going into the ring and then it struck bhim I was insensible.
He wished then to approach me, but could not; as be felt insensibility coming over
himy; that be became anxious to open the valve, but was unable, in consequence
of baving lost the use of his bands; nltimately, however, be effected his object by
seizing the cord between his teeth, and dipping his head two or three times.

Fortunately, Coxwell was able to bleed off the hydrogen by pulling on the
release cord with his teeth, because he too had lost the use of his arms.
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Coxwell recovered his strength quickly as the balloon descended, and
Glaisher recovered consciousness. Coxwell told him that he had been seized
by the extreme cold, and said later that “icicles hung around the orifice of the
balloon, like a tertible candelabrum, worthy of the polar seas.” They were not
harmed by their close encounter with death and, landing some eight miles from
Wolverhampton, they had to walk back to the gas works.

Climbers on Everest, of course, ascend to this altitude very slowly af-
ter weeks of acclimatization although, despite this, many still become ill and
some die. The onset of the effects of the lack of oxygen in Glaisher and
Coxwell was very rapid, and their treatment and recovery from an abrupt in-
crease in pressure and the level of oxygen they were breathing on their
rapid descent was certainly dramatic. It has been found that a very modest in-
crease in pressure can be equally effective in setiously ill climbers: A 37-year-
old climber, who had reached the North Col of Mount Everest at an altitude
of 22,945 feet, developed severe mountain sickness.* He was treated in a pot-
table pressure chamber, known after its inventor, Professor Igor Gamow, as
the Gamow bag; As in the case of Glaisher and Coxwell’s rapid descent, it was
successful simply because it was able to increase the air pressure; no supple-
mentary oxygen was available. The casualty was placed inside the bag and a
foot pump used to increase the pressure for just two hours. The increase in
pressure was just 103 mm Hg, (130 millibars or two pounds per squate inch),
which is equivalent to a descent down the mountain from 19,662 feet to 14,300
feet. The treatment was dramatically effective; the mountain sickness associ-
ated with the fluid build-up in his lungs known as pulmonary oedema disappeared.
He was then taken further down the mountain to 6,500 feet, by which time
he had fully recovered. Not surprisingly, the authors recommend the use of
the Gamow bag for the treatment of acute mountain sickness in their paper.
The Gamow hyperbaric bag was not a new idea; the US Air Force had devel-
oped the same equipment duting WW2 for a different problem, as will be seen
in Chapter 6.

In 2000, a group of medical students from the University of Edin-
burgh on an expedition to Mount Chacaltaya in Bolivia were featured in
the “Mountain Madness” episode of the BBC TV programme, Zomorrow’s
Waorld, aired on May 30, 2001. There is a laboratory at 17,900 feet (0.5 ATA)
used for conducting altitude experiments. The BBC producer, a young lady
who had stayed in La Paz, which is the highest city in the world, decided to
visit the laboratory to see the students at their work. Shortly after reaching
the high altitude she developed acute mountain sickness with nausea and a
severe headache. She was eventually forced to descend and was driven at
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night down a precipitous mountain road lying prostrate in the back of a 4x4
vehicle. The vehicle had only descended a few thousand feet when she sud-
denly sat bolt upright and said she “felt fine.” The lights of La Paz were still
far below. The increase in pressure on the descent was about 100 millibars,
and the increase in the oxygen pressure was, therefore, equivalent to an in-
crease of about 2% at sea level. This was even less than the pressure found
effective using the Gamow bag on the North Col of Everest in the case re-
ported above. The relief of the serious symptoms of lung oedema and brain
swelling from very modest descents from high altitude is now well known in
mountaineering circles.

In another account of the epic ascent over Wolverhampton, Glaisher re-
called making his last scientific measurement at about 29,000 feet and wrote:

That is within two metres of the beight of the highest peak on the surface of
the earth, the Gaonrichnaka of Nepal, (now renamed Mt. Everest), at the foot
of which the Brabmin pilgrims who are seeking Nirvana come to die; one may
say that no human being ever could drag bimself to this height following uneven
terrestrial surface.

Despite having been close to death, Glaisher had faithfully recorded the
steady reduction of air pressure associated with an ascent to high altitude.
He also noted that the effect on the body was not, as might be expected,
an increase in the rate of breathing, but of the pulse rate. We now know that
a reduction of air pressure exerts this effect because it inevitably reduces
the concentration of oxygen in the air being breathed. The pulse rate and
also the output of the heart are controlled by the dissolved concentration of
oxygen in the blood and, surprisingly, exactly how this occurs remains to be
discovered. It should be noted that the percentage of oxygen in the air does
not change at these altitudes, it remains at about 21%; it is the part of the
air pressure due to oxygen that is important, that is, the partial pressure.

Ten years after the expedition by Glaisher and Coxwell, the renowned
French physiologist Paul Bert discovered that breathing pure oxygen could
prevent the effects on the brain of an ascent to high altitude, and had rec-
ommended that balloonists used oxygen equipment. In his book La Pression
Barométrigue (translated simply as barometric pressure), Bert® gives details of
the first expedition in 1875 using a balloon equipped with “oxygen breathing
apparatus.” The gas contained in the reservoir bags of the equipment would
have actually been a mixture of oxygen with air rather than pure oxygen.
Two of the three balloonists, Sivel and Croce-Spinelli, died because as the bal-
loon ascended they did not have the strength to reach for their oxygen appa-
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ratus. They lost consciousness and stopped breathing, having waited too long
to conserve the precious oxygen. The third balloonist, Tissandier, managed
to reach his apparatus and he survived. Paul Bert had an astonishing grasp of
the physics and biology of oxygen and pressure. He anticipated the discovery
of oxygen in gene regulation by hypoxia-inducible factor proteins, and the
reduction of the oxygen content of the atmosphere that probably signaled
the end of the dinosaurs.

The barometric pressure and the percentage of oxygen have not always been the
same on our globe. The tension of this gas has probably been diminishing and
1o doubt will continne to diminish. This is a factor which has not been taken into
account in biogenic speculation.

Gases and liquids are known as fluids, and it is easy to forget that air has
density, although a strong wind soon reminds us of it. There has to be a
standard for atmospheric pressure at sea level and it has been equated to
a 760 mm high column of mercury, which exerts a force of 14.7 pounds
for every square inch of our body surface—1 kg per square centimetre.
The average body surface area of an adultis about 18 square feet (1.73 square
metres), and so our bodies are subject to a total force of about 17 Imperial
tons (15.4 metric tonnes).

Getting to grips with units of pressure is a somewhat painful
experience, as physicists have changed the units many times. Never-
theless, all are expressions of force pet unit area — easily remembered
when holding a door that is caught by the wind. The unit millimetres of
mercury has already been introduced in this text, but the old Impetrial
units of pounds per square inch are the norm in the US, and often used
in the UK. The metric equivalent is kilograms per squate centimeter,
although the more recently adopted Systeme International names units after
the scientists who first described them which, in the case of pressure, is
the Pascal, after the Frenchman, Blaise Pascal and millibars equate to
hectoPascals. Despite this, most weather charts on television still show
the barometric pressure in millibats, one bar being normal atmospheric
pressure at sea level also known as 1 atmosphere absolute or 1 ATA.
A standard atmosphere is defined as the pressure which supports a
column of mercury 760 mm (29.5 inches) high. The mercury barometer
was invented by the Italian scientist Evangelista Torricelli, who was the
first to measure barometric pressure and to demonstrate that it falls
as altitude increases. In his honour, millimetres of mercury ( mm Hg)
are now known as Torr. However, to make life easier, it is customary
to use the term atmospheres absolute (ATA) and the unit 1 ATA to
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represent normal sea level pressure in hyperbaric medicine. In this
text, millibars are used for height and altitude measurements because
they are still the units most commonly employed around the world.

Atmospheric pressure falls with increasing altitude, actually by 1
millibar for every 33 feet or 10 metres of an ascent. Equally, descending
33 feet down a mine, the air pressure increases by 1 millibar. As Torri-
celli pointed out in his famous quotation “air has weight,” in fact, a
cubic metre of air weighs 1.2 kilograms at normal barometric pressure;
almost as much as the brain. Air is made up of about 21% oxygen, 78%
nitrogen, and almost 1% of argon, with the rest being small amounts
of catbon dioxide, water vapour, and other noble gases such as neon,
krypton, and helium. The partial pressure exerted by oxygen is 0.21
bar or 210 millibars at normal sea level pressure. If we breathe 100%
oxygen at sea level, then 100% of 1 is, of course, 1, and so the oxygen
pressureis 1 ATA or 1,000 millibars. The fixed relationship between gas
pressure and volume first described by Robert Boyle (1627-1691) means
that, at constant temperature, the volume of a gas varies inversely with
the absolute pressure. Doubling the pressure of a quantity of gas will,
therefore, halve its volume.

The lungs and chest wall form a “breathing machine,” and Robert Boyle
would have understood the pressure changes involved in breathing, as he in-
vented the vacuum pump. Breathing relies on atmospheric pressure; when
we breathe in, we lower the pressure in the chest below that of the air that
surrounds us, and so it is atmospheric pressure that moves air into the lungs.
To breathe out, the pressure in the chest must go above atmospheric pressure
to move gas out, and this is produced by elastic recoil and muscle action.
Doctors ventilate patients with a machine that increases pressutre to force
gas into the chest and, logically, this is known as positive-pressure ventilation.
The changes in atmospheric pressure that are responsible for the weather are
due to the sun heating the air, which becomes less dense, reducing its pres-
sure. Hot air, of course, rises and creates thermal winds. Water vapour due to
evaporation from oceans and lakes is also a major factor in the weather. Un-
fortunately, such is the lack of awareness of atmospheric pressure that many
people, including some doctors, talk about patients “going under pressure”
in a hyperbaric, or pressure chamber, as if we actually live in a vacuum. Some
even think that when patients are pressurised in a chamber, blood is squeezed
from the surface of the body to the inside; a theory popular over a hundred
years ago! Fortunately, the liquids of the body are incompressible and the
body is not squashed like a prune. In Figure 3.3, the diver Theo Mavrostomos
holds a boatd indicating he has reached a pressure of 71.1 ATA, 71.1 times
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Figure 3.3:

Theo Mavrostomos at a pressure 71 times
normal atmospheric pressure.

(Courtesy of Comex SA Marseille.)

sea level atmospheric pressure, which is equivalent to the pressure at a sea
water depth of about 2,300 feet (701 metres) He is the only man in the wotld
to achieve this feat, and he sometimes features in watch advertisements in
National Geographic magazine.

The pressure acting on his body exerted a force of over 1,208 Imperial
tons (1,227 metric tonnes), yet he looks quite normal. It is just as well that lig-
uids are incompressible! He was breathing a gas containing just 0.9% oxygen
mixed with 50% hydrogen, the balance being helium. The hydrogen was added
to make the gas thin enough to breathe, as a mixture of just helium and oxygen
at this enormous pressure would be so dense that a diver would not have the
strength to breathe it. Figure 3.4 shows part of the hyperbaric chamber com-
plex used for the wotld record in the Comex SA facility in Marseille.

Figure 3.4:

The Comex SA Hyperbaric
Research Facility in
Marseille.
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The density of air as a gas is important in many ways and the resistance it
creates can be easily felt at sea level by moving a hand quickly backwards and
forwards. Repeat the movement in the cabin of a jet aitliner at cruising altitude,
and there is virtually no resistance because air becomes thinner the higher we
go. The maximum altitude allowed for the operation of non-pressurised commer-
cial aircraft is just 10,000 feet, whereas the cabins of pressurised aircraft are al-
lowed to use an equivalent of 8,000 feet.

The problems created by the lack of training in our medical schools about
barometric pressure were graphically illustrated on the BBC Radio 5 live pro-
gramme “Up All Night” on May 16, 2013; a listener to the radio show, asked
guest guru, Dr. Carl why his feet swell on long-haul flights. After discussing
the role of immobility, Dr. Catl said that the second reason was actually the
reduced pressure in the plane:

So normally the pressure (the air pressure acting on the body) is 10 tonnes per sq
metre and you have 2 sq metres of surface area if you are a big person, so the air
is pushing on_you with 20 tonnes per square metre and the inside of your body
is pushing out with 20 tonnes per square metre. Go into an aeroplane, suddenly
the outside pressure is 8 tonnes per square metre, so your whole body is pushing
outwards with a force of 4 tonnes per square metre; so you just swell slightly in
all directions and I think that is the other reason. 1he pressure does equalize, so
it is not a full 4 tonnes of course, nowhere near it, otherwise things would break,
but you do swell slightly.

The standard of an 8,000 feet equivalent cabin “altitude” introduced in
the 1950s by civil aviation authorities is for the well-being of passengers; prin-
cipally to ensure that they have sufficient oxygen. However, because today
aircraft are now able to fly for much longer than the eatly jets, higher cabin
pressures are being introduced as passengers would risk becoming ill flying as
long as 16 hours with the reduced level of oxygen at a pressure equivalent to
8,000 feet. The new Boeing 787 Dreamliner uses a cabin pressure equivalent
to an altitude of only 5,500 feet for this reason. The technology developed
for use in the latest combat jet aircraft, which can exceed 60,000 feet, allows
aircrew to be exposed to cockpit “altitudes” as high as 24,000 feet. Although
the cockpit is pressurized it is not to the level used in commercial jets and the
crew must wear pressure suits and breathe 100% oxygen. The oxygen is also
supplied at a slightly increased ambient pressute to assist breathing, especially
as the latest combat aircraft can reach 9-G in turns, risking a “blackout.”

A tragedy, which unfolded over the Mediterranean in 2005, graphically il-
lustrates the importance of maintaining air pressure and a safe oxygen level in
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an aircraft cabin; an aircraft on a flight from Cyprus to Greece actually failed
to pressutise after taking off. Late on the morning of Sunday August 14, 2005,
the author saw a moving ribbon on an Internet website page which spelled out
“Oxygen and Pressure Believed to be Involved in Aircraft Crash.” A Boeing
737 operated by the Cypriot aitline, Helios, had crashed at Grammaticos, near
Athens. The aircraft was not faulty and, as investigations have proceeded, it
appears that it simply failed to maintain pressure as it climbed to its cruising
altitude. It has been suggested that the pressurisation control in the cockpit was
in the manual position, not the automatic. When an aircraft is on the ground
and the doors are open, the air in the cabin is obviously at the same pressure
as the surrounding air at the airport, and the air pressure is obviously retained
when the doors are closed.

The Helios jet took off from Larnaca, which is close to sea level, and so
the pressure in the cabin on the ground would have been about 1 bat, that is,
1,013 millibars. However, this pressure cannot be maintained when an aircraft
ascends to its cruising altitude; a fuselage constructed to be strong enough to
sustain sea level pressure at altitude would be too heavy to fly. As aircrafts climb,
some of the air in the cabin is allowed to vent from a “waste gate” in the tail,
and the air pressure is allowed to fall by about a quarter of an atmosphere to
about 750 millibars. This pressure is equivalent to being on a mountain at an
altitude of about 8,000 feet. Although this ensures that the oxygen pressute
is maintained at a safe level for normal healthy people, passengers with dis-
eases of the heart or lungs may need supplemental oxygen, or they may become
ill. As the aircraft flies, air from the engine compressors is used to refresh the
cabin atmosphere and maintain the pressure at a safe level. At cruising alti-
tude, the pressure inside a commercial jet aircraft is, therefore, considerably
higher than the outside air pressure and so aircraft are, by definition, hyperbaric
chambers. Being regularly pressurised and decompressed, in addition to be-
ing subjected to regular impacts with the ground on landing, aircraft become
liable to metal fatigue and rigorous inspections must be made of vulnerable
areas. They are also regularly pressure-tested for leaks, which are usually related
to the door seals. Apparently, the Helios jet had needed servicing in Larnaca
because of a problem with a door seal.

The jet took off just after 9:00 a.m., with the pilots handing over control
to the aircraft’s autopilot as it continued to ascend to 34,000 feet. Because the
pressurization control was in the manual position, the cabin air continued to
vent from the aircraft and so the cabin pressutre simply followed the air pres-
sure outside. As an altitude of 12,000 feet was passed, the oxygen masks for
the passengers automatically dropped from the cabin ceiling. Unfortunately,
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the masks for the pilots are not deployed automatically. They are more com-
plex and use harnesses which fit over the head to ensure that they can be
pulled firmly onto the face. The masks are stored in a small cupboard and the
pilots would have had to reach forward, open the doot, pull them out, and
then fit them. They had been alerted to a problem by a klaxon sounding in
the cockpit, but it was a general alarm and did not specifically indicate that
the aircraft was not maintaining pressure. Their attention was also diverted by
a warning light, which lit up to indicate that the cockpit instrumentation was
not being cooled propetly. It is very unlikely that the pilots recognised that the
aircraft was not pressurising and, in any case, it would have been too late to
act, as the balloonists Sivel and Croce-Spinelli had found in 1875; they would
not have had the strength to be able to reach and fit their oxygen masks. The
passengers, although getting very cold, would have used their masks until the
oxygen supply ran out after about 20 minutes. This left the cabin staff using
portable oxygen sets, to investigate the lack of response from the flight deck;
they would have eventually realised that the aircraft was not descending to
a safe altitude. Two flight attendants were seen in the cockpit by the Greek
Air force F-16s who had scrambled to intercept the aircraft when it failed to
respond to air traffic control communications. The aircraft crashed when it
finally ran out of fuel, killing all 121 people on board. Mercifully, the passen-
gers would have been unconscious from the combination of lack of oxygen
and extreme cold. The disaster appears to have occurred simply because one
control had been left in the wrong position.

More recently, a Boeing 747 of the Australian aitline Quantas suffered a
sudden decompression at an altitude of 28,000 feet apparently when one of
emergency oxygen bottles located in the hold exploded. It blew a large hole in
the starboard side of the aircraft in front of the wing (Figure 3.5). The loss of

Figure 3.5:

The damaged Quantas
Boeing 747 in the
Philippines showing (inset)
the cabin oxygen masks
deployed.
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cabin pressure could not have been overlooked because of the noise generat-
ed, and the passenger masks dropping from the cabin ceiling as shown in the
photograph. The pilots would have immediately donned their oxygen masks
and initiated a rapid descent to a safe altitude of about 10,000 feet, where
there is ample oxygen to maintain consciousness. They were able to land the
aircraft in the Philippines. It is testimony to the superb design and strength of
the Boeing 747 that, despite considerable damage, the aircraft remained air-
worthy. Quantas stated that the aircraft would be repaired and it has been
returned to service.

Barometric pressure falls consistently with altitude. At base camp on Mount
Everest, the air pressure is about half the 1 ATA normal value at sea level, that
is, 500 millibars. However, the oxygen percentage in the air remains the same
(at about 21%) as the pressure falls, and so the part of atmospheric pressure
exerted by oxygen at base camp is then 21% of 500 millibars, which is 105 mil-
libars. Because of the low pressure of oxygen very few people live permanently
at this altitude. Travellers to La Paz, which is at an altitude of about 13,500 feet,
who have flown directly from sea level may develop mountain sickness; some
have even died because they have not had time to acclimatise.” In fact, deaths
from mountain sickness have occurred at altitudes as low as 9,000 feet, albeit
associated with very hard exercise. Surprisingly, when acclimatised, it is possible
to work at very high altitude; in the Andes, men work in silver mines at 19,000
feet. However, they live at 17,500 feet, the same altitude as base camp on Ever-
est, preferring to make the 1,500 foot climb for their working day! Some birds
can soar to extreme altitudes using favourable winds. Bar-headed geese have
been seen as high as 33,383 feet above sea level. An aircraft flying over the Cote
d’Ivoire collided with a Rippell’s vulture at the astonishing altitude of 37,073
feet; the highest recorded avian altitude. Birds have inherited the breathing sys-
tem of dinosaurs, filling air sacs which discharge using a counter-current flow
system through the lungs, which allows much greater uptake of the oxygen in
air. However, the birds cannot fly up to these high altitudes because the air be-
ing too thin cannot provide enough oxygen—they will have been cartied up by
the high altitude winds known as jet streams.

The pioneering adventures of the balloonists had firmly established the
importance of pressure and, specifically, the pressure of oxygen needed to
maintain brain activity and consciousness, paving the way for today’s global
aviation industry. They had also recorded the steady rise of the pulse rate with
increasing altitude, and the need to breathe additional oxygen to compensate
for the thin air at very high altitudes. It remained for Edmund Hillary and Tenz-
ing Notgay to follow the “uneven terrestrial surface” up Everest nearly a hun-
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dred years later in 1953 and disprove James Glaishet’s prediction that “no hu-
man being ever could drag himself to this height following uneven terrestrial
surface.” They reached the summit using specially designed oxygen apparatus.
The discovery of the body of George Mallory in 1999 led Graham Hoyland
to assert that the mountain was first conquered by Mallory and Irvine in 1924
(Sunday Telegraph, September 30, 2007). However, as they did not complete the
descent, it would not be regarded today as a valid climb.

In 1978, two Alpine climbers, Reinhold Messner and Peter Habel-
er, stunned the wotld by climbing Everest without supplemental oxygen.
How was this possible? If, like Glaisher and Coxwell, we were now to ascend
to this altitude and stay more than a few minutes, we would surely die. The
reasons are now known and the science is in place. To understand it again re-
quires an appreciation of the principle of disease already introduced—that, para-
doxically, lack of oxygen causes the growth of new blood vessels due to the
upregulation of hypoxia-inducible factor proteins. It is common knowledge
that, although lack of oxygen affects the whole body to some extent, it is the
brain that suffers the most. Injuries and many diseases of the brain affect its
blood vessels, reducing the supply of vital oxygen. There is universal recogni-
tion that blockage of arteries reduces the supply of oxygen. Indeed, damaged
areas of the brain, for example in a patient with a stroke, may be struggling
to recover with oxygen levels lower than those in the brain of a mountaineer
on the top of Everest. What is still not generally recognised is that lack of
oxygen in the brain can also be due to the dysfunction of veins, because they
leak, thus allowing the cells become waterlogged; again, in effect, they are
drowning. The pressure on the summit of Everest is very low; about a third
of normal atmospheric pressure at sea level. As we have seen, despite the air
still containing about 21% oxygen, its pressure and therefore its concentration is
also a third of the value at sea level. Not surprisingly, many Himalayan climb-
ers develop mountain sickness due to the lack of oxygen. However, on rapid
ascents to high altitude without the necessary acclimatization mountaineers,
like pilots, may suffer from a second problem—bubble formation and de-
compression sickness, which will be discussed in Chapter 7.

A group of doctors who work in intensive care in London are currently
studying the problems of lack of oxygen on climbing Everest on the Caudwell
Xtreme Everest Expedition (www.caudwell-xtreme.com). They wondered
why some of their patients suffering from severe oxygen deficiency survived
when others, with a more setious lack of oxygen, did not. At the moment, it
would appear that they are looking for genes that increase oxygen efficiency.
However, while genes are obviously important because, for example, they al-
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low the construction of forms of haemoglobin with different affinities for
oxygen, the outcome of high altitude ascents is not likely to be related to the
oxygen levels in their blood, but to those actually in their #ssues. It can prob-
ably be stated with some degree of certainty that those involved in this re-
search will not have thought of looking at a barometer to see if more patients
in intensive care die on low pressure days when the weather is poor. Neverthe-
less, an association has been shown between deep venous thrombosis (DVT)
and a reduction of barometric pressure.® Small changes in barometric pres-
sure are certainly relevant, and there is good evidence that the multiple deaths
that occurred in the Death Zone on Everest in 1996 were due to a sudden
fall in barometric pressure on the summit. It was estimated to have fallen
Just 16 millibars, contrast that with a fall of 129 millibars from the highest
to the lowest pressure barometric pressure that has occurred at sea level in
the UK. Is it relevant to patients close to death in intensive care units? It is;
the 1996 tragedy was referred to in the 2007 BBC Horizon television pro-
gramme “Doctors in the Death Zone” mentioned in Chapter 2, and it was
stated, correctly, that “in patients, a minor improvement in oxygen utiliza-
tion would have dramatic benefits!” As we have seen in Chapter 1, there can
be no doubt whatsoever that this is true; there is a threshold in the level
of oxygen at which cells will fail to function propetly, yet can still be rescued.
It is, however, very unlikely that we can alter how the body actually uses oxy-
gen, but we can easily give patients more.

The oxygen apparatus used for mountaineering only adds a few percent-
age points to the level of oxygen in air, but it can make an enormous differ-

Figure 3.6:

The oxygen apparatus used on the first
successful ascent of Everest in 1954, with
the oronasal mask which can be seen
strapped to the upper cylinder.
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ence to man’s ability to climb to very high altitudes. The greatest explorer of
our times, Sir Ranulph Fiennes, who failed on two attempts to climb Everest
tantalisingly close to the summit, was allowed to use oxygen equipment climb-
ing from camp three to camp two. Normally, climbers do not use supplemen-
tal oxygen at this altitude, conserving the precious gas for the “attack” on
the summit. The young climbers accompanying Sir Ranulph found it difficult
to keep up with him over this stretch, and one actually said, “|Ranulph]| was
on rocket fuel today” which, in a sense, he was—oxygen is used in rocketry,
except that it is not actually a fuel. Happily, he finally succeeded in climbing
the mountain on his third attempt. If climbers develop mountain sickness,
the small increase in the level of oxygen breathed may ultimately mean the
difference between life and death. This clearly indicates that for some patients
in intensive care a 10% increase in barometric pressure associated with a high
pressure weather system will improve their chance of survival.

Most of our understanding of the physiological effects of pressure and
oxygen is based on work begun in the nineteenth century by a handful of
intrepid scientists, who were renowned for experimenting on themselves.
Paul Bert, who worked in Paris, can, justifiably, be called the father of
pressure physiology and students of the subject should certainly read his
book, which was translated into English in the 1950s.” However, it was the
Scottish physiologist John Scott Haldane who studied, first hand, how lack
of oxygen affects the body, and especially the brain. An excellent biography
of Haldane by Martin Goodman, now Professor of Creative Writing at the
University of Hull, was published in 2007." It is entitled Suffer and Survive,
which is the motto on the family crest that adorns the front door of the
house at Cloan, near Gleneagles, where Haldane spent his boyhood. The
next chapter details some of the many contributions this astonishing man
made to human physiology and the practice of medicine.
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CHAPTER 4
John Scott Haldane: A Giant of Medicine

Lack of oxygen not only stops the machine, it wrecks what we take to

be machinery.
John S. Haldane. British Medical Journal, 1919.

Although well known for his work on gas analysis and diving, few know
of the contributions made by John Scott Haldane to our understanding of
the effects of lack of oxygen or the value of oxygen used as a treatment. The
family that Haldane was born into has been deeply involved in the history
of both England and Scotland for over a thousand years, and influential in
many walks of life. Haldane is a Viking name, and the Hal Danes may have
been among those who sacked Lindisfarne Abbey on the coast of Northum-
berland in 793 A.D. Some of the Vikings settled in the Kelso area of Rox-
burghshire, but there was a migration north to Perthshire two centuries later
when the youngest son of a descendant of the Haldanes, Robert, married the
heiress of Gleneagles.! The Haldanes fought against Cromwell but, in 1526,
they supported the distribution of the first copies of the New Testament in
English, which had been translated and published abroad. They wete in the
forefront of the reformation in Scotland, joining the Calvinist movement.
They were, nevertheless, strong advocates of religious freedom.

John Scott Haldane was born at 17 Charlotte Square Edinburgh in 1860,
but his childhood was spent at Cloan, a large house in extensive grounds near
Gleneagles and Auchterarder in Perthshire, Scotland (Figure 4.1).

Figure 4.1:

The Haldane family
house at Cloan.
(Courtesy of Richard
Haldane MBE.)
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Haldane’s father was a widower who already had five children when he
married Mary Elizabeth Burdon Sanderson, who had six children by him,
the first dying soon after birth. The next, Richard (b. 1856), became a barris-
tet, and was granted the title Viscount Haldane in 1911. He served Secretary
of State for War and then as Lord Chancellor in the government of Prime
Minister Herbert Asquith and reorganized the Army before WW1, establish-
ing the Territorial Army in 1907. The third son, George (b. 1858), known as
Geotdie, whose great love was music, tragically died of diphtheria at the age
of seventeen. John Scott was the fourth, followed by a sister, Elizabeth (b.
1862), who subsequently gave him a great deal of practical help with his eatly
experiments. She became the manager of The Royal Infirmary of Edinburgh,
then the largest hospital in the United Kingdom, and was the first woman to
be appointed a Justice of the Peace in Scotland. Later, she was elected as the
Privy Council representative on the General Council of Nursing, and became
a formidable social reformer. The last child, William (b. 1864), became a writ-
er to the signet and carried on the family law practice at 4 Charlotte Square,
Edinburgh. Their mother, Mary Haldane, was a truly remarkable woman who
entertained many famous people at Cloan after the death of her husband,
including the British Prime Ministers Asquith and Ramsay MacDonald. She
was a strong supporter of women’s rights, writing to the 7imes on February
16 1909, at the age of 84, under the name “Octogenarian” to point out that,
as a taxpayet, she should be entitled to the vote. She lived to be 100 years old,
dying in 1925.

John Haldane entered the University of Edinburgh in 1876, when he
was just 16, and was awarded an M.A. in 1879. After a petiod of study at
the University of Jena in Germany, he enrolled in the Medical School at
Edinburgh, which may have been prompted by the untimely death of his
brother George. He became friendly with fellow student Arthur Conan
Doyle, who went on to write his famous novels featuring the detective Sher-
lock Holmes. Haldane failed his final examination in midwifery, and his sister
recorded that he finally graduated “after a tumultuous time of controversy
with his teachers in Edinburgh.” He had apparently found the professorial
lectures very boring, and even wrote anonymously to the Scotsman about the
standard of teaching as if from a dying medical student, protesting about the
facts taught that “Were to us students little else than rubbish formed from
skeletons of dead theories.” His pamphlet, “A Letter to Edinburgh Profes-
sors Signed by a Medical Student” was edited, with preface, by a “graduate of
eminence,” and published in London by David Stott, of 370 Oxford Street,
in 1890. It drew attention to the lack of science behind many of the fashion-
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able explanations of diseases, and the medical obsession with patented pills
and potions. If he were alive today he would probably feel much the same
way about treatments based on the popular theory of auto-immunity.
Haldane registered with the General Medical Council in 1884. After six
months as House Physician in The Royal Infirmary of Edinburgh he decided
not to enter medical practice, but to become involved in reseatch.

Haldane was well known in Auchterarder for his talks on many topics
allied to medicine, delivered at the local village hall under the auspices of the
Otder of St. John. Itis recorded that on one occasion there was great excite-
ment when he produced a skeleton to illustrate his subject. His enthusiasm
for communicating to his fellow man was to influence his equally brilliant son
J.B.S., “Jack” Haldane. J.B.S. became a card-carrying member of the Com-
munist Party after witnessing the social injustice evident at the time of WW1,
and he later fought with the partisans against Franco’s forces in the Spanish
Civil War. Jack became very well known in the 1930s for popularising science,
writing atticles for the Daily Worker, and giving many talks on BBC radio. The
author first became aware of the Haldanes as a teenager from reading a 1941
wartime utility version of Keeping Cool and Other Selected Essays, a compilation
of short articles written by Jack Haldane.? It had been borrowed, for a rather
extended period, from the Army 13th Light Field Ambulance Station library
in Palestine, by my late brother, Ivan, who was injured in 1948 during his time
in national service.

Together with his son Jack, Haldane was to work on a wide range of
projects until he died of pneumonia shortly after returning from Persia in
May 1936. He developed the infection after sustaining a chest injury after
falling out of bed at his home in Oxford. Jack erected an oxygen tent over
his father’s bed to ease his distress, and J.S. passed away peacefully at the age
of 76. Jack continued his father’s work on diving for the Admiralty during
WW2, and became much better known than his father. Indeed, because they
share the initials ]. and S., they are often confused. In subsequent chapters,
“Haldane” will always refer to the father. Haldane’s extraordinary genius was
fortunately recognized during his lifetime as he received many awatrds, includ-
ing Fellowship of the Royal Society in 1897, at the age of 37. He was also a re-
cipient of the Copley Medal, an honour bestowed on many eminent scientists
including Albert Einstein. In 1925, he was made a Companion of Honour, a
gift of the sovereign, George the IV. His unfashionable interest in the health
and welfare of workers ranged over 50 years, from the effects of explosions
in coal mines, to his last investigation in 1936 of heat stroke in workers in the
oilfields of the Anglo-Persian Oil Company which later became BP. His as-
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tonishing curriculum vitae is reproduced in Appendix 1. The company had its
origins in the shale industry of West Lothian in Scotland, an area close to the
village of Broxburn. This is not far from where Sir George Bruce had mined
coal under the Firth of Forth in the seventeenth century, using the world’s
first offshore terminal. Haldane had flown out to Persia with his sister Eliza-
beth in Hengist, a four-engined Handley Page aeroplane. It was the extraction
of shale in West Lothian by James “Paraffin”Young that started the wortld’s
petroleum industry. Young invented the refining process and became wealthy,
not so much from his shale mines, but from the royalties he received from
companies such as Standard Oil, owned by the Rockefellers. It is ironic that
shale and oil both involve hydrocarbon extraction, and their use has made a
substantial contribution to the rising carbon dioxide levels that so concern us
today.

Although best known for his contributions to the physiology of
breathing, especially the role of carbon dioxide® and, of course, the decompres-
sion tables used to allow divers to safely ascend back to the surface,’ Haldane
was truly an intellectual giant, with interests ranging from philosophy to phys-
ics. In fact, he even wrote a textbook of physics,” Gases and Liguids: A Contribu-
tion to Molecular Physies. Not surptisingly, being written by a physician, it caused
considerable controversy among contemporary scientists. The textbook was in-
spired by the work of the little-known Scottish physicist, John James Waterston
(1811-1883). Haldane was fulsome in his praise of Waterston’s work on the
kinetics of gases; the paper Waterston had submitted to the Royal Society had
originally been retained in the archives after being rejected. It would appeat that
Haldane was the first to suggest that gases could be responsible for osmotic
pressure, a subject that will be discussed later. Haldane wrote many papers on
the philosophy of science, including one with his brother Richard whilst he was
still a medical student in 1883. He continued this interest into the last decade
of his life.® The controversy generated by the theory of evolution had engaged
Haldane but, unlike his son Jack, he felt that while evolution could account for
human development, there was much more to the story of the force of life
itself. Darwin’s book was, of course, entitled 7he Origin of Species, not The Origin
of Life. Although, as a boy, he had been a Baptist, Haldane formally resigned
from the congregation, and later in life did not follow any religious persuasion.
He felt that the totality of the universe was his god.

Haldane’s first appointment after qualifying and his “house” job, as an
intern in Edinburgh, was as demonstrator in physiology at University Col-
lege Dundee. The town has strong connections with the Haldanes; Admiral
Duncan, famed for his victory at the battle of Camperdown, was the son
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of the Provost of Dundee, Alexander Duncan, and Helen Haldane of Gle-
neagles. The Admiral is buried with several other Haldane family members
at Lundie, a hamlet a few miles north of Dundee. There was a high infant
mortality in the city, especially among the jute workers and it was suspected
that the infants were dying from lack of oxygen during the night, as many
families shared a bed in the rooms of the meager tenements. Working in the
chemistry laboratory with the new head of department, Professor Thomas
Carnelley, Haldane analyzed samples of the room air taken from the tene-
ment rooms during the night. They were accompanied, understandably, by
a policeman. The samples showed that the lowering of the oxygen content
was so small that it was barely recordable, and they realised that most infant
deaths were probably due to “ovetlaying” and suffocation, which is hardly
surprising when as many as eight people often shared a bed. By the 1880s,
the government had become aware of the problems of contaminated air, and
a House of Commons Select Committee commissioned studies of the air in
the sewers of London and later of Dundee. The city engineers of Dundee
were proud of their innovative large bore, intercept sewer, which ran under
the Murraygate in the centre of the city.

Haldane took samples of air from the sewer system and his son
J.BS. recalled that when the pair went to the city for J.S. to give a British
Association lecture in 1921, his father remembered his way around the city
from the layout of the sewers!

Figure 4.2:
Carnelley and Haldane (right) in the Intercept Sewer in Dundee.
(Courtesy of Richard Haldane MBE.)
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Following the report of their work in Dundee, Carnelley and Haldane
were asked to investigate the smells originating from the main London sewer,
which discharged into the river Thames alongside the Houses of Patliament,
to the great annoyance of its members. Later, they tackled a similar problem
affecting the centre of Bristol. At the time, it was thought that foul air caused
disease, including cholera, as the seminal work of John Snow, who showed it
was a water-borne disease, had yet to be accepted. However, the pair found
that there were fewer bacteria in sewer air than there were in the outside air,
and Haldane was quick to use the data to dismiss the popular notion that
cholera was an air-borne disease. Leaving Dundee in 1887, he sailed to the
continent from Leith, Edinburgh, and worked for a few months in Berlin.
His next appointment later in 1887 was as demonstrator in physiology at the
University of Oxford, where his uncle, John Burdon Sanderson, was Profes-
sor of Physiology. Haldane was recorded in the 1901 census as “M.D. (not
practicing) living in Oxford, in the parish of St. Giles.”

In 1894, Haldane, already well known for his work on gases, was asked
to investigate the events which take place during a mining explosion, fol-
lowing a disaster at the Albion Colliery in South Wales that claimed many
lives. He went on to work on mining safety with the Inspector of Mines for
North Staffordshire, W.N. Atkinson. The atmosphere encountered in mines
could produce suffocation in the absence of an explosion and “black damp,”
as it was termed, was found on analysis to be a mixture of 87% nitrogen
and 13% carbon dioxide. It was the residue left when the oxygen in the air,
which had penetrated the coal, had been removed by the oxidation of the
carbon. It causes death by asphyxiation; in fact, a few breaths of black damp
are rapidly fatal, as is the breathing of any gas not containing oxygen. Many
divers involved in oilfield diving have died from being delivered pure helium.
It is now mandatory, at least in European waters, for helium to be supplied
containing at least 2% oxygen.” Despite medical scaremongering, the only
pure gas that is safe to breathe is oxygen itself!

Analysis of the gas left after an explosion, known as “after damp,” showed
that it contained the lethal gas carbon monoxide. Haldane was able to show
that carbon monoxide combines with the haemoglobin in red blood cells to
form carboxyhaemoglobin, and this prevents the haemoglobin taking up oxy-
gen. He investigated the effects of the gas on himself, carefully noting the
symptoms, and devised a method to analyze the amount of carboxyhaemo-
globin present in blood. In 1896, Haldane submitted a report on colliery ex-
plosions and underground fires to the Home Secretary, based largely on his
investigation of an explosion in the same year at Tylorstown Colliery in South
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Wales. Of the 57 bodies recovered, only four had died from traumatic injury;
the remainder had died from carbon monoxide poisoning. This was the start
of Haldane’s long association with the mining industry that culminated in his
appointment as President of the Mining Association in 1925 and an honot-
ary chair at the University of Birmingham, which finally gave him the title
of Professor. He was apparently disappointed not to be awarded the chair in
physiology his uncle had occupied at Oxford, but his close links to workers in
industry would certainly have been frowned on in the academic quadrangles
of power. His involvement in the controversy about vitalism and evolution
may have counted against him. Haldane had also built a laboratory at Cher-
well, his home close to the river Cherwell, to conduct his experiments free of
“official” interference; a course of action also taken by Nobel Prize winner Sir
Peter Mitchell, honored for his discovery of cellular proton pumping.

In 1895, Haldane published one of several of his remarkable papers on
carbon monoxide in the Journal of Physiology,® detailing the mechanisms of
poisoning. Haldane was the first to employ the benefits of oxygen in the
treatment of carbon monoxide poisoning, not for men, but for birds. He had
introduced the use of canaries to detect carbon monoxide in coal mines. The
canary was housed in a small transparent box, which he fitted with a small
oxygen cylinder.

Figure 4.3:

Haldane’s humane apparatus for
the detection of carbon monoxide.
(Courtesy of Robert Gardiner.)

When a bird was taken down a mine and breathed air containing a dan-
gerous level of carbon monoxide, it fell off the perch. It was immediately
revived by oxygen from the cylinder, and so constituted a reusable biologi-
cal monitor. This illustrates an obvious, important, but much-neglected prin-
ciple: The faster that lack of oxygen is corrected, the better the result. As will
be seen in Chapter 22, carbon monoxide poisoning is still rarely treated with
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oxygen using hyperbaric conditions, despite official directives. Robert Davis,
later Sir Robert Davis, worked with Haldane to develop a breathing apparatus
for use in mines at the Siebe Gorman premises close to Westminster Bridge.
They also developed apparatus to allow escape from a sunken submarine.
Haldane employed his son Jack as an experimental subject in his tests of
the method at the tender age of 13. It had become a family tradition to be

one’s own rabbit and Haldane constantly experimented on himself. Figure
4.4 shows him in a boiler suit, wearing a hard hat and testing breathing equip-
ment down a mine.

Figure 4.4:

Haldane testing his breathing apparatus
down a coal mine.

(Courtesy of Richard Haldane MBE.)

When as a medical student in Edinburgh, Haldane had criticised the stan-
dard of teaching in letters to the Swotsman, he named two scientists as great
teachers who not only made great discoveries, but also made their pupils think.
They were Joseph Black (1728-1799) of the University of Glasgow, the discov-
erer of carbon dioxide, and Joseph Priestley (1733—1804), one of those credited
with the discovery of oxygen. Much of Haldane’ life was to revolve around
these two gases. He was to highlight the consequences of lack of oxygen and
also discover that carbon dioxide controls breathing,

In the 1890s, Haldane devised an apparatus to sample the gases from
deep within the lungs close to the final air sacs, the alveoli, at the end of
the tubular airways. He constructed an airtight wooden chamber in the
private laboratory at his home, Cherwell, in Oxford for his experiments.
It was lined with lead with rubber seals on the door to prevent leaks, and
measured three feet by four feet and six feet high. The occupants could be
observed through a small window, and the atmosphere sampled through
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a pipe led through the wall. In the first experiments to study lack of ox-
ygen, Haldane and his colleague, James Lorrain Smith, sat in the chamber
at rest and closed the door. The oxygen in the air was steadily depleted as
they breathed, and the carbon dioxide level began to rise. After about three
hours, they had developed a violent headache with shortness of breath
and severe panting, The longest time the pair endured in their experiments
was seven and a half hours, by which time the oxygen level had fallen
from 21% to about 13%, and the carbon dioxide level had risen to 6.5%.
Obviously, the oxygen had been used up by their metabolism which, in turn,
produced the carbon dioxide they exhaled.

The question they needed to answer was: What was responsible for
the headache and the panting? Was it the lack of oxygen, or the high level
of carbon dioxide? To eliminate the latter, a tray containing a mixture of
slaked lime and caustic soda, which absorbs carbon dioxide, was placed
in the chamber. Further experiments were performed. After three hours,
the oxygen level had fallen so low that a struck match simply fizzled and
would not light. There was no panting, even after more than seven hours,
so the lack of oxygen did not increase the rate of breathing. It appears that
Haldane did the final experiment on his own, eventually becoming blue and
falling down unconsciousness inside the box.” Thankfully, his collapse was
observed, and help was on-hand to open the door and pull him out. He was
soon revived by the fresh air.

Contrary to popular belief, the first response of the body to lack of oxy-
gen is not to increase the rate of breathing, it is the pulse rate that increases
together with the output of blood by the heart, as the balloonist Glaisher had
found." This means that organs can receive mote blood flow to compensate
for a lower level of oxygen in the blood. Dramatic increases in the size of
arteries have been found using ultrasonic equipment in climbers in the Death
Zone on Everest. The same increase in pulse rate can be detected ultrasoni-
cally in a distressed baby short of oxygen in the womb. So, if lack of such
a vital substance does not drive breathing, what does? Again, we can turn
for an explanation to Haldane’s brilliant research into gases and breathing,
which developed from his first studies with Professor Carnelley in University
College, Dundee. Haldane, working with his colleagues in Oxford, devised
the first apparatus to measure the levels of the metabolic gases dissolved in
blood.!' In 1911, he travelled on his second visit to the US to collaborate with
the celebrated American physiologist Yandell Henderson. Haldane met Pro-
fessor Henderson at a meeting in Vienna and had explained the difficulty of
taking his equipment to altitude, having braved the weather on the summit of
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Ben Nevis in Scotland. Henderson pointed out that Pike’s Peak on the eastern
edge of the Rockies in Colorado, which reaches an altitude of 14,115 feet,
would be an excellent location for such a study because an entrepreneur had
actually constructed a hotel near the summit serviced by a funicular railway.
An expedition was duly organized, and the finance obtained. Haldane’s broth-
er, Lord Haldane, provided diplomatic assistance for the importation of the
considerable equipment and supplies needed into the US. The railway proved
invaluable in carrying the teams and their equipment up the mountain. Dur-
ing their stay at Summit House, Haldane and his colleagues watched one of
the new flying machines attempting to fly over the mountain. It lacked suf-
ficient power, but it would not be long before aircraft were able to exceed this
altitude and become formidable weapons of war. The original hotel on Pike’s
Peak has all but disappeared but, in 1969, the US Army established a second
laboratory on the mountain, the Pike’s Peak Research Laboratory. Ironically,
in view of the continuing war in Afghanistan, its stated aim is still to study
the impact of high altitude on warfare. It may have had some influence, as the
US Army has apparently purchased portable hyperbaric chambers for treating
soldiers who develop altitude sickness.

Because oxygen is so central to life, and especially to the function of
the brain, it seems logical for it to control the rate at which we breathe but it
does not, indeed it cannot, because it would be both zneffective and dangerous. 1t
would be ineffective because breathing faster without an increase in the flow
of blood through the lungs would actually be pointless; the amount trans-
ferred to the blood would bately change. It would be dangerous because it
would wash out carbon dioxide from the body. Breathing faster when we
exercise is due to stimulation of the centre in the stem of the brain, which
controls respiration. However, the primary stimulus is not lack of oxygen,
it is an increase in the acidity of blood associated with a rise in the level of
carbon dioxide, largely produced by our muscles. The reason it is actually
dangerous to breathe faster, or hyperventilate, without an increase in the car-
bon dioxide level produced by exetcise, is because the carbon dioxide already
present in the body is rapidly exhaled, the acidity of the blood falls, and it
becomes alkaline. This, in turn, causes a change in calcium levels, eventually
triggering dangerous muscle spasms, known as zezany, to develop. Voluntary
over-breathing, as it is often called, may even precipitate a full-blown grande
mal convulsion; that is, a fit identical to those seen in severe epilepsy. Hal-
dane commented that if an animal were forcibly ventilated to remove carbon
oxide from its blood, “It would die from ‘want’ of oxygen without drawing
a single breath.” Hyperventilation can relieve hypoxia safely, but only if the
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exhaled gas is rebreathed using a mixing chamber; the carbon dioxide main-
tains normal blood acidity.' This is clear evidence that a hypoxia respiratory
drive does not exist.

The increase in the rate of breathing from exercise increases the in-
take of oxygen, because the flow of blood through the lungs is increased
as the output of the heart rises. The increase in breathing not only allows
us to generate more energy from the oxygen we breathe in, but also it al-
lows the carbon dioxide produced to be exhaled. This keeps the acidity of
blood normal, which is critical to the health of our cells. The mechanism is
astonishingly accurate in controlling the hydrogen ion concentration
responsible for its acidity. However, a fall in the level of oxygen breathed does
have one immediate action: It causes the arteries supplying the lungs to nar-
row. This slows down the transit of red blood cells through the capillaries of
the lungs, giving them more time to take up oxygen. The passage of red cells
through the brain is also slowed down for just the opposite reason: To give
oxygen time to escape from red blood cells into the brain.

If a gas not containing any oxygen is breathed, consciousness is
rapidly lost with no increase whatever in the rate of breathing. Haldane had
witnessed the effects at first hand down the coal mines of South Wales:
“Thus it is a common experience with miners going into an atmosphere of
nearly pure fire damp [Methane, CH ], or climbing up so that their heads are
in the gas; they drop suddenly as if they were shot.” The response to rapidly
halving the oxygen level breathed is actually an increase in puise rate and blood
Jlow, not an increase in the rate of breathing. The increase in pulse rate had
first been recorded by Glaisher and Coxwell in their epic ascent from Wolver-
hampton gas works; it had risen from 70 on the ground to 100 at altitude.
Unfortunately, by the time that Haldane had begun his investigation of the
control of breathing, it was already a commonly accepted opinion that the
“want of oxygen,” which is now referred to as hypoxia, was the stimulus to
the respiratory centre, and acted quite independently from carbon dioxide.
Haldane certainly did not subsctibe to this view; he had experienced loss of
consciousness after just 50 seconds breathing the “air,” which was afterwards
found to contain 1.8% oxygen. He noted that he had no increase whatsoever in
his urge to breathe.

The lack of stimulus from an abrupt and severe deficiency of oxygen
in the gas subjects breathe was shown in a remarkable series of experiments
published in 1923 by Drs. Schneider and Truesdell,”” working at the School
of Aviation Medicine and the Wesleyan University in Connecticut. Schneider
had collaborated with Haldane and Henderson on the Pike’s Peak expedition,
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when he had been professor of biology at Colorado College. These unique
and dangerous experiments would certainly not be allowed today. They gave
seventeen volunteers pure nitrogen to breathe until they reached the point of
unconsciousness. Surprisingly, the time varied from 47 seconds to as long as
112 seconds, and the subjects often exhibited some bizarre symptoms:

In the experiments the subject was permitted to breathe the nitrogen until uncon-
sciousness was impending, at which time the eyes tended to converge and sometimes
the pupils to dilate... In our experience none of the subjects fainted; although
a number of persons twitched in the early stages of the asphyxial decrease of
muscle tone.

But there was no increase in the rate of breathing, indeed Schneider and
Truesdale reported that;

In some instances the breathing began to slow and in some subjects even stopped,
but by slapping the back of the subject a deep inspiration was immediately ob-
tained. It was our custom to prompt the subject, on restoring him to air to take
deep breaths until he had taken five or six.

There can be no doubting the courage of the subjects; some even
did several experiments! The effect of the lack of oxygen associated with
fire damp in coal mines was much more rapid than in these experiments
simply because the miners were exercising; whereas, in Schneider and
Truesdell’s experiments, the subjects were seated and completely at rest. Ex-
ercise dramatically increases the need for oxygen.

The highest altitude where people live constantly is the Tibetan plateau,
which averages 14,763 feet (nearly three miles) above sea level. Tibetans
avoid disabling altitude sickness because they correct the lack of oxygen in
the tissues by greatly increasing blood flow and the output of the heart. With
broader arteries and more capillaries carrying higher levels of blood flow,
they are able to deliver #ormal levels of oxygen to their muscles and organs.
Astonishingly, the heart output and blood flow of Tibetans is generally twice
that of people who reside at sea level. The increase in blood flow in the tis-
sues of the body is because of the action of another gas, nitric oxide, which
relaxes blood vessels. It has been found that these Tibetans, acclimatized over
generations by genetic changes, actually have much higher levels of nitric
oxide in the circulation.' Similar adaptations have been found in other popu-
lations living at high altitude," although cutiously the genes involved may be
different.' It is produced by the cells that line blood vessels, and it is inac-
tivated when it binds to oxygenated haemoglobin. However, when the level
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of oxygen breathed falls, haemoglobin takes up less oxygen and so binds less
nitric oxide which is then free to react.'” It relaxes the muscle in the wall of
blood vessels in the body by increasing their diameter and increasing blood
flow through the tissues to compensate for the lower level of oxygen carried
in the blood. When lower oxygen levels are breathed, the heart needs to pump
harder to increase blood flow and this, of course, includes through the lungs,
otherwise blood would pool in the blood vessels they contain. As the heart
rate increases as the level of oxygen breathed falls, it seems likely that the
response is due to the oxygen sensors called chemoreceptors, which are located
in the large blood vessels above the heart and act by increasing the heart
beat, rather than the rate of breathing. Curiously, this possibility does not
seem to have been investigated, perhaps because the response to
changing oxygen levels has been the preserve of respiratory physiologists,
scientists involved in the research of breathing, rather than those who
study the heart and the circulation.

If the response of the heart rate to the level of oxygen breathed is plotted
on a graph, it is a straight line. Lower the level and the rate increases; breathe
a higher level and it will slow down. The heart is, of course, a muscle, and
so its activity produces some carbon dioxide. As the workload of the heart
increases, the carbon dioxide it produces will increase and this will stimulate
breathing. Of course, breathing itself involves muscle activity, which again
produces carbon dioxide and, as the oxygen availability falls, lactic acid is pro-
duced. A fall in the oxygen content of the gas being breathed to almost half
the level in air at sea level certainly has little effect, although, in some people
there is an increase in the respiratory rate as the level of oxygen breathed falls
further probably responding to the extra carbon dioxide produced by the in-
creased heart action. Nevertheless, in others the increase in breathing rate is
negligible. If the hypoxic stimulus was significant, then it would surely be pres-
ent in all of us. As we have seen from the experience of the balloonists, as the
level of oxygen in blood falls further, the activity of the nervous system fails
and, eventually, becomes too low to allow the respiratory centre in the brain-
stem itself to function.

The controversy over the hypoxic drive is far from being academic to a
very large number of patients with lung disease, especially when it is associ-
ated with chronic obstruction of their airways and, therefore, known as chronic
obstructive pulmonary disease (COPD). This illness is a major health prob-
lem, affecting millions of patients. They struggle to stay alive because of lack
of oxygen. For many years it has been believed that when such patients are
having an acute attack with severe breathing problems, giving oxygen may be
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harmful, although no one seriously doubts that they are dangerously short
of oxygen. Generations of medical students have been indoctrinated that
giving oxygen to such patients reduces their drive to breathe and may wors-
en their condition, even when they are in a stable condition. The allegation,
which dates back to the 1950s, was greatly reinforced in 1960 by what would,
today, be regarded as a totally inadequate study by Dr. E.J M. Campbell.
It was published in the Lancer'® and involved just four patients, only two actually
suffering from COPD. No actual measurements were made; he simply drew
extrapolations that were based on his theory. In a second article in the same
issue of the journal, he describes the apparatus needed to deliver more oxygen,
but limiting the percentage of oxygen." Itis still in use today around the wotld.
Such was the impact of these atticles, detailing the hypoxic drive and Camp-
bell’s subsequent crusade to restrict the use of oxygen, that the allegation is still
featured in textbooks of medicine and is taught to every medical student. It was
the only concern expressed in online correspondence prior to the publication
of the British Thoracic Society’s (BTS) guideline for emergency oxygen use in
adult patients, released in 2008.%

Surprisingly, the controversy has raged for over fifty years, and there are
demands for still more research. In 2007, Australian doctors?! referred to it
as “a major issue at our university teaching hospital.”” They had studied the
difference between acutely ill COPD patients admitted to their hospital re-
ceiving more than 4 litres of oxygen a minute and those receiving less than 4
litres a minute, and claimed that those given the higher level of oxygen fared
less well. However, the patients in the group given more oxygen were more
seriously ill, and more of them needed assistance with their breathing. The
difference in the amount of oxygen carried in plasma between the two groups
would actually be very small, simply because oxygen is so pootly soluble in the
water of the plasma. There can be no doubt that the level of carbon dioxide
in the blood of such COPD patients wi//increase when they are given oxygen
therapy, because they have accumulated an oxygen debz. Lack of oxygen leads
to anaerobic metabolism, that is, metabolism without the use of oxygen, result-
ing in the build-up of lactic acid in the body. Patients with acute respiratory
problems on top of already existing chronic obstructive pulmonary disease
will have high levels of lactic acid, and given more oxygen, they will for a
short time produce a large amount of carbon dioxide. This will have to be ex-
haled which will dilute the oxygen in the incoming air, a phenomenon known
as diffusion hypoxia.*

There can be little doubt that Haldane would have argued, based on his
experience as an experimental subject, that these patients desperately need oxy-
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gen because, even though it may temporarily increase the level of carbon di-
oxide in the blood, without sufficient oxygen everything undoubtedly fails.
Obviously, lack of oxygen will cause breathing to stop, as it does in all of us
eventually. However, carbon dioxide in high concentrations is also a poison.
In 1905, Haldane was asked by the Admiralty to investigate unexplained loss
of consciousness in deep sea divers. The traditional helmet used required a
constant supply of compressed air piped from the surface provided by hand-
driven pumps. When divers worked harder there was ample oxygen in the air
they were supplied, but the exhaled carbon dioxide accumulated in the hel-
met. The divers often experienced hallucinations and some lost conscious-
ness, although they almost always recovered. Haldane, again experimenting on
himself, was able to determine the flow rate through the helmet necessary to
prevent the build-up of carbon dioxide and it is in the Admiralty report.* In
the 1970s a North Sea diver, who was using equipment designed to reclaim
and recycle the expensive helium and oxygen mixtures used for deep diving,
attempted to breathe on open circuit. Unfortunately, he failed to open both
of the necessary valves, and was forced to re-breathe the very small volume
of gas contained in his helmet. This meant that the carbon dioxide quickly
accumulated, causing a dramatic acceleration in his breathing rate. As with
the hard hat divers Haldane had investigated, despite having plenty of oxygen
in his breathing mixture, he stopped breathing. Fortunately, at this point he
was expertly rescued back into the clean atmosphere of the diving bell by the
bellman who was the standby diver. Once in the safety of the bell, the bell-
man removed the diver’s helmet and he rapidly recovered. Within minutes, he
was talking normally to the supervisor via the communications system. Carbon
dioxide is certainly poisonous and very high levels will actually stop breathing So
this is yet another paradox: Both lack of carbon dioxide and too much carbon
dioxide in the blood may stop breathing, Life is not simple!

As long as doctors continue to rely on poor quality clinical studies of the
use of oxygen in patients with COPD, the controversy about oxygen supple-
mentation will never be resolved. Itis a perfect example of the need for science,
that is, measurement, not double-blind, controlled trials, and they have already
been made in a group of COPD patients by French doctors in the 1980s.2*
It is notable that this work is referenced, but not discussed, in the 2008 BTS
guideline. The measurements were made in COPD patients with severe breath-
ing problems given supplementary oxygen, and they showed that the oft-quot-
ed reduction of breathing was only present for a few breaths and in only in half
of the group. It is, of course, easy to provide assistance with breathing. The
studies were reviewed in an article in Juzensive Care World as long ago as 1987 by
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Drs. Schmidt and Hall,” two American physicians working in New Jersey, who
concluded:

The purportedly devastating hypoventilation (reduction of breathing) after oxygen
zs, in fact, trivial and of no demonstrated relevance.

Nevertheless, what is highly relevant and certainly not trivial is failing to
give sufficient oxygen to patients who desperately need it to survive. Schmidt
and Hall recognized this, pointing out that the most severely affected patients
given oxygen may get worse anyway. They continued with this dramatic state-
ment of the obvious:

Oxcygen 15 good and necessary, particularly in incipient ventilatory failure, (i.e. when pa-
tients are not breathing propery), not a treacherous commuodity to be sparingly meted ont.

A decade later, in an editorial in Critical Care Medicine entitled “Debunking
Myths of Chronic Obstructive Lung Disease,” Dr. John Hoyt drew attention
to the matter again in no uncertain terms.*

There are examples of mythology that float about in the atmosphere of medical
information that desperately need to be debunfked becanse they influence the care
of patients. One sample of medical mythology is the commonly told story that
the administration of oxygen to a patient with chronic obstructive lung disease
will shut down the patient's hypoxic respiratory drive and lead to apnea, cardio
respiratory arrest, and the subsequent death of the patient.

Curiously, Dr. Hoyt does not appear to be aware of the historical back-
ground to the COPD controversy.

1t is not clear where this fallacious information comes from, but it seems to enter
the medical information database at an early age, at the medical student or resi-
dent level, almost like a computer virus corrupting the appropriate function of the
equipment. In addition, this myth becomes very difficult to extinguish during the
career of the physician, even with clear factual information of long standing. The
danger here is that this medical mythology will inappropriately influence treatment
decisions in patients.

The editorial was about an article in the same journal which had shown
that giving oxygen to some COPD patients during an acute attack changed
the matching between gas movement and blood flow in the lungs, which is
known as a ventilation/perfusion mismatch. Uniquely, the blood vessels of the
lungs actually constrict in response to lack of oxygen. If this constriction is
released by giving more oxygen, it may cause the diversion of blood through
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the lung to areas which are not being ventilated with air. There is another
problem: These patients adjust to a higher level of carbon dioxide, and the
kidney retains the bicarbonate ion to buffer the acidity of blood caused by the
dissociation of carbon dioxide into carbonic acid. When these patients have
an acute respiratory problem, such as infection, and are given oxygen, the me-
tabolism of the high level of accumulated lactic acid is likely to liberate a large
volume of carbon dioxide and this has to be exhaled impeding the incoming
oxygen in the airways. This phenomenon is better known when nitrous oxide
is used for anaesthesia. On completing an operation anaesthesia needs to be
reversed and the body burden of nitrous oxide has to be exhaled. If patients
are left to breathe air they will suffer from lack of oxygen again due to dif-
fusion hypoxia.”? It is one of the reasons patients are given 100% oxygen
to breathe after being given a general anaesthetic. Unfortunately, oxygen is
still being withheld from patients with acute exacerbations associated with
COPD: Campbell’s long standing crusade and the unthinking acceptance by
the rest of the profession has meant that thousands of patients have suffered
needlessly.

The physicist Edward Teller, who was a patient of Dr. Richard Neu-
bauer, had a Vickers clamshell chamber installed in his home to continue
his rehabilitation after a stroke. He enquired if hyperbaric oxygen treatment
could possibly be of value to his wife, Mici, who had emphysema and COPD
after smoking for many years. In a letter, published in the Journal of American
Physicians in 2003,” he wrote:

A totally unexcplored area with which I have personal experience requires
extensive investigation, This is the application of hyperbaric oxygenation in
chronic obstructive pulmonary disease. My wife of many years suffered from
this, and when the chamber was installed in my home, she was bedridden and
severely emaciated. Her pulmonologist expected her to die within two months.
Drs. Richard Neunbauer and William Maxfield suggested hyperbaric oxygenation
at very low pressures of 1.1-1.25 ATA for 20 minutes twice a day. This was
indeed helpful, Mici became more alert, began to gain weight, and no longer needed
constant supplemental oxcygen, although she did use oxygen at night. The pressure
was gradually increased to 1.35 ATA for 40 minutes twice a day. Mici gained
35 pounds and became bright, alert, and ambulatory. If the technician missed a
single treatment, she wonld deteriorate. She had five wonderful unexpected years.
One hopes that home chambers may become readily available.

I also wish to comment on the overwhelming evidence of the effectiveness
of hyperbaric oxygenation in cerebral palsy and the brain-injured child.
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Reproducibility of results from around the world is compelling. Although double-
blind cross-over controlled studies are the standard of the scientific community,
effectiveness has been demonstrated by Dr. Neubaner and a number of others,
using each patient as bhis own control, and documented by sequential functional
brain imaging. Experience is such that a double-blind study may be immoral.

In the long-term history of hyperbaric oxygenation,1 many of the problems have
resulted from inappropriate pressures and treatment protocols. The proper dose
in many conditions has not been fully ascertained and may vary as does insulin
dose in a diabetic. I feel that the lower-pressure protocol and use of functional
brain imaging will eventually make hyperbaric oxygenation a standard treatment.

A commentary in the Lancetin 1995% asked, “Why Do Patients with Em-
physema Lose Weight?” It is simple; they are hypoxic and will also suffer from
chronic low grade inflammation. Those who live at very high altitude suffer
the same problems and it is known as Monge’s disease.”” Not surprisingly, a
controlled study of patients with breathing problems from advanced cancer
has shown that giving oxygen administration relieves breathlessness.”

Surprisingly, despite their bold attempt to educate colleagues and debunk
the dangerous myth that often prevents sufficient oxygen being given to
COPD patients, Schmidt and Hall actually stated that they were not advocat-
ing any great change in practice! The reason is abundantly clear in their paper
and centres on the critical failure to understand the importance of the con-
centration of dissolved oxygen in the plasma. They stated that “All physicians
make haemoglobin saturation a treatment goal.” Indeed, the argument is regularly
used by doctors to deter patients from accessing more oxygen. One patient in
the UK who attended her family doctor to discuss hyperbaric oxygen treat-
ment had her haemoglobin saturation measured—it was 99%. The doctor
reassured her that her oxygen levels was normal and, being so close to 100%,
could not be improved. Of course, her blood levels were normal, but this
does not mean that the level of oxygen in her tissues was normal. This starkly
illustrates why those who advocate using high levels of oxygen in treatment
face such enormous difficulties.

Haemoglobin oxygen saturation, which determines the redness of blood
again, in effect, it has become a ¢linical constant, not least because it is easy to
measure using a simple light device called an oximeter. However, many doc-
tors remain blissfully unaware that the redness of blood can be produced
by the combination of haemoglobin to methy/ groups derived from a wide
number of drugs to form methaemoglobin. Most will remember that carbon
monoxide also binds readily with haemoglobin, producing carboxyhaemoglo-
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bin. So, although the measurement of the redness of blood may not reflect
the saturation of oxygen with haemoglobin, the problem does not even rate
a mention in the 2008 BTS guideline on using oxygen.”” Chemists would also
point out the use of the term “saturation” applied to the combination of oxy-
gen with haemoglobin is actually incorrect, and it certainly adds to an already
confused situation. The guideline fails to acknowledge the importance of the
oxygen transported dissolved in the plasma, simply stating that “Oxygen is
transported in blood bound to haemoglobin.” Although acknowledging that,
“For critically ill patients, high concentration oxygen should be administered
immediately,” the requitement is only that it should only be prescribed “to
achieve a target saturation of 94-98%.”

Physicians can only be as effective as the information they are given, and
this highlights the failure of proper scientific teaching in our medical schools.
The author suspects that he would have failed his second professional ex-
amination in the 1960s for not stressing the importance of the transport of
oxygen dissolved in the blood plasma. The BTS guideline admits the woeful
ignorance about oxygen still present in medical practice:

Audits of oxcygen use and oxygen prescription have shown consistently poor
performance in many countries. One major problen: is that health care professionals
receive conflicting advice about oxcygen use from different “experts” during their
training and during their clinical careers, and many are confused about the entire
area of oxygen prescription and use.

We are not discussing something of questionable importance here—oxy-
gen is central to our health. It is an incredible indictment of medical edu-
cation in the twenty-first century that there such confusion reigns and the
reader will surely understand the need for this book.

Haldane had demonstrated that lack of oxygen did not control the desire
to breathe, and his experiments, both in his laboratory at Cherwell and on
Pike’s Peak, had shown the importance of the gas, especially to the function
of the brain. He returned to England with speculation about the possibility
of war with Germany rife. In February 1912, he accompanied his brother
Richard, Lord Haldane, who represented the UK Cabinet, on a secret peace
mission to Betlin to see the German Chancellor and the Kaiser—Wilhelm
II, and the German hierarchy.” Hostilities wete soon to follow and the lungs
would become the target of a new and terrible weapon in what, regrettably,
did not live up to the promise of being “the war to end all wars.” The details
in the next chapter illustrate the immense difference that giving a high level
of oxygen can make to patients, especially with acute, severe lung disease.
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CHAPTER 5

Oxygen Treatment: When Air is
Not Enough

The living body is no machine, but an organism constantly tending
to maintain or revert to the normal, and the respite afforded by such
measures as the temporary administration of oxygen is not wasted, but
utilized for recuperation.

John S. Haldane. British Medical Journal, 1917.

At 5:00 p.m. on April 22, 1915, the Germans changed the face of war-
fare by discharging the highly toxic gas chlorine from 6,000 high-pressure
cylinders brought to the front at Ypres in Belgium. The greenish yellow
cloud rolled into the trenches, disabling hundreds of unsuspecting soldiers;
the gas caused extreme irritation of the eyes and convulsive coughing. The
War Cabinet was immediately informed of the attack, and Lord Kitchen-
er telephoned Haldane at his home in Oxford. Haldane packed his trusty
Gladstone bag and boarded a train to London, heading for an emergency
meeting at the War Office. The following day, he sailed across the chan-
nel to France accompanied by Professor Baker, a chemist from Imperial
College, London. They attended post-mortem examinations of the soldiers
and saw first hand, the dreadful effects that the chlorine had on the lungs.
They found that the lungs were severely inflamed, and the air spaces full of
fluid. The fluid came from the leakage of water and proteins from blood
across the lung membrane. Thousands of men were to die from this dread-
ful form of chemical warfare, and many of the survivors were disabled,
suffering permanent damage to their lungs. Haldane had a very personal in-
terest in events at the front—his son Jack had volunteered for active service
upon the outbreak of the war. Enlisting in the Black Watch, he was rapidly
promoted to the rank of captain and served in the Explosives Unit. It was
not long before a second gas was used at Ypres, mustard gas, which be-
came known by the troops as “Yperite.” British scientists soon produced it,
but the politicians apparently rejected its use on ethical grounds, although
they were prepared to allow the use of chlorine. Ironically, many years later
Jack Haldane' claimed that Yperite was “the most humane weapon ever
invented” because only 2.5% of the casualties died and 0.25% remained
incapacitated. He contrasted these effects with those of high explosives and
shrapnel, which kill or maim about half their casualties.
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The first priority for Haldane, having seen for himself the devastating
effects of inhaling chlorine, was to make protective masks. He returned to
England and set about testing various devices by breathing different concen-
trations of chlorine himself in his laboratory at Cherwell. His second priority
was to design equipment to give oxygen to treat victims of the gas attacks, as
he realised that protection was of only limited use. Although the logic of this
approach may seem inescapable, Haldane was certainly aware that breathing a
high level of oxygen may itself be associated with inflammation of the lungs
i.e. an objection to the use of oxygen treatment which is constantly raised to-
day. After Joseph Priestley and his mouse, it was probably the balloonist Gas-
ton Tissander who was next to breathe pure, or neatly pure oxygen, and by
the late 1800s oxygen was routinely used in balloon ascents to high altitude.
At the outbreak of the WW1 in 1914, oxygen equipment had been introduced
in some aircraft and, like the balloonists, the pilots also had to breathe oxygen
from a tube. With the introduction of chemical warfare, oxygen breathing
apparatus was needed on the ground. Haldane had already designed oxygen
breathing equipment for workers employed in making munitions who were
exposed to toxic gases in the factories, and he set about adapting the equip-
ment for use on the battlefield. It is still not an easy matter to deliver pure,
that is, 100% oxygen to patients and Haldane was to admit later; “Like many
others I did not at first realize the practical difficulties of oxygen treatment.”
He designed the first tight-fitting oronasal mask to cover both the mouth
and nose, and fitted it with a reservoir bag to allow the storage of sufficient
oxygen for each breath.” Leonard Hill had constructed an improved oxygen
delivery system in 1912 but it lacked the tight-fitting oronasal mask employed
by Haldane. Nevertheless his report in the British Medical Journal® gives some
remarkable case histories and confirms that we have made little progress in
the last 100 years. In Haldane’s apparatus, the oxygen was supplied by two
small cylinders and a box provided convenient portability.

Haldane taught medical ordetlies at the battlefront how to use the equip-
ment, and a colleague later commented that nurses could be trained to use the
equipment in just three minutes. This was the first time that pure oxygen was
systematically used as a freatment, rather than simply as a supplement.

Haldane was actually convinced that the body had a way of actively trans-
porting oxygen across the membrane of the lung, The theory, known as oxy-
gen secretion, generated much controversy. Active transport has since been
demonstrated in other processes in the body, for example, cells use energy
to maintain different concentrations of sodium, potassium, and calcium ions
across their boundary membranes and without these ion pumps, life would be
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Figure 5.1:
Haldane’s oxygen apparatus with its
tight-fitting oronasal mask.

impossible. Haldane knew that fish have developed oxygen secretion in the
swim bladder; they ate able to mysteriously concentrate the small amount of
oxygen in the water—equilibrated with an oxygen pressure of a tenth of an
atmosphere, to pressures of over a hundred atmospheres! They use the gas in
the bladder to adjust their buoyancy. The mechanisms involved in concentrat-
ing oxygen in this way would, in the authot’s opinion justify a major research
programme. However, human lungs do not secrete oxygen from the air into
the blood; the gas is transferred by simple diffusion and not only can be trans-
ported from the lungs into blood, but also in the opposite direction when any
pute gas other than oxygen is breathed. Many deaths occurred in deep diving
when, by mistake, pure helium was supplied to divers instead of the appropri-
ate mixture of helium with oxygen. A discovery made in the 1970s has added
another twist to the story, which would have delighted Haldane; the lungs actu-
ally do produce substances which facilitate oxygen transport—they are known
as surfactants. They work by keeping the gas side of the lung membrane
dry, because water would be a significant barrier to the transport of oxygen.
Credit for this discovery is due to the late Professor Brian Hills, who saw
that their structure as zwitterions—double-charged molecules, is simi-
lar to the surfactants synthesised by the chemical industry to induce wa-
ter tepellency in fabrics.* Hills used the analogy of the fabrics used for
camping tents to illustrate water repellency in his ground-breaking book,
The Biology of Surfactants, published by Cambridge University Press in 1988.

A tent can, of coutse, be constructed out of totally waterproof matetial
such as plastic, but would be very uncomfortable to use because, not being gas
permeable, it would not exchange gases—it cannot “breathe.” Tents are made
of porous fabric and treated with surfactants to repel water, using just the same
technology that keeps the gas surface of the lungs dry, allowing the ready trans-
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fer of oxygen and carbon dioxide across the membrane of the lungs. Unfortu-
nately, many scientists cling to the old theory still published in every textbook
of physiology—that the gas surface of the lung membrane is actually wet. It
was postulated in the 1950s that the surfactants produced by cells in the lungs
were dissolved in a liquid film on the gas surface of the alveoli to reduce sutface
tension, just like the detergents used in washing-up liquid. The claim was that
lowering surface tension would reduce the work of breathing, However, the
theory does not take into account the fact that any water on the gas side of the
lung membrane would form a formidable barrier to the transport of oxygen.
It would, therefore, limit the rate at which oxygen can be transferred by breath-
ing into the blood flowing through the lungs and, as a consequence, severely
restrict our ability to exetcise.

&
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Unlike the gills of fish, in which water flows continually past the blood
vessels, and the through-flow system used by birds, our lungs use an inef-
ficient push-pull system in which the air breathed in mixes with the gas be-
ing breathed out. The astonishing tubular network was shown in Chapter 2,
Figure 2.1, where it was explained that the membrane of the air sacs, known
as alveoli, have gas on one side and blood on the other. It is vital that the wa-
ter in the blood flowing through the lungs does not escape through the lung
membrane into the air spaces. When chlorine contaminates the air breathed,
it forms hydrochloric acid in the lung passages which not only causes severe
irritation to the air passages, it also destroys the surfactant protection of the
lung membrane. The alveoli then flood with water from the blood passing
through the lungs, a condition known as pulmonary oedema. As oxygen is pootly
soluble in water, the transport of the gas from the airspaces into the blood
flowing through the lungs would have been greatly reduced. And so, the sol-
diers at Ypres actually died from lack of oxygen. This cascade of events also
occurs from the inhalation of a surprisingly small amount of water in drown-
ing, which, even after a delay, may trigger fatal oedema of the lungs.
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The administration of oxygen is the cornerstone of treatment for water-
logged lungs, but it does more than simply increase the transport of oxygen,
it actually assists in restoring the critical “barrier” function of the lung mem-
brane, and so improves its own transport. The ability of the administration
of a high level of oxygen to initiate healing was implicit in Haldane’s article
on the use of oxygen as a treatment in 1917. It was written after the success
of his oxygen apparatus in treating victims of the German gas attacks, and
answers criticisms that are still made of oxygen treatment today, indeed, it
clearly indicates a duty of care.

From the foregoing remarks it seems clear that a physician onght to make every
effort to avert the effects of want of oxygen or cut them short. 1t may be argned
that such measures as the administration of oxygen are at the best only palliative
and are of no real use, since they do not remove the cause of the pathological
condition. As a physiologist I cannot for a moment agree with this reasoning.

A colleague of Haldane’s, Dr. C.G. Douglas, joined him at the front
treating the casualties with the new oxygen apparatus. In 1932, at a meeting
attended by Haldane, he spoke about his success in giving oxygen continu-
ously for three days to a soldier® who “was already far gone.” He found that
the soldiers most severely affected by the gassing often “fought against the
mask,” cleatly because covering the mouth and nose evokes a primitive, and
powerful, reaction aimed at preventing suffocation. However, Douglas found
that with persuasion and patience he was able to “secure its tolerance.” He
was dismayed to discover that some of the junior army doctors were limiting
the use of oxygen to just five minutes in each hour, because the masks were
prone to fill up with secretions brought up by coughing. He went to great
lengths to ensure that they understood the need for a continuous supply of
oxygen. The problem caused by secretions entering the masks led Captain
Adrian Stokes of the Royal Army Medical Corps to develop the nasal prongs
that are so popular today. Unfortunately, this was a backward step because air
mixes with the oxygen and they only allow the oxygen level breathed to be
increased from the 21% present in air to about 28% at a tolerable flow rate
of about 4 litres a minute. Haldane had stressed the importance of using
the tight-fitting mask he devised to deliver close to 100% oxygen to ensure
the maximum concentration entered the airway and he would have been dis-
mayed to find his concepts are still not understood today.

Modern perceptions of Haldane’s contribution to the use of 100% oxy-
gen in treatment are often very far off the mark. For example, in 1987, the
group of Australian anaesthetists writing about oxygen therapy in the Lancer,
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after raising the usual fears about oxygen’s “toxicity,” alleged that Haldane
had “described a loose fitting mask for oxygen delivery and emphasised the
importance of keeping the inhaled oxygen concentration as low as possible.”
In fact, this is just the opposite of Haldane’s advice—he was fully aware of
the need to give as high a concentration to correct a sudden lack of oxygen—
acute hypoxia, and he had also gone to great lengths to design the first tight-
fitting oronasal mask. It is not a surprise to find that the authors of the article
actually give the wrong reference in their paper. Haldane was aware that high
levels of oxygen may eventually cause problems, but only advised loosening
the mask when oxygen is administered over many days. One paragraph in his
seminal paper in 1917% should feature in the training of every doctort, because
it explains, simply and clearly, the reason why using oxygen as a treatment is
so important. Haldane emphasised that lack of oxygen, the hypoxia that he
refers to as “want of oxygen,” may not only kill, it may maim causing prob-
lems, which, curiously, may sometimes develop after a delay.

The mistake is often made of not grasping the serious, widespread, and lasting
effects cansed by want of oxygen. Even when the want of oxygen is completely
removed these effects remain.

Haldane’s development of the equipment needed to deliver 100% oxy-
gen, as well as the clear reasoning for its use given in his paper, establishes
him as the father of oxygen treatment. And, being involved in both diving
and aviation, he was well aware of the importance of barometric pressure to
the use of oxygen in medicine.

It is truly ironic that Haldane developed the first apparatus to deliver
100% oxygen specifically for the treatment of the lung inflammation caused
by gas attacks, because the almost universal fear today is of oxygen being
poisonous to the lungs. Indeed, most physicians have been thoroughly in-
doctrinated about pulmonary oxygen toxicity. What little research is under-
taken today is usually done to support this assertion. For example, in 2005,
a paper from prestigious institutions in the US and Germany,” after stating
that giving oxygen is “life-saving,” then alleges that it has dangerous side-
effects in patients with lung inflammation. They tested their theory in a
genetically modified mouse model in which severe inflammation had been
induced, and used continuous exposures to 100% oxygen for 48-60 hours,
which is far in excess of what is ever used clinically. Curiously, they observed
that; “It remains to be determined, however, whether the much longer time
course of the direct toxicity of 100% oxygen in healthy, non-inflamed lungs
could be explained by the recruitment of immune cells.” As will be seen,
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the recruitment of neutrophils, which of course are immune cells, is the
key factor which has been ovetrlooked. Their results fly in the face of vast
clinical experience: The British National Formulary has for decades stated that
“High concentration oxygen therapy is safe in pneumonia, pulmonary throm-
bo-embolism, pulmonary fibrosis, shock, severe trauma, sepsis, or anaphy-
laxis.” In fact, it is not safe to withhold i, but the reader will be dismayed to find
that in 2012 it was actually stated that there is little rational foundation for
using oxygen in medical disease and anaesthesia.?

The first recorded use of pure oxygen in a pressure chamber was as a
treatment for pneumonia which, of course, is associated with severe inflam-
mation due to infection. The successful treatment was described in an edito-
rial in the Zancet in 1887;" Don Francisco Valenzuela, a physician in Madrid,
saved the life of a young man dying of pneumonia. Oxygen is probably the
most widely prescribed agent in medical practice, but, as we have seen, the
constant emphasis is to use as little as possible and only to ensure that the
haemoglobin in red blood cells is carrying the maximum amount of oxygen.
In other words, it is simply to ensure that blood is as red as possible.

Figure 5.3:

Normal biconcave red blood cells in
a small vein: The space around the
cells would be occupied by plasma.

As a consequence of today’s oxygen phobia, a continuous dribble of oxy-
gen is now used for prolonged periods, often with a maximum level rarely
above 35%, when what is needed is a much higher level of oxygen, but for
just a short time. Ironically, this may mean using /ess oxygen in total, especially
because when using nasal prongs or a loose-fitting mask, most of the gas
cascades onto the patient’s bed and the floot!

It is clear that the fears raised about oxygen must have some basis and it
has been known for more than 100 years that if oxygen is breathed continu-
ously, patients will eventually develop a dry cough and some discomfort in
the centre of the chest, under the breast bone. Animal experiments have also
shown that days of oxygen breathing may eventually cause fatal lung damage.
Nevertheless, it is also well known that if nitrogen is introduced by using
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short breaks breathing air, the lung damage does not occur. This cleatly in-
dicates that oxygen is not a simple poison. In the 1930s, when oxygen began
to be used more widely as a treatment and pure oxygen breathing was intro-
duced for aircraft pilots and divers, proper data was urgently needed. Com-
prehensive experiments were undertaken during WW2 by Dr. Julius Comroe
and his colleagues in the US using human volunteers."” Although their land-
mark paper was published in the Journal of the American Medical Association as
long ago as 1945, it is rarely referenced and was not even mentioned in the
2008 BTS guideline." A total of 90 healthy men between the ages of 19 and
31 participated in the experiments. Full face masks were used with the test
group breathing 100% oxygen, and the controls breathing compressed air, al-
though both groups were actually told that they were breathing pure oxygen.
The protocol was rigorous; removal of the mask was not permitted; liquids
and liquefied food were provided by tube. It came as a surprise that after a
tew hours breathing either air or oxygen the volunteers developed sore throats,
dry eyes, and nasal congestion. Cleatly, as both groups were affected, these
effects cannot be due to so-called oxygen toxicity. It is most likely that these
symptoms were due to the dryness of the gases, and humidifiers are now used
when oxygen is given for long periods. However, and this is a critical observa-
tion, only the oxygen group complained of discomfort under the breast bone
and, moreovet, it developed in a// the subjects by the end of a 24-hour period.
It rapidly disappeared when oxygen breathing was stopped and normal air
breathing was resumed, which is entirely consistent with the observation that
intermittently breathing air can greatly prolong the time that oxygen could be
breathed.

These experiments had clearly shown that 100% oxygen can be breathed
continuously for 24 hours with only very minor symptoms, and it is likely that
these would not occur if the oxygen was humidified. There is more recent ev-
idence that is also rarely cited: In a study published in the New England Journal
of Medicine in 1970, 20 of 40 patients after cardiac surgery received up to 42%
oxygen, and 20 100% for at least 20 hours.”” No differences were found in
tests of lung function or in the clinical recovery. In a second study in the same
issue of the journal, five patients with irreversible brain damage were given
air to breathe and five 100% oxygen for a mean of 52 hours.” The oxygen
group demonstrated the expected lung collapse known as “atelectasis,” but at
postmortem examination there were no differences in pathology between the
two groups. Sadly, the conclusion of the authors has gone unheeded.

Fear of pulmonary oxcygen toxicity should not prevent use of elevated inspired
oxcygen concentrations in critically ill patients requiring artificial ventilation.
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It is perfectly obvious that if breathing high levels of oxygen posed a
serious problem, these were just the patients that should have been affected.
It is truly reprehensible that, despite an enormous amount of research span-
ning more than 150 years into the alleged toxicity of oxygen to the lungs, the
sequence of events that begins with chest discomfort has not been propetly
explained. Oxygen is certainly #ofa poison in the conventional sense; a North
Sea diver breathed oxygen for a short time at a depth of 80 metres of sea
water (260 feet), when he was supplied with pure oxygen rather than a helium
and oxygen mixture. This represents a total pressure of 9 ATA, a level 45
times greater than breathing air at sea level, but it had no effect whatsoever
on his lungs. In contrast, patients during anaesthesia and in hospital intensive
care units may develop lung problems breathing little more than the normal
percentage of oxygen in air.

Despite the lack of evidence, it is still assumed by many that the effects
of oxygen on the lungs are due to the formation of the ever-fashionable free
radicals and that they are produced directly from breathing a higher level of
oxygen. This is despite good evidence having been available for many years
showing that this it is simply not true. Divers breathing compressed air may
breathe levels of oxygen on deep dives well in excess of the concentration
produced by 100% oxygen at normal sea level, but they do not develop lung
absorption collapse, confirming that, when nitrogen is present, it splints the
air sacs of the lungs. It is only possible to breathe a very high level of oxygen
in the presence of nitrogen under hyperbaric conditions; that is, at a pressure
greater than normal barometric pressure. In contrast, collapsed lung tissue is
present in almost all anaesthetised patients given 100% oxygen, either when
breathing spontaneously or being ventilated. Absorption collapse resolves if
the level of oxygen breathed is lowered but if it is then increased again to
100%, atelectasis rapidly reappears.'* There is also a clear cortrelation between
the extent of atelectasis and the shunting of blood through the lungs in an-
aesthetised patients. Divers are, of course, healthy, and breathe more deeply
than seriously ill patients.

Howevert, a truly dramatic discovery published in 1998" has unravelled
the mystery and it can finally end years of controversy. Ironically, in view
of the 2005 papet’ cited above, it was made in a mouse model. Injecting a
monoclonal antibody known as CD40-CD40 can allow a high level of oxygen
to be breathed indefinitely, and the antibody can even reverse eatly damage.
Given the immense importance of this finding, the authors probably expected
some publicity for their discovery, especially as the work was undertaken in
the prestigious University of Rochester School of Medicine and Dentistry
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in New York. It certainly deserved coverage in a widely read journal like the
Lancet ot the New England Journal of Medicine, but there appears to have been
no comment in azy other journal. The finding could well be of commer-
cial importance, although a massive marketing campaign would be needed to
change the prevailing medical mindset about oxygen. Given this problem, it
would probably not make commercial sense to risk the investment needed.

But why would oxygen, which is able to quell inflammation, as Haldane
demonstrated in treating the soldiers gassed in WW1, appear to cause it in
the lungs? The answer can be provided from already well-known data and it
involves neutrophils, the white blood cells also referred to as granulocytes,
and the oxygen free radicals they produce. What follows is an example of
Occam’s razor; that is, finding a single explanation to link what appears to
be a jumbled assortment of facts. The starting point is a property unique to
oxygen; it can disappear from the gas spaces of the lungs simply because it
is used up in metabolism. It appears that the absorption collapse associated
with oxygen breathing leads to the white blood cells (neutrophils) being at-
tracted to the area. They cause damage to the capillaties by releasing free
radicals, as they are programmed to do in fighting infection.

No mechanism has actually been identified to explain the “toxic” fac-
tor in so-called oxygen “poisoning” and evidence has been ovetrlooked that
atelectasis may trigger the events that lead to lung damage from breathing
high levels of oxygen. The most important fact in support of this concept
is that the first changes after prolonged oxygen breathing do not involve the
cells on the gas side of the lungs, they begin in the cells of the capillaries
in the lungs, and so involve the cells of the capillary lining—the endothelinm.
The epithelial cells on the gas side of the lung membrane are obviously ex-
posed to a higher oxygen level than any other tissue in the body simply be-
cause they meet the gas being breathed. Remarkably, epithelial cells in the
swim bladders of fish living at extreme depths can tolerate contact with oxy-
gen at pressures of hundreds of atmospheres. In order to follow the argu-
ment that molecular oxygen is not directly poisonous to the lungs, it is first
necessaty to understand the basic physiology of breathing.

Our total lung capacity, that is the maximum quantity of air we can
breathe in, is about 4.5 litres for the average male, with women averag-
ing about 3.5 litres. Breathing at rest, we do not use this full capacity, and
only move about half a litre of gas with each breath. This expands the areas
of the lungs closest to the main bronchi so other areas are less well ventilated.
The gas spaces of our lungs contain some nitrogen derived, of course, from
the nitrogen in the air we breathe. On changing to breathing pure oxygen, the
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nitrogen is slowly replaced by oxygen. Although it does not react chemically
in the body, nitrogen has a very important role. As discussed, anaesthetists
often refer to it as a “splint” propping the airways open. If oxygen breathing
is continued over a period of a few hours, almost all the nitrogen in the lungs
and much of that dissolved in the body tissues is eventually breathed out.
The dissolved nitrogen is transported in blood from the tissues to the lungs
where it comes out of solution, becoming a gas in the alveoli, and is then
exhaled. The oxygen that accumulates in pootly ventilated areas of the lungs
disappeats, most being transferred into the blood flowing through the lung
capillaries, although some will be metabolised by the cells of the lung itself to
produce carbon dioxide.

Because of these effects, the volume of oxygen contained in the static
areas of the lungs is reduced, which leads to the collapse of groups of alveoli,
that is, atelectasis. Chest X-rays actually taken in human experiments have
shown that this usually happens in the lower lobes of the lung, just above the
diaphragm. Despite the lower lobes being affected, it is associated with the
well-recognised first symptom of so-called lung oxygen toxicity—discomfort
under the breastbone, usually known medically as substernal pain. The lon-
ger oxygen is breathed, the greater the effect, and eventually damage occurs.
Many experiments have shown the resulting inflammation in animal models.
The following blocked section discusses the evidence implicating absorption
collapse and the inflammation derived from free radical release by neutrophils
in the lung damage associated with continuous oxygen breathing. The irony is
that it is not the molecular oxygen we breathe that is toxic; the effects of pro-
longed oxygen breathing are actually due to inflammation caused by #neutro-
phils attracted to the collapsed ateas of lung which then release free radicals.

Human experiments into absorption collapse of the lung, which were
conducted as part of an anaesthetic research programme in 1965, can
provide a logical explanation of the effects of pure oxygen on the lungs.
It was found that if a subject forcibly exhaled as much of the air in the
lungs as possible and then breathed from this starting point, rather than
allowing the chest to normally re-inflate, collapse of the alveoli would
occur in several minutes and the subjects developed pain under the
sternum. The lung collapse was clearly seen on a chest x-ray. The exper-
iment was repeated in one subject breathing 100% oxygen rather than
air for just two five-minute periods. After the expected initial rise in the
blood oxygen level to 676 mm Hg, by the end of the second period it had
fallen dramatically to 433 mm Hg. A chest X-ray showed severe collapse
at the lung bases with elevation of the diaphragm. Astonishingly, it
was found that the total lung capacity had actually fallen by 30%.
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Despite his chest discomfort, the subject walked over a mile in the four
hours following the experiment, although his inability to take a deep
breath actually lasted for 12 hours. Because of these worrisome findings,
the oxygen experiments were discontinued.

In 1978 the experiments were resumed by the same investigators,
and the six subjects who volunteered wete all doctors.”” As in the case of
one of the subjects in the 1965 experiments, oxygen instead of air was
breathed, again with the lungs at residual volume and, because it was
known that it would be uncomfortable, the experiments were limited to
a duration of only five minutes. There were no changes at five minutes in
two subjects, but the remaining four developed substernal pain which,
as in the subject in the previous experiment, prevented them taking a deep
breath. They also had decreased lung capacity on exhalation, a reduction
in the level of oxygen in the blood, and there was the same evidence of
lung collapse on their chest X-rays. This is highly relevant to the tests
developed at the University of Pennsylvania used to determine the
effects of oxygen on the lungs in diving.'®

The explanation is that breathing 100% oxygen prior to reaching
residual volume and small airways obstruction, alveoli will contain only
oxygen, catbon dioxide, and water vapour. The combined tension of the
carbon dioxide and water will be less than 100 mm Hg, and so at a normal
atmospheric pressure of 760 mm Hg, the alveolar pO, will be about 660
mm Hg when the pO, of the mixed venous blood passing through the
lungs is less than 50 mm Hg. The alveolar/mixed venous pO, gradient
will therefore be over 600 mm Hg, or about 80% of an atmosphere.
This results in a rapid transfer of oxygen and atelectasis: The absorption
collapse, occurring in the absence of nitrogen which acts as a “splint”
to maintain inflation. It is, therefore, clear that when areas of the lungs
collapse because the blood flow through the affected atea has transported
the oxygen away, paradoxically, the local tissue becomes hypoxic. This, as
we have already seen, attracts white blood cells, which stick to the lining
cells of the capillaries. They then migrate into the tissues causing inflam-
mation by releasing free radicals, as they are programmed to do normally
in fighting infection. The role of neutrophils in producing the effects
seen with oxygen breathing has been demonstrated in an animal model.”
These experiments have confirmed that neutrophils ate recruited to
the lungs after hours of oxygen breathing. Further studies were then
undertaken in which animals’ neutrophils were depleted using a toxic
agent, and it was found that oxygen breathing could be tolerated for
72 hours.” The ventilator breathing “pattern” used also influences the
degtee of lung collapse.”

Neutrophils, attracted to an area of atelectasis, cause damage to the
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air/blood barrier formed by the lung membrane at alveolar level, and
this allows plasma to leak from the blood flowing through the lungs
into the air spaces. If oxygen breathing is continued, death eventually
occurs from lack of oxygen associated with pulmonary oedema—in
effect from internal drowning. This phenomenon does not actually
pose a problem in clinical hyperbaric oxygen treatment, because the
time breathing oxygen is well below the time for these problems to
occur. For example, breathing pure oxygen at 2 ATA, the time to
the development of pulmonary problems can be extended if oxygen
breathing is interrupted for short periods. The problems seen in
current practice are being caused by using a low dose of oxygen over
an extended period. The key message of this text is that high levels of
oxygen can be effective when given for short periods.

Further supporting evidence that can assist in explaining the
sequence of events in the lungs can be found in studies undertaken of
the effects of oxygen on the ear. Comroe and his colleagues' called it
“aural” atelectasis in their paper describing the effects of continuous
oxygen breathing. The effect is regularly experienced by military divers
using closed circuit oxygen breathing equipment, and it is mentioned
in the diving manuals of the US Navy. When oxygen replaces the air
in the middle ear cavity, it is absorbed just as it is in causing absorption
collapse in the lungs. This reduces the volume of gas held in the ear
cavity, causing the ear drum to be drawn inwards; the bone of the skull,
of course, holds the cavity open. Sometimes this causes mild deafness,
which can be simply relieved by opening the eustachian tube to equalise
the pressure, for example, by swallowing. This allows air back into
the middle ear and is just the same action that is needed to equalise
middle ear pressure in an aircraft descending to land. However, with
oxygen breathing, inflammation may complicate matters just as it does
in the lungs because it attracts neutrophils and they release free radicals.
Sometimes the middle ear appears as a bright area on MRI of the head
in patients undergoing regular sessions of hyperbaric oxygen treatment.
This indicates that some local inflammation is present, but it is very
rare for it to cause any symptoms. There is also growing recognition of
atelectasis because it can be readily seen on CT imaging of the chest.

It appears, therefore, likely that what is loosely termed pulmonaty oxy-
gen toxicity is #of due to a direct action of oxygen on the lining cells of the
airways and the cells on the gas side of the lung membrane, it is produced by
neutrophils attaching to the lining of the capillaties in the lungs and causing
damage by releasing free radicals. Oxygen free radicals are involved, but 7ot as
the result of a direct attack from breathing a high level of oxygen. Again, as
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Fridovich had emphasised,”” molecular oxygen itself is not toxic, indeed he
emphasises that it is surprisingly unreactive. The involvement of neutrophils
in causing the pathology is strongly supported by the protection given by the
injection of CD40-CD40 monoclonal antibody, which, as discussed, can al-
low pure oxygen to be breathed indefinitely, and even lead to a reversal of the
early pathology.

There may be a way to determine if atelectasis is at the root of the prob-
lem associated with prolonged oxygen breathing and an alternative treatment
to using a monoclonal antibody. In infants born prematurely, the lungs often
do not expand propetly because they are not fully developed. It is now stan-
dard practice to blow an aerosol of lung surfactant into the airway. The results
are usually dramatic: The infant turns from blue to pink within minutes as
oxygen transport into the body greatly improves. Could blowing surfactant
into lungs affected by prolonged oxygen breathing reverse atelectasis and the
associated capillary changes? If this is the case, then the technique may prove
invaluable by allowing greater use of oxygen in intensive care patients. As
the treatment has proved to be safe in the newborn, it can certainly be used
with confidence in adults; in fact, it has been investigated as a treatment for
asthma, based on the ideas of the late Professor Brian Hills.

Despite massive funding, the research undertaken into the effects of
oxygen in aerospace and diving medicine has only served to muddy the wa-
ters. By the 1950s, the demand for diving in the exploration for oil and gas
in the Gulf of Mexico began to increase dramatically and the laboratory in
the University of Pennsylvania undertook studies of oxygen breathing under
hyperbaric conditions using volunteers.”® The lung function tests used before
and after the periods of oxygen breathing required the subjects to take a full
breath, and then exhale forcefully into a machine. This recorded both the
volume of gas exhaled in one second and the total volume exhaled. It was
found that both figures were reduced when oxygen was breathed. However,
this is perfectly understandable. It is explained by the experiments discussed
above: The discomfort under the sternum limits the depth of a breath taken,
and also the rate at which gas is exhaled in the tests, but the reduction is 7oz
due to the direct action of oxygen poisoning the lungs; it is due to atelecta-
sis. By the 1970s, the US Navy wanted a guide to oxygen exposures for div-
ing. An arbitrary unit pulmonary toxicity dose (UPTD) was devised in which
breathing 100% oxygen at a pressure of 1 atmosphere for one minute was
assigned a value of 1 unit. A limit was suggested for a single oxygen exposure
of 615 units, but without any indication of the time to recovery; that is, when
the count subsequently returned to zero. In fact, the clinical studies already
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discussed have shown that the UPTD is not a valid measurement. In actual
practice and certainly in the personal experience of the author from mea-
surements in experimental diving trials, the method simply does not work.
Unfortunately, in 1972, the US Navy Experimental Diving Unit, then located
in the Washington Navy Yard, issued an internal report® that was soon ap-
propriated by the commercial diving industry and led to the incorporation
of the procedure into diving manuals and protocols. It is of note that no
research group has ever been able to repeat the University of Pennsylvania
results, and the UPTD has never been mentioned in any of the diving manu-
als subsequently published by the US Navy or the Royal Navy.

It is vital to stress at this point that, regardless of these details, the prob-
lem referred to as lung or pulmonary oxygen toxicity is easily avoided by
using well-established protocols developed over many years for hyperbaric
oxygen treatment, because they use intermittent exposures to high levels
of the gas. Although the final event in the poisoning of the lung from the
prolonged use of oxygen is leakage of fluid into the air spaces, or lung oe-
dema, Haldane demonstrated that this does not prevent oxygen being used
as a treatment when lung oedema is present due to other causes. He showed
conclusively that exposure to chlorine or mustard gas can be treated by
breathing high levels of oxygen. Conversely, lung oedema is always associ-
ated with hypoxia, especially in fire victims with smoke inhalation. Smoke is a
powerful irritant because it contains particulates and also carbon monoxide,
which itself causes hypoxia in cells by blocking the enzymes that use oxygen.
The combustion of plastics may release other toxic gases, like isocyanates
and hydrogen cyanide. In such patients, the high levels of oxygen possible
under hyperbaric conditions can mean the difference between life and death.
The treatment was adopted as the standard of care in the city of Milwaukee
where the late Dr. Eric Kindwall, a former US Navy submarine medical of-
ficer, championed the use of hyperbaric treatment for the fire fighters of the
city. Unfortunately, many physicians involved in intensive care units still op-
pose the use of hyperbaric oxygen treatment in patients with smoke inhala-
tion, alleging that it will exacerbate free radical damage in the inflamed lungs
although this has been comprehensively rebutted.” Nevertheless, Haldane
had shown by treating the victims of gas attacks in WW1 that this is not the
case; paradoxically, correcting lack of oxygen is essential to reducing inflam-
mation and this includes the lungs.

There is a growing recognition that many modern innovations in inten-
sive care are not beneficial—they are causing harm. It is a very difficult area
to study, and the public needs to be made aware of the emotional cost to
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medical and nursing staff caring for acutely ill patients. The problems raised
by current strategies were discussed in a remarkably frank interview with Dr.
Mervyn Singer, a consultant in University College London by the journalist
Dan Jones. It was published in New Scientist in 2010 and included the ap-
propriate title “Heal Thyself.” It featured a paper co-authored by Dr. Singer
entitled “Treating Critical Illness: The Importance of First Doing No Harm,”
which was published in 2005.% It argued that the mortality of soldiers with
battlefield trauma in the nineteenth century was actually lower than for pa-
tients with similar injuries today. He also points out the astonishing lack of
evidence to support many accepted acute interventions. In the New Scientist
article, Singer is quoted as saying that “Virtually all the advances in intensive
care in the past 10 years have involved doing /less to the patient,” and “Patients
often survive in spite of medical interventions rather than because of them.”
He is not alone; others feel that little progress has been made in the last 40
years. Singer’s logical argument is that the body is adapted to deal with criti-
cal illness and modern medicine might be interfering with natural protective
mechanisms. It is stressed that a local immune response can lead to the sys-
temic inflammatory response syndrome (SIRS) mentioned in Chapter 1 and,
if this is not controlled, to multi-organ failure—the /ading cause of death in
critically ill patients. Dr. Singer and his colleagues submitted two papers on a
rat model demonstrating the critical importance of oxygen levels to survival
to a meeting of the International Society on Oxygen Transport to Tissue
(www.isott.org), held in Scotland in 1996. Founded by scientists interested in
measuring tissue oxygen levels in 1973, sadly, this organisation has had little
impact on clinical practice.

Prolonged inflammation and the associated hypoxia may lead to mito-
chondrial damage and programmed cell death; hence, the need to establish
normal metabolism which, of course, requires sufficient oxygen to be avail-
able. However, there is no mention in the article of the critical role of oxygen
in the control of inflammation, the importance of the hypoxia-inducible fac-
tor proteins or that oxygen is the ultimate anti-inflammatory agent. But there
is more; oxygen is the antibiotic of the body and so lack of oxygen also im-
pairs the ability of white blood cells to deal with infection. This information
is not taught in our medical schools but now, faced with antibiotic resistance,
it will soon be critical. It was the subject of two seminal articles by Babior,
published by the New England Journal of Medicine in 1978772

One almost universal aspect of current practice was singled out for criti-
cism by Singer: “We haven’t evolved to cope with being sedated, put on a
ventilator and pumped full of drugs” He is correct. Patients are sedated to
allow a tube to be placed in the windpipe and the use of a ventilator. The tube
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secures the airway, but the sedative drugs used do not just reduce the level
of consciousness—they also suppress the patient’s metabolism. The lung is
certainly not adapted to cope with positive-pressure ventilation, and there is
growing awareness that ventilation itself causes lung damage and inflamma-
tion. As described in Chapter 2, in normal breathing the ingtress of air into
the lungs follows the creation of a negative pressure within the chest. This
can actually be replicated by the external device known as an iron lung and
a patient can be safely ventilated using an iron lung without a tube in their
throat for many years. However, the method is cumbersome and no longer in
fashion.

The three recognised complications of positive-pressure ventilation re-
late to traumatic injury to the delicate fabric of the lungs. They ate the lung
collapse known as pneumothorax, the entry of gas into the middle of the
chest known as mediastinal emphysema, and air embolism where gas bubbles
are forced into the bloodstream through tears in the blood vessels in the lungs.
All of these are well-recognised complications of abrupt pressure changes in
divers, where they are macroscopic injuries from large changes in pressure.
However, recent research has shown that positive-pressure ventilation causes
micro trauma and inflammation in the lungs, and there is growing recognition
of the problem clinically. In fact, it has been argued that many of the lung
problems commonly attributed to oxygen are more likely to be due to dam-
age from mechanical ventilation.” It is disturbing that such a universally-used
technique may contribute to a poor outcome in some intensive cate patients
and this featured in an eight-page article entitled “Ventilator Assisted Lung
Injury” in the Lancet in 2005.%° Is it possible that it is better to leave patients
breathing on their own? There is good evidence that in many cases, it would
with the patient given a higher level of oxygen and this will be discussed later.
The benefits from a small increase in dissolved oxygen to a biological system
are demonstrated convincingly by increasing the oxygen content of polluted
lakes. The British Oxygen Company developed this technology many years
ago. Their advertisement taken from a British Airways in-flight magazine is
reproduced in Figure 5.4 and flying features in the next chapter.

The intrepid pioneers Glaisher and Coxwell had experienced the dramat-
ic effects of lack of oxygen on the brain first-hand when they ascended to the
height of Everest over Wolverhampton in 1862. Little did they realise what
the future held for flying machines and how they would change the course of
history. There are many relevant lessons to be learned from the extensive use
of oxygen in aviation and in diving and, as we shall see, Haldane made pivotal
contributions to both fields.
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SINCE WE'VE BEEN DUMPING ONE OF OUR PRODUCTS
INTO THIS LAKE, IT'S GONE A FUNNY COLOUR.

First, the lake was black. Then it turned a murky brown.

Then green. Then almost overnight, a vivid shade of pink.

Yes, at The BOC Group we have a product which we dump

into rivers, lakes and seas all over the world. And just look
at the effect it can have on the environment.

A lake in Africa, polluted and devoid of life for 30 years, is
now a haven for flamingoes. Fish can now live in Hong Kong's

Kowloon Harbour. And we've even helped to revive the Thames.

Figure 5.4:

Oxygen Treatment: When Air is Not Enough. The importance of oxygen to life is vividly
illustrated in this advertisement by the BOC Group of the dramatic benefit of increasing the
dissolved oxygen in a dead lake in Africa.

The product, of course, is oxygen. But to us, it is merely one of
18,000 gases and gas mixtures which we are constantly develop-
ing to keep pace with the new technology. (On average, we patent
a new invention every four days.)

Our gases are essential to the manufacture
of hi-tech products like optical fibres and
microchips.

Currently, we are working on high-purity
gases which during the next decade will help to
quadruple the memory capacity of a microchip.

We're even a world leader in sophisticated
healthcare equipment, like intensive care
systems and blood pressure monitors.

Last year, all our activities ;
combined to produce a worldwide

turnover of £2.8 billion.
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In one area at least, you'll find
THE BOC GROUP
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we're most definitely in the black. bt

(Reproduced with permission from BOC Ltd.)
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CHAPTER 6
Taking to the Air

Heavier-than-air flying machines are impossible.

William Thomson, Lord Kelvin, 1824—1907

Aircraft have arguably had a greater impact on our lives than any other
invention and there are few places in the world that the vapour trail of a jet
cannot be seen making its contribution to global warming but few would
connect the technology involved with the care of patients. The scale of air-
line operations is staggering; it is said that the number of passengers flights
over a three year period is equivalent to the population of the earth, which is
now over seven billion. As we have seen, the hot air and hydrogen balloons
invented in the eighteenth century began the conquest of the air. They were
the forerunners of airships and appeared to be set for a bright future until
the zeppelin Hindenberg disaster in 1937. The airship caught fire coming into
dock at Lakehurst, New Jersey on its tenth Atlantic crossing, The escaping
hydrogen burned vigorously and 36 of the 92 people on board were killed.
The tragedy signalled the end of the use of hydrogen for airships, but they
are actually slow and cumbersome and it was the development of fixed wing
aircraft that paved the way for today’s aviation industry. The Wright brothers
were the first to succeed in controlled powered flight, taking to the air near
Kitty Hawk, North Carolina on December 17, 1903. Their longest flight on
the day was just 852 feet. The military soon recognized the potential for air-
craft to be used in warfare and by 1908, Orville Wright had begun trials with
the US Army at Fort Myers. It appeats to have been the Turks who were the
first to use aircraft offensively. They created terror in their war with Greece by
dropping hand grenades on their troops, and when they ran out of grenades
they apparently used melons to similar effect. The outbreak of the WW1 in
1914 saw aircraft in use as spotter planes for artillery fire, but they were soon
fitted with guns and equipped to carry bombs.

The engines of eatly aircraft were not sufficiently powerful to allow them
to fly much above 10,000 feet, but with improvements in engine performance
during the Great War, they soon became capable of exceeding 15,000 feet.
As already discussed, with increasing altitude the barometric pressure falls
and so, although the percentage of oxygen remains the same at about 21%,
the concentration of the gas falls as the air becomes thinner. At an altitude of
17,900 feet the air pressure is half the value at sea level and, as a consequence,
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engine power is greatly reduced as is the efficiency of a propeller. In 1917,
the British ace Major James McCudden, VC, who had been an engineer be-
fore he trained as a pilot, fitted the engine of his Sopwith SEb5a fighter with
a supercharger. This allowed him to achieve altitudes as high as 21,000 feet
and so gain a considerable advantage in aerial combat; he achieved 57 kills.
Superchargers are simply pumps which compress the air and so increase the
concentration of oxygen to be delivered to an engine. This, of course, means
that fuel can be burnt more efficiently to increase the power output.

However, it was obviously not possible to supercharge the air to the pi-
lots, because breathing air at a higher pressure than the surroundings would
tear the lungs, causing the same problems encountered in diving and positive-
pressure ventilation in anaesthesia. The only alternative possible at the time
was to give pilots more oxygen to breathe, and it was the Germans who were
the first to introduce oxygen breathing equipment in aircraft. Paul Bert’s sug-
gestion' that it is the part of the pressure exerted by oxygen that is impot-
tant, the gas partial pressure, had apparently created a storm of controversy
among physiologists in the 1870s, despite being based on Dalton’s gas law.
However, the Austrian von Schrétter and Berson in Germany understood
the concept well and collaborated to make serviceable oxygen equipment that
was first used for high altitude balloon ascents between 1894 and 1901. The
equipment, using flasks of liquid oxygen, was installed in a few German mili-
tary aircraft during WW1. By this time, Haldane, working with Robert Davis
of the Siebe Gorman Company at their Westminster Bridge works, had also
designed oxygen equipment for British warplanes. They used either flasks
of liquid oxygen, or high pressure oxygen cylinders. In the event, very few
aircraft of either side were equipped with oxygen breathing apparatus but the
principle had been proven; to achieve high altitudes in aircraft more oxygen
was needed for the engines and for the pilots.

During WWT1 a curious phenomenon had been found to affect pilots
undertaking regular flights which rendered them temporarily or, sometimes,
permanently unable to continue flying duties. It was recognised that their
problems in some way related to altitude, but lack of oxygen was not thought
to be responsible. Perhaps in view of the stresses involved in aerial warfare,
this is understandable and it must also be remembered that high altitude
mountaineering was in its infancy. Few people had Haldane’s appreciation of
the ill effects and symptoms associated with lack of oxygen. The pilots who
were flying on a daily basis found that the altitude they were able to reach and
function propetly was successively reduced week by week. They experienced
headaches with excessive fatigue and the symptoms often persisted for hours,
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or even days. Contrast this with the instant recovery made by Glaisher and
Coxwell in 1862 as they descended from 29,000 feet over Wolverhampton in
their balloon.? Howevert, the symptoms are now well known to Himalayan
mountaineers, especially those who do not take sufficient time to acclimatize
to altitude. Eventually, a study of repeated daily flights up to 16,000 feet was
undertaken by US military pilots at Randolf aitfield in Texas® which estab-
lished that it is unwise for pilots to make daily flights to more than 10,000
feet. This, of course, is just the opposite of what would be expected if ac-
climatization to altitude were taking place. Nevertheless, it established an al-
titude limitation for unpressurized commercial aircraft which is still imposed
by aviation regulatory authorities. It was being recognized, at least in the US,
that pilots were not being looked after propetly; a US War Department pub-
lication in 1919 actually stated:

Wonderful has been the development of the airplane; inconceivable has been the
neglect of man in the airplane.

Although the reason for the altitude limitation was not understood
at the time, it was soon found that it did not apply when pilots breathed
oxygen. MRI studies of climbers have since shown, just as eatly experi-
ments in aviation physiology had found, that the brain becomes swol-
len at high altitude; because of lack of oxygen the blood vessels leak.*
Recent studies have shown that the reduced level of oxygen at altitude is as-
sociated with increased free radical production and dysfunction of the blood-
brain bartier.*” Although the swelling of the brain may be very rapid, it is
most important to appreciate that it takes much longer for the accumulated
water to resolve.

By end of WW1, the importance of both supercharging engines and pro-
viding oxygen breathing for pilots had been established beyond any doubt.
The urge to fly ever higher continued in the 1920s and in 1933; two biplanes
equipped with the oxygen breathing apparatus designed by Haldane and Rob-
ert Davis succeeded in flying over Everest at 32,000 feet.® The Houston Ever-
est expedition had been sponsored by Lady Houston and the Royal Air Force
team received medals at a celebratory luncheon given by the Zimes at Gros-
venor House on the 1st of June, 1932. One of the pilots, Squadron Leader
Lord Clydesdale, said: “They had a duty to do and did it. They had demon-
strated that a British machine with a British engine could fly over the highest
mountain in the wotld.” The race for the world altitude record had begun in
carnest and Haldane had already designed a pressure suit (Figure 6.1) for use
in aircraft at high altitude and it was also built by the Siebe Gorman Company.
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Figure 6.1:
Haldane’s stratospheric suit used in
high altitude aircraft.

Known as the “stratospheric suit” it was the forerunner of the modern
space suit and was used by Wing Commander John Swire to capture the world
altitude record at over 53,000 feet in 1937. Haldane also produced the first
design for a pressurised airliner. The passengers would have had the benefit
of the increased pressure in the cabin, but the pilots would have had to wear
his stratospheric pressure suits. It is hardly surprising that the aircraft was not
built. The drawing was commissioned by the Siebe Gorman Company.

The first scheduled commercial airline flight was by the St. Petersburg-
Tampa Airboat Line and took place on January 1, 1914. The service flew
between St. Petersberg and Tampa in Florida, the journey taking just 23 min-
utes. In 1917, Chalk's Aitlines, now Chalk International Airlines, began a set-
vice between Miami and Bimini in the Bahamas. The Dutch airline KLLM
made their first flights out of Amsterdam in 1919 and the commercial mar-
ket began to increase rapidly in the 1920s, especially in the US. The altitude
achieved by aircraft was limited by the lack of engine power and the airlines
did not provide the pilots with oxygen equipment. This, of course, saved
weight, which is always a setious consideration for flying machines. However,
by the 1930s there was a growing sense of unease in commercial aviation
because aircraft were being lost in unusual circumstances. As it was usually
associated with bad weather, mechanical failure was usually blamed. But there
were also complaints from pilots of excessive fatigue and attacks of nausea
and vertigo reminiscent of the experience in WW1. It became increasingly
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obvious that there was a clear association between the symptoms and re-
peated high altitude flights and it began to be suspected that lack of oxygen
was involved. The importance of the earlier research in WW1, which had
shown the marked effects of hypoxia on the performance of skilled tasks
by pilots at altitudes over 10,000 feet, was beginning to be recognised; mild
degrees of hypoxia actually induce a sense of euphortia clearly adding to the
dangers. Oxygen breathing equipment was introduced although pilots initially
opposed the development, arguing that it would make them bald, loosen their
fillings, and render them impotent; allegations reminiscent of arguments used
by some today when it is suggested that patients can benefit from hyperbaric
oxygen treatment. There was actually some truth in the claims by the pilots as
in early military aircraft the pilots had to breathe the oxygen by tube and the
cold, dry, gas caused pain in their teeth and chapping of the lips.

Figure 6.2:
Haldane’s design for a pressurised aircraft drawn in the 1920s.

By the 1930s, it became a requirement for commercial pilots to use oxy-
gen breathing when aircraft exceeded an altitude of 15,000 feet and orona-
sal masks were introduced to cover the mouth and nose based on Haldane’s
design. There was a growing appreciation of the need for cabin pressurisa-
tion and Haldane designed an aircraft with a pressurised cabin in the 1920s
which required the pilots to wear pressure suits! The basic equipment re-
quitements were detailed by Dr. Harry G. Armstrong in 1935.° His design
criteria were used for the Lockheed XC-35 experimental “sub-stratospheric”
aircraft commissioned by the US Army Air Corps and flown in 1937, the
same year Boeing flew the wotld’s first pressurized aitliner, the B 307. At
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the outbreak of war, only nineteen had been built and, although none were
used by airlines, the technology allowed Boeing to build the B29, the first
pressurised military aircraft to enter service. The bomber was set to change
the course of history as it was able to fly high enough and fast enough to
drop the first nuclear bomb and escape the blast. The Germans had also
recognised the importance of pressutising aircraft to enable flights to very
high altitudes and introduced the Junkers 86 for reconnaissance missions. It
was not armed because it was able to fly too high to be intercepted by the
fighters used by the Royal Air Force. However, improvements to the Spitfire
allowed one to be intercepted and shot down. Hitler ordered the flights to
be cancelled immediately. In Britain, Barnes Wallis, famous for his bouncing
bomb, also experimented with pressurisation using the Wellington bomber
he had designed for the Vickers company. Using the “geodesic” method of
construction he had pioneered in the R100 airship, it enabled the aircraft to
fly at 40,000 feet.

Today, with just a few exceptions, all commercial aircraft are pressur-
ized but, unseen by passengers, pilots are required by law to don masks and
breathe oxygen when flying at altitudes in excess of 40,000 feet. This is in
case there is a sudden loss of cabin pressure, because the time to loss of con-
sciousness at this altitude is measured in seconds. The technology reached its
zenith with the development of the Anglo-French Concorde, which had to
maintain a safe cabin pressure at altitudes as high as 64,000 feet. Kept on the
ground with the cabin pressurised it would make a superb intensive care unit,
large enough to provide all the required facilities for many patients.'’

Figure 6.3:
A retired British Airways Concorde at the East Fortune Aircraft Museum
near Edinburgh, Scotland.
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Concorde pilots were exempted from the 40,000 foot rule for
wearing masks because it would have meant that they would have had to
wear them for almost all of the flight over the Atlantic! The aircraft used
a higher cabin pressure at altitude than other jet aircraft, equivalent to
5,000 feet, despite being able to fly as high as 64,000 feet. It was a truly
astonishing machine. Because of the extreme high altitude capability of
Concorde, the various scenarios that would have resulted from it losing
pressure had to be carefully examined by the design teams. The windows
in Concorde were made smaller than those in normal aircraft to limit the
rate of depressurisation in the event of a failure. It is a tribute to the
engineering excellence that, in fact, in more than 30 years of operation,
not a single window failed. The window apertures in the fuselage were
actually machined into a single metal casting to prevent the metal
fatigue failure and explosive decompression which caused the loss of
three de Havilland Comets in the 1950s." The engineets had calculated
that the rate of decompression due to loss of a window at Concorde’s
highest cruising altitude would have given the pilots just four minutes
to don their oxygen masks and descend to a safe altitude without losing
consciousness. The Comet had been the first jet airliner to enter service
but its initial success was blunted by the tragedies, leaving the Boeing
707 to dominate the eatly years of jet travel. The pressure in the cabin
of a passenger jet at cruising altitude is required to be no lower than
is equivalent to an altitude of 8,000 feet. This means that at cruising
altitude, passengers are at the same pressure as they would be at 8,000
feet up a mountain; about a quarter less pressure than at sea level, and
the level of oxygen entering the body is reduced in the same proportion.
The Comet and eatly Boeing 707s were only able to fly for about six
hours, which was just enough to allow them to cross the Atlantic, and so
even elderly passengers were able to tolerate the lowered oxygen pressure.
Now, some of the latest commercial aircraft can fly for up to 18 hours
and may, perhaps, be able to cross both the Atlantic and Pacific oceans
on one flight. At a cabin “altitude” of 8,000 feet, passengers on long
duration flights risk being made ill from the lack of oxygen. Not surpris-
ingly, aircraft like the Boeing 787 are now engineered to use a higher
cabin pressure, equivalent to an altitude of 5,500 feet, which equates to a
lower cabin “altitude,” to improve passenger safety and comfort. So, not
only the degree of oxygen deprivation, but also the #e spent breathing
low oxygen levels is important, especially for older passengers and those
suffering from illness.
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By the 1930s, the pioneers of aviation medicine had established if an un-
pressurized aircraft climbs at a rate of 1,000 feet a minute to an altitude of
25,000 feet the pilot becomes rapidly disabled. Unless a descent is made, or
oxygen is breathed, death can occur in as little as 20 minutes. We have little
tolerance of an abrupt lack of oxygen and the early aviation research showed
the vatiation between pilots in the time to unconsciousness at 25,000 feet is
negligible. The conquest of Everest in 1953 by the late Edmund Hillary and
Tenzing Norgay was achieved with a period of acclimatisation at altitude but
also using oxygen apparatus. They overturned James Glaisher’s prediction in
1862 that “no human being ever could drag himself to this height following
uneven terrestrial surface.” As discussed in Chapter 3, Reinhold Messner and
Peter Habeler succeeded in climbing Everest without supplemental oxygen
in 1978, a feat that Haldane actually thought possible. Their success was ini-
tially disbelieved, especially by Tenzing Norgay, and it was even suggested that
Messner and Habeler had hidden small oxygen cylinders under their clothing!
Many climbers have now succeeded in this prodigious feat and the record for
the ascent from base camp was set on May 23, 2003 by Pemba Dortje at the
age of 39. He climbed from base camp at 17,500 feet to the 29,040 feet sum-
mit in 12 hours and 46 minutes. The total time for his climb was just 21 hours
and it was his tenth ascent of Everest—all completed without supplemental
oxygen! So, if pilots die after about 20 minutes at 25,000 feet, how is it possible
for climbers to reach the summit of Everest without breathing more oxygen?

Given that pilots had found that their ability to reach high altitude 7e-
dnced with daily flights it would seem that acclimatisation is not possible,
but it cleatly does occur and it is the rate of change of the level of oxygen
that is critical. Climbers take many weeks to acclimatise for an ascent of
Everest; they climb slowly and stay at altitude and make regular upward excur-
sions. This has profound effects both on both their blood and their blood
vessels. In contrast, pilots spend at most just hours a day at altitude and usually
return to sea level, or close to it. Studies of the effects of sudden ascents to
a modest altitude have shown, as Glaisher and Coxwell had found, that the
first changes manifest as a very significant increase in the pulse rate with only
a slight increase in the rate of breathing. In some people, a mild degree of
anxiety may occur as low as 12,000 feet. As these changes are rapidly relieved
by breathing oxygen, it is clear that they are due to the reduction in the oxygen
concentration breathed. It is important to understand why, if the problems
are not reversed quickly, they can persist. When the brain of an anaesthetized
animal was observed through a hole in the skull in the experiments undertaken
by Armstrong and colleagues at the School of Aviation Medicine in Texas in
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1916, it was seen that on reaching about 17,000 feet the blood vessels of the
brain became large and congested. Brain tissue then expanded through the
hole. The effects are due simply to lack of oxygen and exactly the same effects
can be seen on the ground, by the addition of a few hundred parts per million
of the gas carbon monoxide to ait. Carbon monoxide simply prevents oxygen
being used by the cells of the brain, and the lack of oxygen causes the same
brain swelling due from leakage of water from the circulating blood."

The effects of a sudden reduction of air pressure are very complex and re-
veal a paradox; an abrupt reduction of the level of oxygen is stressful because
of the formation of oxygen free radicals! In other words, a sudden lowering of
the oxygen level paradoxically zucreases oxidant stress. An increase in free radi-
cal production from suddenly lowering the level of oxygen was demonstrated
in an elegantly simple experiment in the University of Porto in Portugal.”® Six
young men sat in a chamber that was engineered to allow air to be removed
from it—a “hypobaric” chamber. The removal of air from the chamber allows
the simulation of the low pressures associated with high altitudes. The sub-
jects were decompressed to a pressure equivalent to an altitude of 18,000 feet,
that is, about half sea level atmospheric pressure. Blood samples were taken
before, during, and after the period at low pressure. There was an zuerease in the
markers of oxidative stress at the low pressure showing, paradoxically, that on
lowering the oxygen level, more free radicals formed. Again, Fridovich’s hunch
expressed in his paper “Hypoxia and Oxygen Toxicity” had been confirmed."
At the end of four hours at low pressure, the chamber was then compressed
back to sea level. This, of course, doubled the level of oxygen the subjects
were breathing, but no increase in free radical formation was found. The re-
searchers thought that perhaps the levels would actually increase because of
the increased level of oxygen. At very high oxygen levels there is energy avail-
able to increase the production of the free radical scavengers which are able to
maintain the status quo. In contrast, the level of scavengers cannot match free
radical production if oxygen levels fall, because there is less energy available to
construct the complex scavenger molecules. This will certainly be true in rap-
idly developing severe hypoxia. However, there is an issue which adds another
dimension to an already complex situation; it is now known that changes in the
level of free radicals are used for signaling corrective actions—for example,
to increase capillary formation and blood flow, the key factors essential in ac-
climatisation to the lack of oxygen at high altitude.

The biology of oxygen has been studied intensively over the last three
decades and it has been shown that the diameter of blood vessels, blood
flow and the output of the heart are all governed by oxygen. Astonishingly, it
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has recently been found that another gas is involved in these changes—nitric
oxide (NO), which is actually manufactured by the lining cells of blood ves-
sels and causes blood vessels to enlarge.”” Before it was recognized that nitric
oxide was involved, the agent had originally been called endothelial-derived
relaxing factor (EDRF). So the response to a reduction in the level of oxygen
in blood is for the blood vessels in the brain to enlarge their diameter. This
increases the volume of blood within the skull and takes up the space not-
mally occupied by the fluid, known as cerebrospinal fluid, which surrounds
the brain and spinal cord. The enlarged blood vessels tend to leak and the
brain tissues swell due to the increase exceeding the rate at which the fluid
can drain away. Swelling of the brain is responsible for the typical headache
that may develop at altitude and it is due to irritation of the coverings of the
brain, known as the meninges. So the headache is due to a mild, but obvi-
ously not infectious, form of inflammation; an aseptic meningitis. However,
although the brain swells very quickly, it may take some days for the increased
tissue fluid to drain away and this is the reason for the reduction found in
the capability of pilots to achieve high altitudes on successive flights already
discussed. Since the days of the eatly Alpine climbing undertaken by the Brit-
ish in the 1800s, climbers, especially those climbing in the Himalayas, have
recognised the importance of acclimatising to altitude, which was a critical
factor in the conquest of Everestin 1953. So what changes occur in the body
in acclimatisation?

It has been known for many years that the number of red cells in the circu-
lation increases with increasing altitude in climbers who normally live close to
sealevel. Research has now shown that this and other changes are due to the fall
in oxygen levels and it appears that oxygen free radicals actually signal the need
for change. The key proteins we have already met in Chapter 1, the hypoxia-
inducible factor proteins, are in control. Normally only 45% of the volume of
blood is made up of cells—the remainder is the liquid known as plasma. After
acclimatising at base camp on Everest, the volume of red cells in the blood of
climbers may increase to become more than 60% of the total volume of their
blood, as Haldane and Douglas had observed on the Pike’s Peak expedition in
1911." However, if someone living at sea level actually had a transfusion of
packed red blood cells on the ground to achieve the same volume of red blood
cells (60%), and then ascended to the height of Everestin a balloon, they would
not be able to stay conscious for much longer than Glaisher and Coxwell, de-
spite their blood containing much more oxygen. The reason is simple; the
extra haemoglobin would not increase the axygen pressure, that is, the concentra-
tion, of oxygen available in the plasma to transport oxygen from blood into
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the cells of the brain. Another adaptation to altitude is actually more impot-
tant than the formation of extra red blood cells, a very remarkable adaptation
also controlled, not surprisingly, by oxygen via the hypoxia-inducible factor
proteins. During the time climbers stay at base camp on Everest and undertake
excursions to higher altitudes in preparation for an ascent to the summit, the
same genes that are responsible for the growth of blood vessels in the devel-
oping embryo are upregulated. They ensure that, over the weeks spent at base
camp, climbers actually grow 50% mwre capillaries in the brain to counter the
lack of oxygen.'” The increase in the number of capillaties greatly increases
the surface area available for oxygen to diffuse from the blood into tissues and,
therefore, the distance that oxygen has to travel from the blood to cells.

By the 1940s, it began to be suspected that the effects of a rapid
reduction of atmospheric pressure on the brain extended beyond lack
of oxygen—it was being recognised that gas bubbles may form in the body
at altitude. In other words, that pilots may actually get the “bends,” that is,
decompression sickness. Proof of this came from investigations begun in
the turbulent years of WW?2 following the expetience of bomber crews on
missions over Germany. The crews would complain of knee pain after long
duration flights and there were reports of pilots collapsing over the controls.
Experiments in Aypo baric chambers in the UK at the Institute of Aviation
Medicine at Farnborough and also in the US had shown that the pain was due
to gas present in the ligaments and tendons around the knee joint. X- rays of
the aviators’ knees were taken on the ground and compared to those taken
in the chamber when the pain was present at the low pressures equivalent to
being at altitude. The X-rays showed gas formed in sheets within the cap-
sules of the joint. Both the pain and the gas disappeated when the aviator
descended because it was compressed to sea level conditions. Sometimes the
gas formed into a pocket behind the knee, as shown in Figure 6.4 from Wing
Commander David Fryet’s superb NATO monograph.'®

The loss of aircraft over Germany prompted a series of experiments
using a converted B24 Liberator bomber in California. Having had its guns
and armour removed, the aircraft was able to reach an altitude of 35,000
feet." An increase in pressure had been validated in the treatment of the
bends in divers and so the USAF scientists developed a pressure bag—a
portable hyperbaric chamber. It was carried in the aircraft for the treatment
of decompression sickness during flights.

Altitude decompression sickness became of critical importance with the
introduction of the jet engine. If aircraft have changed our world, it is largely
because of the gas turbine engine, their combination of power and reliability
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Figure 6.4:

X radiograph of a gas pocket in
the joint fluid behind the knee.
(From Fryer DI.
“Subatmospheric
Decompression Sickness in
Man.”)

has been truly astonishing. Sir Frank Whittle’s patent, published in 1930, cov-
ered the first practical design. Following the customary lack of interest from
the British government, Whittle formed a company in 1936, Power Jets Ltd.,
to develop the technology. Valuable time had been lost as the storm clouds
were gathering over Europe. The importance of Whittle’s invention was
quickly understood in Germany. Hans Joachim Pabst Ohain also published
a patent for a gas turbine engine and in 1936, he was recruited by the aircraft
company, Heinkel. Ohain’s experiments, carried out in secret at Heinkel’s fac-
tory, resulted in the bench test of an engine by 1937, and a fully operational
jet aircraft, the He 178, which made the world's first jet-powered aircraft flight
on August 27, 1939. Although the landing gear of the plane failed to retract,
preventing the test pilot from accelerating to the planned speed, the centrifu-
gal-flow engine performed perfectly. The centrifugal compressor was less ef-
ficient than the axial-flow compressor developed by Whittle and, in Germany,
Anselm Franz had also developed an axial flow engine. It seems most likely
that the Whittle invention was the basis of the design. The engine powered
the Messerschmitt 262, the world's first operational jet fighter aircraft, which
saw action in the last throes of the war against the American Boeing B29.
The eatly jet aircraft were not pressutised, although a few Me 262s were fitted
with prototype equipment. However, they were only capable of reaching very
high altitudes for minutes rather than hours and oxygen breathing proved to
be sufficient for the pilots to avoid serious problems. The last Luftwaffe pilot
trained during WW2 was the Austrian Franz Gerstenbrand, who became Pro-
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fessor of Neurology in Vienna. He flew the Me 262 in the final stages of the
War and the author discussed his expetience with him at one of the meetings
held by the Aviation, Space, and Underwater Medicine section of the World
Federation of Neurology in Florida. A revolutionary ait to air missile had been
introduced and saw action against the Boeing B29 bombers flown over south-
ern Germany by the USAE.

With more efficient engines, longer flight times became possible and,
not surprisingly, cases of decompression sickness began to occur. They were
often misdiagnosed and details of British expetience are covered in Fryet’s
monograph. It was generally believed by the military doctors involved that,
even if gas bubbles did form at altitude, they would disappear as the aircraft
returned to the ground, the descent obviously being a re-pressutisation. In
the 1950s and 60s, many jet pilots and crew developed symptoms from what
is now known to be altitude decompression sickness and some died after suf-
fering bizarre and inappropriate treatment. However, no attempts were made
to use recompression treatment, despite the fact that in 1941, the brilliant US
Navy physician, Albert Behnke, had successfully treated a seriously ill aviator
in a pressure chamber after deciding that he had decompression sickness.? It
was not until 1967 that recompression treatment was formally recognised and
became standard practice in US and European Air Forces following a review
by Col. Jefferson Davis at Brooks Air Force Base in San Antonio, Texas.?!
There was a reason for the reluctance to accept that bubbles were involved
in the syndrome; it was because the pilots did not develop the paraplegia, the
typical paralysis of the legs, which is the hallmark of decompression sickness
in divers. It was, therefore, argued that the problems could not be due to the
“bends.” They were wrong, and the possibility that aviators could develop
the bends had been raised by Haldane as long ago as 1908.% Reports of pain
in joints at altitude actually date back to the ascents made by balloonists in
the late 1800s. A remarkable paper from the USAF, published in 2013, has
confirmed the risk of brain damage using MRI in 102 pilots flying the U-2
high altitude reconnaissance aircraft. The pilots had three times the number
of UBOs in the brain when compared to 91 matched controls.

In 1905, Haldane was commissioned by the British Admiralty to investi-
gate decompression sickness and he recruited Dr. A.E. Boycott and the Su-
perintendent of Diving in the Royal Navy, Lt. G.C.C. Damant, to help in his
investigations. They were to highlight a key principle of disease that can solve
many of the unsolved mysteries that remain in medicine.
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CHAPTER 7
Bubbles, the “Bends,” and the Lungs

If small bubbles pass through the lung capillaries and lodge in a slowly
desaturating part of the spinal cord they will there increase in size and
cause blockage of the circulation or serious mechanical damage.

Boycott AE, Damant GE, Haldane JS. Journal of Hygiene, 1908.

Diving using breath-holding has been undertaken for thousands of years,
but the risk of such divers forming bubbles and developing “the bends” is
very low because they do not breathe compressed gases. When pressurised
gases are breathed underwater, the reduction of pressure on returning to the
surface risks bubbles forming, just as bubbles form in a bottle of fizzy drink
when the cap is removed. The space in the bottle above the liquid contains
the gas carbon dioxide at increased pressure, and the noise produced when
the cap is removed is due to its escape. Bubbles that form in the body on de-
compression may enter the circulation and may damage the nervous system
which, as the quotation above indicates, includes the spinal cord.

It was the invention of the diving helmet by two brothers in London,
Chatles and John Deane, that allowed men to accomplish work underwater
for the first time.' The brothers successfully adapted their design of a smoke
hood for use in diving, after showing that it was possible to pump sufficient
air to sustain a man wearing their device at depth. They had helmets con-
structed by Augustus Siebe in Soho and became known for salvaging wrecks.
They were soon commissioned to work on the wreck of the H.M.S. Roya/
George, which had foundered at Spithead, Portsmouth in 1782, with great loss
of life. Theirs was not the first attempt to salvage the vessel: Shortly after it
sank, William Tracey made an attempt using a copper atmospheric diving
suit, which simply enclosed a man leaving his arms out in the water. The
arms were pushed through sleeves and subjected to the pressure of the wa-
ter, whilst the body remained at normal atmospheric pressure. The depths
achieved were very modest, being limited by the pain that could be endured.
Little was achieved. As the wreck of the Roya/ George was partially obstructing
the entrance of Portsmouth harbout, it had to be removed, but the Deane
brothers were more interested in retrieving the many fine cannons still on
the site. In 1835, they actually held an exhibition of the many artifacts they
had recovered, in premises in Regent’s Street, London. The following year
the salvage was taken over by Colonel Charles W. Pasley, Director of the
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Royal Engineers Establishment at Chatham, and his team of sappers. They
adopted the full diving dress, which Augustus Siebe had developed by 1837.
The bolted corselet with the traditional copper hard hat has become the sym-
bol of diving around the world. As is often the case, it was a contemporary
development that had made this further advance possible—the rubberised
canvas invented by Charles Macintosh allowed the construction of a water-
proof enclosed suit.

Figure 7.1:
The traditional hard hat helmet made by Siebe
Gorman Ltd.

Two experienced civilian divers from Whitstable, George Hall and Hi-
ram London, were recruited by Colonel Pasley and began training the sap-
pers who were to form the first team of military divers. The team lifted
the last of the bronze cannons from the wreck, and several were melted
down to form the plinth, or capital, of the monument to Lord Nelson, which
stands in London’s famous Trafalgar Square. The divers destroyed the wreck
using explosives triggered electrically, which was the first time that the meth-
od had been used underwater. The salvage was not without problems. Pasley
reported that his men often suffered from “severe theumatism,” especially in
the knees, after long periods working underwater and often required “thera-
peutic Cognac on surfacing,” This was probably the first description of the
joint pain typical of “the bends.” Some of the Army divers also suffered
mysterious paralyses, as had Charles Deane, who spent some time in a lunatic
asylum in Peckham.

Another development essential to the industrial revolution had been the
use of compressed air to exclude water from mines and tunnels under riv-
ers. It also allowed the construction of bridge foundations using caissons,
which had been invented in England by Cochrane in 1830. The caisson was

112 ~ Oxygen and the Brain: The Journey of Our Lifetime

first used by the French mining engineer Triger in the late 1830s, and many
of the men employed developed strange symptoms. In 1848, Triger hired
two French doctors, Pol and Watelle, to examine them on one of his proj-
ects. In their paper? they described the illness as /a maladie de caisson and used
the oft-quoted phrase “en payes de sortie)” translated as “one pays on leaving,”
They noted that the men would only become ill after they had decompressed
and left the site. The doctors observed that some of the workers developed
problems affecting the nervous system, and wondered “what the great Pro-
fessor Charcot would have made of the disease.”” Charcot was the renowned
neurologist working in la Hopital Pitié-Salpétriere in Paris, who was the first
to propetly describe both the clinical and pathological features of /a sclerose
en plagues, the French term for multiple sclerosis—the disease that features
later in this book.” The men found that their symptoms would resolve when
they returned to pressure in the workings and so discovered recompression
therapy.

Many divers and compressed air workers died from decompression sick-
ness in the eighteenth century and the great French physiologist, Paul Bert,
chronicled their tribulations in his epic book La Pression Barometrique, [The
Barometric Pressure], published in 1878. It was translated into English in
1941.* Physicians, traditionally shy of physics, had little idea of the cause of
the affliction. In fact, Drs. Pol and Watelle thought that the increased pressure
alone was responsible for the problem, in some way redistributing the blood
in the body by squeezing it away from the skin. In 1881, a well know physician
boldly stated in the British Medical Journal:

1t hardly needs an excperiment to show that the pressure drives blood away from
the surface of the bod.

Incredibly, this misinformed explanation, which was confidently asserted
by many physicians involved with diving and compressed air work at the time,
is still encountered today. But Paul Bert, however, had realised that bubbles
were involved in decompression sickness, and demonstrated them in his ex-
periments. He simply watched them appearing in the blood that flowed out of
a cut in the external jugular vein in the neck of a dog that had been exposed
to compressed air. The term “the bends” was coined during the construction
of the foundations of the Brooklyn Bridge under the Hudson river.” There
was a ladies’ dress in fashion in the 1870s known as the Grecian bend, which
used a bustle that caused women to stoop forward when walking.

Compressed air workers with painful decompression sickness were
forced to adopt the same posture, hence the description of “the bends.”
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Figure 7.2:
The nineteenth century dress known as
the Grecian bend.

However, some men developed setious respiratory symptoms, which became
known as “the chokes,” some weakness of the legs, or “the staggers,” but a
few convulsed and died.

To return to diving; it is now well known that most dives to significant
depths breathing compressed gases risk gas forming in the body. It may form
as sheets between tissues, for example, in the tendons and ligaments of a
joint like the knee, or as small bubbles in the blood. By the turn of the nine-
teenth century, the number of divers in the Royal Navy rendered paralysed
by decompression sickness had become a matter of serious concern to the
Admiralty. The paralysis of the legs was termed diver’s palsy, and is due to an
injury to the spinal cord, a critical, but neglected, part of the nervous system.
An afflicted diver would often be confined to a wheelchair, which today has
become the symbol of the disease multiple sclerosis which, in Haldane’s day,
was a rarity.

The spinal cord runs in a canal in the bony spine from the base of the
skull to the level of the first of the lumbar vertebra. Most people will re-
member the late Christopher Reeve as Superman. He was paralysed from
the neck down after damaging his spinal cord falling from a horse, and was
to fully exemplify his charactet’s persona by the courage he showed in his
fight to recover and to help fellow sufferers. The injury, which affected the
spinal cord in his neck, made him lose the function of both arms and legs.
An injury further down the cord would have restricted the loss of function
to the legs. Unfortunately, in both cases, other functions, such as control
of the bladder, are usually affected. The spinal cord weighs only 50 grams,
which contrasts starkly with the 1,350 gram weight of a typical human
brain. The spinal cord is rather like a telephone cable, relaying signals to and
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from the brain. With the dense concentration of nerve fibres in the spinal
cord, which is little larger in diameter than a little finger, a small amount of
damage almost invariably gives rise to symptoms such as weakness of an
arm or a leg or loss of sensation.

It was in 1905 that Haldane, by now well known for his work on the phys-
iology of breathing and industrial disease, was commissioned by the British
Admiralty to investigate a number of problems affecting Royal Navy divers.®
His remit ranged from the investigation of loss of consciousness underwater
to the cause of decompression sickness. He found that the loss of conscious-
ness was due to a build-up of carbon dioxide in the helmet, and it was easily
solved by increasing the flow of air. Solving the problem of “the bends”
proved to be much more difficult: Haldane first devised a classification with
joint pain termed Type 1, the respiratory and neurological problems as Type
2, and convulsions and death classified as Type 3. He recognised that when a
diver breathes air pressurised to match the surrounding pressure underwater,
additional nitrogen dissolves in the body, and it has the potential to form
bubbles on returning to the surface. Haldane decided that the best way to re-
duce or prevent them from forming was for a diver to stop at predetermined
depths on the ascent in the water, which is equivalent to letting the gas out of
a bottle by unscrewing the cap at intervals so that it escapes very slowly. He
arbitrarily divided the body into five tissues, or as he called them, “compart-
ments,” and drew exponential curves for them to indicate a rate at which dif-
ferent tissues took up and gave off nitrogen; some, like the brain, being very
fast and others, like bone, being very slow. He then allocated stoppages of in-
creasing duration for the ascent to the surface based on what he considered to
be a tolerable level of excess gas dissolved, known as supersaturation, in the
body. In the 1907 Admiralty report he stated that bubbles wox/d actually form,
but that they would not cause any symptoms. The decompression tables he
devised for the Admiralty have formed the basis for almost all procedutes
used in diving today.

The five compartments that Haldane divided the body into were not
specified, nor attributed to actual organs or tissues. He argued that with
an increase in pressure the body would take up the additional nitrogen
exponentially—rapidly at first, becoming progressively slower as the
nitrogen reached equilibrium. He drew five upward curves on his graph
paper, one for each of his compartments, with five downward curves to
represent the elimination of gas on decompression as a diver returned to
the surface. Here the methods used become hazy. In fact, a distinguished
contemporaty, Dt. Leonard Hill,” complained that he could not find the
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basis for the tabulated stoppage times. It has even been suggested that
they were calculated by his young son Jack, who by the age of 16 was a
competent mathematician!

The decompression tables were based on determining the maximum
depth at which a diver could remain indefinitely underwater and then
return to the surface “without symptoms due to bubbles,” as it is stated
in the Admiralty report. This, known as the no-stoppage or no-stop
depth, was found by experiments, first using goats and then Royal Navy
divers, to be about 5 fathoms or 42 feet of sea water (fsw). The figure
was soon reduced by experience to just 33 fsw, or 10 meters of sea water
(msw), which is just 1 atmosphere of extra pressure—it became known
as the 2 to 1 rule. In other words, a diver could remain indefinitely
at 33 fsw, which is 2 atmospheres absolute, and decompress back to
1 atmosphere absolute at the surface. Two things must be considered
here: First, Haldane admitted that bubbles wou/d form on decompression
after an indefinite stay at 33 fsw (10 msw). Second, that he thought they
would not be likely to cause symptoms. “Indefinite” was a relative term
when applied to a stay underwater; divers wearing traditional standard
gear—a hard hat and the rubberised canvas suit—despite wearing
woolly underwear would be overcome by cold after a few hours in
the water. As for bubbles being present in the body that did not cause
symptoms, Haldane found this to be true by observing the goats used
in his experiments, just as Paul Bert had done in dogs 30 years earlier.

After a time at depth, a diver must ascend in the water, decompressing to
reach the surface. During the ascent, the excess dissolved gas taken up during
the dive, which is nitrogen in air diving, is transported in the blood from the
tissues to the lungs. There, it diffuses into the gas spaces of the alveoli and
simply escapes by being breathed out. Therefore, most of the excess gas re-
mains in solution in the blood until it finally escapes across the membrane of
the lung to be exhaled. However, the elimination of the nitrogen from body
tissues takes time, and may continue for some hours after a diver leaves the
water. During this time there is the potential for some of the excess gas to
come out of solution in the capillaries of tissues as bubbles. This is what hap-
pens when the top of a bottle of fizzy drink is removed. If the cap is removed
slowly, most of the extra gas dissolved in the liquid remains in solution, and
it will leave from the surface of the liquid over many hours, with very few
bubbles forming. However, if the bottle is gently tapped, bubbles form, and
they rise to the surface. If itis shaken, there is an explosive release of bubbles
as froth. In the body, gas that forms in the tissues on decompression may re-
main where it forms, or it may enter a blood vessel and be carried as bubbles
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Figure 7.3:
The circulation showing the two pumps and the position of the lungs.

in the veins, which return blood to the heart. The route taken from the tissues
by bubbles in blood is shown by the arrows in Figure 7.3.

After passing through the right side of the heart, the right atrium and
the right ventricle, the blood containing bubbles is pumped up the pulmo-
nary artery flowing into the capillaries of the lungs where the bubbles are
normally trapped. The gas molecules then transfer across the membrane in
the lungs and are breathed out. This is just the opposite of what happens dut-
ing a descent when nitrogen dissolves in the body from the compressed air
breathed through the lungs. The dose of the extra nitrogen taken up depends
on the depth of a dive, which determines the pressure and its duration. There
are many physiological vatiables that cannot be controlled, which determine
whether or not bubbles are produced on decompression, their quantity, and
the number that may enter the circulation on a given dive. The most signifi-
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cant variation is in blood flow through certain tissues, which can alter both
the amount of gas taken up during a dive such as when a diver exercises, and
also the rate at which the gas is released during the decompression on the
ascent to the surface. Unfortunately, variations in blood flow for a given tis-
sue cannot be predicted or controlled, especially those tissues which do not
need a constant supply of blood, like ligaments and tendons. As discussed in
Chapter 6, X-rays of the knee joints of aviators during WW2 showed that gas
forming in these tissues is responsible for the characteristic pain of the bends.
It may affect the knee or shoulder or, much less commonly, other joints such
as the finger, wrist, elbow, or ankle.

An outline of Haldane’s method and his decompression tables was in-
cluded in the 1907 Admiralty report on deep water diving.® The tables were
adopted by the Royal Navy in 1908 and made available to the public as a
Blue Book. In 1912, they entered use in the US Navy. Haldane’s methods
have been the basis for decompression table development since, with the
sole exception of the tables developed by the pearl divers in Australia which
were studied in the 1960s by the late Professor Brian Hills.” The success of
Haldane’s tables led him to make an uncharacteristic error after a successful
visit to the US. WW1 had begun in 1914 and, surprisingly, he crossed the
Atlantic in 1916 to give a series of lectures at Yale University, which had
been endowed in memory of Mrs. Hepsa Ely Silliman. Haldane had been
invited to give the lectures in 1915, the year that the Lusitania had been sunk
by a German U-boat off the southern coast of Ireland. Not surprisingly, he
postponed the trip, feeling that the danger was too great. He was far from idle
that year, however. As we have seen in Chapter 5, he was fully occupied with
developments at the battlefront at Ypres.

When Haldane returned home to Oxford from the US, he assembled the
notes from his four lectures, added other material, and published his well-
known book, Respiration. The war delayed its release, but it was finally pub-
lished by Yale University Press in 1922.* In chapter 12, he again pointed out
that decompression from the no-stoppage depth on his 2 to 1 rule gave im-
munity from syzptoms due to bubbles, but then without any explanation, he
claimed that bubbles of nitrogen are actually not /iberated within the body un-
der these circumstances. This was almost certainly based on the resounding
success of his decompression tables during WW1, but the use of ultrasonic
techniques has now shown that it is certainly not true. Unfortunately, Hal-
dane’s mistake led to a plethora of mathematical models of decompression
and, in recent years, an almost unquestioned reliance on his concept for the
softwatre programs used in the decompression computers used by amateur
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divers. They undoubtedly reduce the risk of decompression sickness by re-
ducing the bubble count, but the risk can never be completely removed. It
does not take many bubbles in the blood stream to cause havoc, and, perhaps,
just one if it reaches the spinal cord.

The formation of the blood vessels and the heart constituting the
circulation in the developing embryo is discussed in Chapter 1. Bubbles
or other particles, for example clots, which may circulate in the blood are
known as emboli. The word bolus means a lump of material passing along
a tube and is used, for example, to describe the passage of food down the
gullet. Emboli in blood can range in size from just a few microns to several
centimetres in diameter and many centimetres in length, as in the clots that
can form in the legs. Most people have heard of deep vein thrombosis, and
know that it is associated with sitting in cramped conditions for too long as,
for example, on long-haul aircraft journeys. Clots may form in the veins deep
inside the legs because the muscles are not exercised, and the blood flow be-
comes sluggish. However, a second factor is that the reduction of pressure in
the cabin typically reduces the plasma oxygen concentration by about 25%.
Curiously, a recent Scottish study has shown that a fall in barometric pressure
is associated with an increased risk of deep venous thrombosis.” The risk ap-
parently increases by 2% with just a 10 millibar fall in atmospheric pressure.
Such reductions are common in Scotland, where atmospheric pressure ranges
from 925 to 1,054 millibars.

Fortunately, most clots in the deep veins of the legs do not give rise to any
symptoms, because blood from the legs can easily return to the heart by other
routes and over time they are usually resolved. However, a clot may break free
and travel in the blood via the large veins, passing through the abdomen to the
heart and on into the lungs. This is known as pulmonary embolism. If such
a clot is large enough, it may block the pulmonary artery, which is the main
blood vessel leading to the lungs. This abruptly stops the heart from pumping
blood and causes sudden death. The trapping of smaller clots by the lungs
actually protects the nervous system, because if a clot were to pass through
the lung and reach the left side of the heart it could travel to the brain or spinal
cord and cause a catastrophic stroke. The role of the lungs as “the guardian an-
gels of the circulation” is a critical concept that has been forgotten in modern
" and it will be discussed in detail later. Another phenomenon that has
been linked to barometric pressure is subarachnoid haemorrhage with, again,
reductions of as little as 10 millibar increasing the risk."

times

Decompression problems not only occur in divers, but also in military
pilots and astronauts. Although their symptoms atre usually less severe than
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in divers, decompression sickness may, nevertheless, be fatal. As of yet, no
studies have looked for bubble formation in climbers who ascend rapidly to
high altitude, but it is the authot’s conviction that in some circumstances they
contribute to mountain sickness. Gas also enters the circulation in many medi-
cal procedutes. For example, air always enters the circulation when the heart
and major blood vessels are opened during surgery. Blood has to be removed
from them to create a bloodless field, so that a surgeon can see to operate. The
illnesses caused by bubbles in blood provide a unique opportunity to study
the diseases caused by other material that may enter the circulation. The blood
may also carry infection. Although it is not usual to regard bacteria in the
circulation as emboli, they can impact in capillaries either singly, as in the case
of syphilis or, in staphylococcal infections, as clumps, and may then spread
into the surrounding tissues. Today it is easy to forget the horrors of infec-
tion, as we atre better able to resist them than our forebears, and epidemics are
now counted in tens rather than thousands of victims. We also have powerful
antibiotics, although their indiscriminate use has allowed the development of
super bugs such as methicillin resistant Staphylococcus aureus (MRSA). When
they ate carried in blood, bacteria, like cancer cells, can spread causing distant
problems; that is, they can mefastasise to other remote sites.

One of the most dramatic stoties in the history of medicine, which has
important lessons for us today, was the discovery of the cause of childbed
fever by Ignaz Philipp Semmelweis' (1818-1865). During his time as as-
sistant physician to Professor Klein in the General Hospital in Vienna, he
was tasked with finding the cause of the illness. Women were admitted to
hospitals in the final stages of labour in the late eighteenth century, so that
midwives and doctors did not have to attend a woman at home to deliver
the child. This seemingly forward-thinking step was eventually responsible
for the deaths of hundreds of thousands of mothers and often their ba-
bies. It was the first example of the dreadful hospital-acquired infections that
so trouble us today. The infection was introduced by vaginal examinations
of the mother made after the baby was delivered, and hence was known as
childbed fever. However, only the medical wing of the hospital had the hall-
mark of “death in rows”—the nursing wing had many fewer deaths. Many
improbable explanations were given for the difference in mortality between
the two wards, which was well known to the women of Vienna, including
cosmic radiation. Semmelweis was alerted to the fact that medical staff was
responsible for spreading the infection, by the death of his friend Jakob Kol-
letschka, the professor of forensic pathology. The professor was infected
by material from a corpse of a mother after his finger had been cut by a
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medical student during the postmortem examination. Kolletschka died af-
ter developing all the features of disseminated childbed fever; the bacteria
would spread in the blood to many sites, sometimes even to the eye. Sem-
melweis realised that, despite washing with soap, the material from the corpse
still clung to the hands, because they retained the characteristic odour. He
had bowls of chlorinated lime placed at the entrance of the ward for all the
staff to rinse their hands before entering the ward. The disease was soon
controlled but, despite his monumental discovery, it was not long before
Semmelweis was derided as the “Fool from Pest,” although he was actually
from Buda. Professor Klein had introduced the rigorous policy of dissec-
tion and, despite the success of Semmelweis in solving the problem of child-
bed fever, he was demoted and returned to Hungary to practise in Budapest.
He went to Vienna some years later, and died of metastatic infection in a
mental asylum. The world of medicine is not kind to whistleblowers.

It is said that at the turn of the last century one in ten people had syphilis
caused by the bactetium 7reponema pallidum, which is also blood-borne. There
can be no question that the reason the infection has had a major impact on
the course of history is because it affects the brain. Lenin apparently died
from the disease he contracted from a prostitute in 1902, a fact known to
a famous contemporary, Professor Ivan Pavlov. The evidence has been as-
sembled by Helen Rappaport in her book, Conspirator: Lenin in Exile, which
was published in 2009." Lenin died in 1924, and examination of the brain is
said to have confirmed the diagnosis although, not surprisingly, the Soviet
regime did not release the information. It has also been claimed that Joseph
Stalin had the disease, and that the body of Benito Mussolini tested posi-
tive for it. The megalomania and neurological symptoms exhibited by Adolf
Hitler are typical of the tertiary stage of the disease. Judged by his ravings in
Mein Kampf, which was published in 1925, with volume two in 1926, Hitler
was obsessed with syphilis. In the film made of the 1936 Olympics by Leni
Riefenstahl, both his left hand and left leg can be seen to be trembling, and
later he often held his left hand to minimize its shaking. It has been claimed,
as it has been with Mao Tse-tung, that Hitler had Parkinson’s disease, but this
label simply describes a collection of symptoms and is not strictly a diagnosis.
Syphilis is known as “the great mimic,” and may certainly cause the symptoms
typical of Parkinson’s disease.

The organism responsible for syphilis is a spirochaete, a spiral, rod-shaped
bacterium. The reason for it invading the brain and spinal cord is because the
capillaries in the nervous system are smaller in diameter than those elsewhere
in the body. The spirochaete may arrest in the capillaries in a form of embo-
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lism, and then slowly invade the surrounding tissues. It is a very slow growing
organism that proved extremely difficult to culture outside the body, until it
was recognized that its growth is inhibited by oxygen." Once this had been
identified and a low oxygen gas substituted for the air previously used, stud-
ies were soon made. The early symptoms in stages one and two ate usually
concealed by the patient. The insidious development of tertiary syphilis may
be delayed for decades, causing knowledgeable victims to agonise for years
over their fate. The reappearance of the disease in the brain may well be due
to the spirochaete growing again when chronic inflammation reduces the tis-
sue oxygen level.”®

Another important form of embolism occurs in malaria associated with
infection of red blood cells by a parasite of the genus Plasmodinm, which is
carried by mosquitoes. The parasite does not invade the brain like syphilis—
its neurological effects are due to the increased size and reduced deform-
ability of red blood cells when they are invaded by the parasite. The red cells
actually cause damage to the lining of the capillaries 7z #ransit, in a similar way
to the tiny bubbles responsible for decompression sickness. In the severest
form of the disease, cerebral malaria, there is damage to the blood-brain bat-
rier and its opening allows water, plasma proteins, and even red blood cells to
transfer into the brain causing hypoxia, inflammation, and swelling.'®'” This
suggests that, as with the damage to the barrier caused by bubbles, the brain
swelling in malaria will respond to hyperbaric oxygen treatment. Oxygen is
also involved in the destruction of the malarial parasite by the herbal drug Ar-
temisinin. Within the structure of the molecule, two oxygen atoms form an
endoperoxide bond. This bond is split in contact with iron released in the red
cell causing a free radical reaction which kills the parasite. The discovery was
made by the Chinese scientist, Professor Tu Yuyu, who received the Lasker-
DeBakey Clinical Medical Research Award in 2011 for her excellent work.

Embolism associated with clots that form in the deep veins of the legs
are on the low pressure side of the circulation in which blood flows to the
right side of the heart, and the lungs. There are other forms of embolism that
arise on the arterial side of the circulation, for example, from clots forming
on the walls of the left atrium or left ventricle after their lining has been dam-
aged in heart attacks. Emboli may also arise from fatty material deposited in
the lining of the aorta and other major arteries, especially in the neck. Being
already on the arterial side of the circulation, these emboli cannot be trapped
by the lungs, and so travel along arteries until they may impact in the smallest
branches, often causing a stroke. Some may even flow back to the arteries
of the heart and cause a heart attack. Larger emboli are most likely to travel
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to the organs of the body that have a large blood supply, such as the brain,
which is determined by hydraulic principles. Again, emboli that are too small
to cause a blockage may still inflict damage to the blood-brain barrier in tran-
sit, just as bubbles do in divers.

The involvement of the spinal cord in decompression sickness has
caused some to doubt Haldane’s idea that bubbles circulating in the blood
are involved because, it is claimed, it is rare for circulating emboli to affect
the spinal cord. However, it certainly does occur in syphilis, where the lodg-
ing of the bacterium gives rise to a condition known as Zabes dorsalis. Nevet-
theless, it is true that the brain is the usual target when air emboli enter the
circulation, such as when a diver’s lungs are torn by the expansion of gas
in too rapid an ascent, or if air enters the circulation in an operation, such
as during cardiac surgery. The bubbles responsible for decompression sick-
ness are very much smaller, and are certainly able to reach the spinal cord.
How do we know? We know for sure because red and white blood cells,
which are effectively emboli suspended in plasma and also very small, cet-
tainly travel to the spinal cord in the blood supply. A number of alternative
theories have been proposed to explain the involvement of the spinal cord
in decompression sickness, including the suggestion that the veins drain-
ing the spinal cord may become blocked by bubbles. Another suggestion is
that there may be a spontaneous eruption of gas within the substance of
the cord itself. By far the most credible explanation is the one at the head of
this chapter from the 1908 publication by Boycott, Damant, and Haldane
in the Journal of Hygiene of London'® that Haldane had founded. Although
the three authors are listed alphabetically, there can be little doubt that the
ideas were those of Haldane, as many appear in the 1907 Admiralty re-
port. They are so important in defining a principle of disease that they deserve
detailed discussion.

Haldane and his co-workers had devised an extensive testing program
using goats in the chamber at the Lister Institute in London. They under-
took post-mortem examinations of the animals and, after piecing together
the information, finally made the remarkable statement reproduced below
the heading of this chapter, beginning, “If small bubbles pass through the
lung capillaries...” What is being suggested for the first time in the histo-
ry of medicine is that the lungs are a trap, in this case for bubbles, and for
other particles in the circulation. However, they are a trap that can fail and
it is a contention of this book that this principle has been overlooked and
that material that escapes being trapped in the lungs contributes to a num-
ber of diseases where the cause is said to be unknown, which are labeled
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auto-immune. Haldane would have been very aware of embolism, as he was
a scientist with an interest in gases and liquids. He would also have recog-
nised the critical importance of the s/ze¢ of emboli because of the presence
of very small blood vessels in the body, and that blood is in reality a suspen-
sion of small emboli: Red and white blood cells. In fact, it would really be
better not to have any particles in the circulation because they increase the
pumping force required, and some clump together to form clots obstructing
blood flow. Despite its name, the red cell is not truly a cell because after being
formed in the bone marrow, the nucleus is pushed out and the cell assumes
the configuration of a biconcave disk. This is the optimal shape to allow the
uptake of oxygen and the ability to deform. Red blood cells are slowed down
in deforming to squeeze through the capillaries in the brain, which gives time
for them to give up the oxygen attached to haemoglobin. The constant de-
formation eventually damages the membrane covering the red cell, as does
colliding with the leaflets of heart valves. When red cells are damaged, the
surface roughness ensures that they are removed from the circulation by the
spleen. The average life expectancy of a red cell is said to be just 120 days.

Haldane’s analysis of the journey of bubbles was simple but brilliant:
Small ones may pass through the lung capillaries and once they have done
so, they may be transported to the nervous system. Larger bubbles, however,
would be trapped in the lung, allowing their gas to be exhaled. The primary
function of the lungs in exchanging the gases oxygen and carbon dioxide has
been studied exhaustively. The features needed to fulfill their function as gas
exchangers, such as a large number of capillaties and a low blood pressure,
are also important characteristics that facilitate filtering of the blood. Being
located between the right and left chambers of the heart, the lung capillar-
ies are ideally placed to entrap circulating debris, so cleaning blood going to
the main arteries supplying the rest of the body. This is especially important
for the health of the blood vessels of the nervous system, which being small
are peculiarly vulnerable to damage from small emboli. In contrast to the
research of gas exchange, this function of the lungs as traps, cleaning blood
of dangerous particles, has only been investigated in relation to the effects of
bubbles in diving and aerospace research. These are, of course, highly special-
ised fields outside mainstream medicine, which have only given employment
to a very small number of scientists and physicians in the world.

The lungs are actually very efficient and, surprisingly, even block-
age of 90% of the capillaries of the lungs has been found to be compat-
ible with survival. Some 80 years after Haldane’s perceptive observation of
this property of the lungs, trapping has been found to be of special physi-
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ological importance in the body. Cells in blood called megakaryocytes, which
translated means large carrying cells, are produced in the bone marrow and
released into the draining veins. Like bubbles occurring in divers, they are
transported in blood to the right side of the heart and then pumped into
the capillaries of the lungs. Being rather large, they are trapped and broken
down to release platelets, ensuring that they are well-mixed in the arterial
blood and thoroughly distributed around the body." Platelets are essential
to clotting and if they were released into the slow-moving, deoxygenated
blood leaving the bone marrow; it is likely that clots would form in the deep
veins returning blood to the heart.

Haldane continued his explanation of the effects of bubbles in divers
stating that they may “lodge in a slowly desaturating part of the spinal cord,
where they may cause blockage of the circulation or direct mechanical dam-
age.” Here, he introduces two important concepts: First, the arrest of blood
flow and second, damage to the lining of blood vessels. From the additional
knowledge gained from experiments over the last few decades, it appears that
direct mechanical damage to the lining of blood vessels is the most significant
factor. If emboli are small enough not to arrest in the low-pressure capillaries
of the lungs, then it is likely that the much higher pressures in the capillaries
of the rest of the body will force them through other organs. Animal studies
in Canada in the 1950s by the distinguished neurologist Dr. Roy Swank and
his colleagues® showed that emboli much larger than blood cells can actually
squeeze through the microcirculation of the brain, although they often dam-
aged the lining of the blood vessels. They also found that the emboli could
be retained in the capillaries of the animal’s brain indefinitely without causing
damage. Since a cubic millimetre of brain tissue can contain many hundreds
of capillaries, their presence would be unlikely to cause lack of oxygen to
nerve cells. However, the smaller size of the capillaries in the brain is a sig-
nificant factor in the damage that small emboli cause to their lining cells. As
already discussed, the blood vessels in the nervous system are different to
those in most organs of the body; the lining cells fit together tightly, forming
the blood-brain barrier. It has been shown experimentally that the passage of
small bubbles causes damage to the lining cells of blood vessels in the brain
and opens the barrier. This attracts white blood cells, which invade the tissues
releasing free radicals, just as they do to combat infection and the end result
is, of course, inflammation.?!

Experiments undertaken in the University of Texas in the 1980s have con-
firmed the accuracy of Haldane’s prediction.” Carefully graded small bubbles
in the size range known to be released into the circulation in decompression
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sickness were introduced into the carotid artery of a guinea pig. One hour
following their injection, an injection of a special blue dye, which binds to the
proteins present in plasma, caused staining of the tissues of the hemisphere
of the brain supplied by that artery. Controls injected with plasma alone, with-
out bubbles, did not show this effect. This provided unequivocal evidence
of opening of the blood-brain barrier. The experiments were repeated using
adipose tissue and also mineral oil, with the same results. A further set of
experiments undertaken in the prestigious Peripheral Nerve Laboratory of
the Cleveland Clinic have extended these observations.” Again, carefully sized
emboli were used in three doses injected into the femoral arteries of rats. This
artery supplies a leg, and the effects of the emboli on the largest (sciatic) nerve
was studied. The largest dose of emboli simply caused death of the nerve, but
the smallest dose had no effect. However, the middle dose of emboli injected
caused demyelination—damage to the myelin sheaths of the nerves. Although
not investigated in these experiments, the emboli would have damaged lining
of the blood vessels and the blood-nerve bartier, which is the equivalent of
the blood-brain barrier. The importance of these barriers in protecting the
nervous system and other sensitive tissues has been recognised only recently
and they are now key research areas for many biological scientists.

When the blood-brain barrier is breached, the proteins in plasma leak
into the tissues of the brain and cause inflammation by triggering the com-
plement pathway.?* It took a technology from chemistry and the invention
of the X-ray technique known as computed tomography to come together
to produce magnetic resonance imaging (MRI), which allows very small
bright areas of inflammation to be detected in the nervous system. They
are associated with swelling, due to an increased water content, and known
as unidentified bright objects (UBOs) or “white matter hyperintensities.”
They can be found in the brains of divers—the result of what is known in
Haldane’s classification as Type 2 decompression sickness.” However, MRI
in contrast to CT, which uses ionizing radiation has been used for studies
of normal people and has shown that UBOs can occur without symptoms.
They are very much commoner in patients who have been told they have
multiple sclerosis. By repeating MRIs in multiple sclerosis patients every two
weeks over many months, it has been found that UBOs come and go on a
regular basis.”® Figure 7.4 shows a typical “bright object” in a key position in
the brain of a diver who had developed decompression sickness. It is likely
that this MRI from 1984 is the first time the technology has been used in a
case of decompression sickness. MRI can be used to image the spinal cord,
and a damaged area was found in the spinal cord in the same diver.
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Figure 7.4:
Damage in the brain and spinal cord of a diver (arrowed).

Figure 7.5: Figure 7.6:

The spinal cord in acute decompression Section of the spinal cord at C5 from a
sickness. (Courtesy of diver post decompression sickness.
Professor D.H. Elliott.) (Courtesy of Dr. .M. Calder.)

What is remarkable is that the diver concerned now does not have any
symptoms. The next question is obvious: What does the tissue damage look
like under the microscoper Figure 7.5 shows the appearance of the spinal
cord in experimental decompression sickness with haemorrhages surround-
ing the draining veins.”

The spinal cord of a diver who actually recovered after an episode of
Type 2 decomptession sickness™ is shown in Figure 7.6. The areas arrowed
are where the stain for myelin sheaths has not been taken up. They ate in the
same locations often involved in patients with multiple sclerosis.

Many thousands more men have been employed in civil engineering
projects than have been employed in diving and as they breathe compressed
ait, they also risk decompression sickness. Because of the proximity of Lake
Michigan to Milwaukee, civil engineering excavations in the city are under-
taken using compressed air to prevent the ingress of water. Although the
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monitoring of the health of compressed air workers has not been as rig-
orous as it has been for divers, an MRI study in the US has revealed that
they have a much higher prevalence of UBOs than the normal population.”’

The study was of 19 workers who had been involved in tunnelling proj-
ects in the Milwaukee area. Eleven men who were also employed in the tun-
nel contracts were used as matched controls because they had not worked
in compressed air. The 19 compressed air workers had a total of 152 UBOs
on MRI, compared to only 22 in the control group. However, the 22 UBOs
were in only two men, whereas the 152 were in 10 of the 19 compressed air
workers. Seven men had more than 20 lesions each. This data is very im-
portant, because it shows that the bubbles produced by decompression do
indeed produce UBOs, and also that as in multiple sclerosis patients they
usually do not give rise to symptoms or correlate with disability. The key patt
of the nervous system that gives rise to disability is the spinal cord. UBOs
found in the brain on MRI have been given an undeserved status in trials of
drugs introduced for patients with multiple sclerosis. Professor George Eb-
ers” recently pointed out that for many doctors undertaking these studies of
multiple sclerosis, the MRI findings have “been regarded as the disease.”

The unique link between diving flying and multiple sclerosis patients
has recently been reinforced by a study of pilots flying the very high altitude
reconnaissance aircraft, the Lockheed Martin U-2. First lown in 1955, the
U-2 came to international attention when, on May 1, 1960 an aircraft flown
by Francis Gary Powers was shot down over the Soviet Union. The pilots
undertake flights lasting many hours at a cabin altitude equivalent to 28,000
feet. They prebreathe oxygen for several hours on the ground and continue
oxygen breathing during the flight, but, nevertheless, they can suffer from
bubble-induced decompression sickness. As mentioned at the end of the
previous chaptet, a remarkable paper released in August 2013 compared the
brain MRI findings in 102 pilots with 91 carefully matched controls. The
pilot group had a 394% greater volume of white matter tissue affected with
295% morte areas of damage than the controls.” The authors draw attention
to the fact that micro-particles have been detected in blood on decompres-
sion®” but fail to mention the key information: Micro embolism opens the
blood-brain barrier.”

The Admiralty had tasked Haldane to solve the problem of diver’s palsy,
and he succeeded with the introduction of his decompression tables—cases
of paralysis then became rare. Haldane had, for the first time in medicine,
drawn attention to the ability of the lungs to trap material that could endan-
ger the brain. As will be seen, the trapping of debris in the capillaties of the
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lungs is of critical importance to the health of the nervous system. The first
event in the development of symptoms in both decompression sickness®
and multiple sclerosis is damage to the lining of blood vessels, which opens
the blood-brain barrier, and leads to a fall in the oxygen level in the area. This
is the signal for the white blood cells, known as neutrophils, to stick to the
lining of the blood vessels and then invade the tissues releasing free radicals,
as they are programmed to do against infection. This causes inflammation,
which is the hallmark feature of both diseases. Haldane prophetically called
the damage to the spinal cord caused by bubbles in divers “an unusual form
of embolism,” and he was certainly right. It raises a key question: If bubbles
in the blood reaching the brain can cause this damage, s it possible that some-
thing else carried in the circulation is responsible for multiple sclerosis? It
will be seen that it is certainly possible and has been confirmed by a number
of pathologists over the last hundred years. The evidence will be covered in
detail later.

In 1936, Haldane undertook his last project—an investigation of heat
stroke in men working in the oilfields of Persia travelling with Imperial
Airways in the Hengist, a four-engined aircraft, accompanied by his sister
Elizabeth. Shortly after returning home, Haldane fell out of bed and, after a
short illness, died of pneumonia aged 76. Thirty years later his decompres-
sion tables for divers were to play a critical part in the exploitation of oil and
gas resources offshore, especially those of his native country, Scotland. In
1969, drilling for oil began in the UK in the Firth of Forth just a few miles
east of Broxburn where James “Paraffin” Young had mined shale. Little oil
was found, but soon much further north off the Scottish east coast, dra-
matic finds were made. The hostile waters and extreme depths of the North
Sea were to claim many lives of many divers. However, thanks to Haldane’s
pioneering research, many were treated using oxygen at levels unheard of in
mainstream medicine.
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CHAPTER 8
Oxygen: Diving, Flying, and Medicine

Oxygen should be regarded as a drug . . . an inappropriate concentration
can have serious or even fatal consequences.

The British National Formulary, 1996-2010

In a letter addressed to the committee responsible for the above quota-
tion in the formulary in 1998, the author and a colleague, the late Dr. David
Perrins, posed a question which could not have been simpler: By referenc-
ing “an inappropriate concentration,” did they mean too much or too little?
The letter was acknowledged by the secretary, but to-date no answer has
been received from the committee. It would be difficult to imagine a better
illustration of the nonsense that oxygen has generated in medical practice.
Too little oxygen is obviously fatal; indeed, we all die from it, but it would
be extremely difficult to find an instance of a patient dying from receiving
too much. In fact, the on/y pure gas it is safe to breathe is oxygen—breathing
any other pure gas is fatal within minutes, because it does not add oxygen
and it removes the oxygen already present in the body.! Oxygen is certainly
not a drug, although, like a drug, it can be given in differing dosages and has
a variety of actions. However; very high levels have been used safely for
decades in aviation, space exploration, and diving. Although the knowledge
gained from these fields impacts on all of our lives, the facts in this chapter
are known to only a handful of the world’s physicians.

Pure oxygen was first used as a diving gas by a resourceful civilian diver in
the 1870s when standard hard hat equipment was found to be too bulky for
a difficult underwater task in a civil engineering project. By the 1930s, pure
oxygen had been introduced in military diving using self-contained breathing
apparatus, and this use continues today. Because oxygen can be recirculated
through a scrubber to remove the exhaled carbon dioxide, cylinders of oxy-
gen can provide much longer times underwater than an equivalent volume of
compressed air. Known as closed circuit breathing apparatus, it has a second
advantage for covert military operations—the release of tell-tale bubbles can
be avoided. Millions of man hours have been accumulated by divers in the
armed forces of many countries, breathing pure oxygen at levels regarded
as dangerous, or even lethal, by most doctors. Military pilots also routinely
breathe pure oxygen, as do commercial jet pilots when they fly at altitudes
above 40,000 feet. Astronauts wear suits with helmets pressurised with ox-
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ygen for their extra-vehicular activities in space. Their equipment uses the
same method of recirculation used by military divers to conserve the limited
supply of breathing gas in the cylinders contained in the backpack.

During WW2, oxygen breathing equipment was used by the courageous
X-craft submariners who managed to cripple the German pocket battleship
Tirpitz near Tromso—its remains can be seen on Google Earth resting on
the bottom of a fjord. The X-craft volunteers had been forced to dive to
extreme depths to avoid anti-submarine nets and escape enemy action. As
the pressure of the oxygen breathed by a diver has to match the surround-
ing water pressure, the deeper they went, the higher the concentration of
oxygen they had to breathe. Some of the men convulsed, and, losing the
mouthpiece of the apparatus, drowned. However, this extreme military sit-
uation is far removed from the clinical use of hyperbaric oxygen treatment,
not only because of the absence of water, but also because the pressures
needed for effective treatment are normally well below those that risk con-
vulsions. As Paracelsus (1493—1541) wrote, “All things are poison and noth-
ing is without poison, only the dose permits something not to be poison-
ous.” However, to avoid any allegation that the risk is being downplayed,
this chapter gives the necessary background and the most likely explanation
for the effects that are loosely termed “toxicity.” The way is then clear to
introduce the vital lessons learned from the treatment of the bubble-related
illnesses with oxygen at high pressures.

Paul Bert’s animal experiments® had already shown in the 1870s that high
levels of oxygen could cause convulsions. During WW2, as part of the devel-
opment of oxygen diving, an extensive research programme was undertaken
by the late Dr. Kenneth Donald.” He was later to be appointed Professor of
Medicine at Haldane’s old university in Edinburgh. Donald founded the Ad-
miralty Experimental Diving Unit (AEDU) at Gosport, when he was working
in the Royal Navy, simply by printing new headed notepaper. He showed that
the risk of a convulsion was greatly increased both by hard exercise and also
by being underwater rather than in a dry pressure chamber. Military diving
usually involves hard work, and so combines these two factors. Testing for
oxygen sensitivity was introduced for naval divers during WW?2 both in the
UK and in the US in an attempt to exclude those men most likely to suffer a
convulsion underwater. The tests proved very unreliable; divers who showed
no symptoms whatsoever on one test, would convulse on their next under ex-
actly the same conditions. One diver descended to the bottom of Horsea lake
near Portsmouth at 70 feet (21 msw) three times a week and stood breathing
pure oxygen until he noted the onset of the symptoms that are usually at-
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tributed to oxygen toxicity. Measures were taken to standardise every possible
factor, from the time he went to bed the night before, to the food he had for
breakfast. The time to the onset of the eatly symptoms, usually lip switch-
ing—alfter the first few days when it was thought that apprehension played a
part—ranged from 23 to 128 minutes! Clearly, oxygen is simply o/ toxic and
there must be some major physiological vatiable involved to make such an
enormous difference in the timing of the symptoms.

Despite this, oxygen tolerance testing continued to be used for many
years, before it was finally abandoned because of its failure to predict the
likelihood of convulsions. However, the experience gained confirmed that
oxygen cannot be a poison in the conventional sense. Despite oxygen re-
search continuing in military laboratories, the cause of the convulsions has
remained elusive. It has been alleged that they are the result of a massive
release of free radicals, but this is certainly 7o true as it would cause severe
brain damage, or even death. But no long-term effects on the brain have ever
been reported following an oxygen convulsion. The author witnessed oxygen
convulsions first hand in two divers in the former Admiralty Experimental
Diving Unit at Alverstoke, near Portsmouth, when a mistake was made in a
diving trial—oxygen was supplied instead of air at a depth of 132 feet (40
msw). Both recovered consciousness rapidly after the gas they were breathing
was changed from oxygen to air.

The lack of setrious consequences from a convulsion induced by high-
pressure oxygen was graphically illustrated in the 1980s when a diver working
in the now defunct Argyll field in the North Sea was supplied pure oxygen
working on the bottom at a depth of 260 feet (80 msw). A mistake had been
made on the diving support ship in coupling his umbilical gas supply to cyl-
inders of oxygen, rather than the correct mixture of 7% oxygen and 93%
helium. Again, the pressutre of the gas breathed has to match the combined
water pressure and sea level air pressure, and this combination gave a total
oxygen pressure on the bottom of 9 ATA. The diver had been supplied the
correct helium and oxygen mixture for the first few hours of his dive, and
the change to pure oxygen can be heard on the tape of the incident from the
noise made by his demand valve. Despite an enormous increase in the effort
needed for him to breathe, as pure oxygen is much denser than a helium and
oxygen mixture, the diver continued working for almost five minutes before
reporting that he felt unwell. The diving supervisor at dive control in the ship
found him difficult to understand because the pitch of his voice had become
much lower. After about five minutes, the diver returned to the diving bell
and after being helped inside by the bellman, the diver convulsed for about 20
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seconds after his helmet was removed. Far from sustaining brain damage, he
recovered consciousness within a few minutes and was soon conversing not-
mally with the supervisor via the communication system. The dose of oxygen
he received was 45 #imes greater than the level of oxygen in the air we breathe
at sea level—so much for allegations that oxygen is a deadly poison. Another
clear indication of the lack of setious consequences from an oxygen-induced
convulsion is evident from the advice given in the US Navy Diving Manual.
The instruction given for managing divers who convulse during treatment
for decompression sickness is simply to continue breathing oxygen after a
lapse of just 15 minutes. Other relevant expetience was gained in psychiatric
practice in the US during the 1950s. High levels of oxygen were actually used
to induce convulsions as an alternative to electrically-induced convulsions—
again, important evidence of the safety of oxygen.

Are there any clues as to why very high oxygen levels cause
convulsions? The evidence indicates that it is related to a &nown property
of the gas, and the most obvious is its role in controlling blood flow
by constricting blood vessels. Three gases are actually involved in the
control of blood vessel diameter and, hence, blood flow: Oxygen (O,),
carbon dioxide (CO,), and nitric oxide (NO). Oxygen reduces the
diameter of blood vessels reducing blood flow, whilst carbon dioxide
and nitric oxide both cause them to enlarge by relaxing the muscle in
the wall. Curiously, although the gas nitric oxide is produced by the
lining endothelial cells of blood vessels, if it contaminates the air we
breathe, it is a deadly poison. It forms nitric acid on entering the lungs
and induces internal “drowning” from the leakage of blood plasma into
the airspaces. The same process occurred in the troops gassed at Ypres
in WW1, when hydrochloric acid was formed in the lungs from the
chlorine gas inhaled. The control of blood flow by nitric oxide over the
normal physiological range of oxygen levels involves a complex interaction
between oxygen and haemoglobin.® However, at higher than normal
oxygen levels and haemoglobin saturated, blood vessels continue being
constricted because oxygen inactivates nitric oxide directfy.®

The constriction of blood vessels by oxygen is likely to be the key
factor in the production of a convulsion because when blood flow is
severely restricted, the delivery of glucose, the other substance critical
to metabolism, will be reduced. It is well known that a sudden fall in the
level of glucose in the blood can itself precipitate a convulsion. It was in
the 1970s that neurosurgeons in the University of Bonn found that as
the level of oxygen increased, glucose uptake by the brain was reduced” The
dramatic reduction of blood flow seen in some patients breathing a high

level of oxygen will inevitably reduce the delivery of glucose because it is
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transported in blood. This may well explain why oxygen divers are most
likely to convulse when they are exercising hard and using up glucose and
it only needs a small amount of dysfunction in the brain to trigger a fit.

The author had a unique opportunity to examine the retina in a
patient who was breathing oxygen at 2.8 times atmospheric pressure and
developed the early warning signs of apprehension and facial twitching
which, if the oxygen breathing had been continued, would have been
followed by a convulsion. The blood vessels in the eye were like pencil
lines, and the normal redness of the retina had turned to a pinkish grey.
This can be fairly described by a new term, byperoxic ischaemia, trans-
lated simply as a reduction of blood flow associated with a high level of
oxygen. This clearly contrasts with /ack of oxygen caused by a reduction of
blood flow, that is, hypoxia, as happens, for example, in a heart attack or
a stroke. This very common disease process is known either as hypoxie-
ischaemia, or, more usually, as Zschaemic-hypoxia. Based on the available
evidence, it is likely that oxygen convulsions are, indeed, due to lack of
glucose associated with an extreme reduction of blood flow, and it would
certainly account for the great unpredictability of the effect. It is likely
that adding carbon dioxide to oxygen which dilates blood vessels would
reduce the likelihood of convulsions.® Regardless of the mechanism, if
very high levels of oxygen are breathed continuously for long periods,
they may eventually threaten tissue damage. It may also exacerbate
pre-existing disease, as in the Case Report that follows.

A Case Report

Experiments were conducted by a group at the University of
Pennsylvania in the 1960s to determine the effect of four hours of
continuous oxygen breathing at double atmospheric pressure (2 ATA)
on the lung function of volunteers (see Chapter 5). One subject had a
history of optic neuritis, and he was examined carefully by an ophthal-
mologist before being included in the experiment.” Only slight paleness
of the optic disk was found and so he was allowed to continue. After 90
minutes of continuous oxygen breathing in the chamber, he complained
that his field of vision in the affected eye was reduced. Surprisingly,
the experiment was continued. After three hours he had severe tunnel
vision, and by four hours he had completely lost vision in the eye. As
the experiment had been completed, the volunteer was allowed to
remove the oxygen mask and breathe the air in the chamber as he was
decompressed to normal atmospheric pressure. As soon as he stopped
breathing oxygen and breathed ait, his vision began to recover. After 12
hours, it had returned to normal, although he was also given a steroid
stimulating drug (ACTH) for eye discomfort.
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The blood vessels are damaged in optic neuritis, as they are in areas
affected in the brain and spinal cord in patients with multiple sclerosis.
This often, as in this patient, causes pallor of the optic disk, which can be
seen by looking in the eye using an ophthalmoscope. The loss of vision
could not have been due to lack of oxygen, given the very high level he
was breathing, but there is no question that the dramatic reduction of
blood flow induced would have reduced the delivery of glucose. The
change to breathing air at the end of the four hours would have rapidly
relieved the constriction of the blood vessels, and returned glucose
delivery to a normal level.

The convulsions induced by very high levels of oxygen are indistinguish-
able from the grande mal convulsions seen in epilepsy, where they may be
associated with cumulative brain damage, and it is understandable that they
should raise concerns. However, patients who suffer a convulsion associated
with epilepsy actually lack oxygen after convulsing. Magnetic resonance spec-
troscopy (MRS) has shown that there is a build-up of lactic acid in the brain
after an epileptic fit."" The presence of lactic acid conclusively indicates a fail-
ure of aerobic metabolism and it is due to a deficiency of oxygen. It is almost
certainly due to tissue swelling when water enters brain tissue due to failure of
the blood-brain barrier, and it is reversible.!! It would, therefore, make sense
to give epileptic patients oxygen to breathe after a fit, because it is likely that
the cumulative brain damage is due to the inflammation and hypoxia that fol-
lows opening of the blood-brain barrier.

It is also important to note that hypoxia may itself cause a seizure, as it
sometimes does with loss of consciousness when blood pressure falls in a
simple faint. The abrupt lack of oxygen in the body that results from breath-
ing a gas not containing oxygen may also cause a fit. On December 20, 1992,
the International Herald Tribute reported the case of a 12-year-old boy who
convulsed after breathing pute helium used for inflating balloons at a party.
Again, this risk is present if amy pure gas other than oxygen is breathed. In
contrast, there is certainly no risk of patients having an oxygen-induced con-
vulsion when they are receiving treatment for a severe deficiency of oxygen,
as in acute carbon monoxide poisoning, and very high oxygen levels have
been successfully used for such patients. In another case, a hypoxic patient,
deeply unconscious and untresponsive after air had been introduced into the
blood vessels of the brain, was compressed to six times atmospheric pressure
breathing air. The object was simply to “squash the bubbles,” but he did not
regain consciousness. Pure oxygen was then administered at this pressure, as
a last resort, and he immediately regained consciousness (personal communi-
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cation, Dr. Robert Goodman, St. Luke’s Hospital, Milwaukee).

At this point, the reader may well be questioning the need for a detailed
discussion about diving, It is needed because the only use of pressure cham-
bers and hyperbaric oxygenation accepted around the world is for divers. Ad-
mittedly, it is for the treatment of air embolism and decompression sickness
where it is claimed that the rationale is simply the elimination of bubbles.
Nevertheless, 100% oxygen is used routinely at high pressures, which may
have much to do with the fact that divers are robust, self-reliant, no-non-
sense individuals who demand the treatment. Commercial diving operations
are required by law in many countries to provide hyperbaric chambers on
site, and they are always equipped with oxygen breathing systems. The pro-
cedures developed for the treatment of divers are also those which use the
highest pressures used in hyperbaric oxygen treatment. The objective is to
compress the large bubbles that enter the circulation when the lung tears, a
condition known as pulmonary barotraumas—such a tear may allow the gas
being breathed direct access to the blood circulating through the lungs. It was
originally thought that high pressures were simply essential to compress and
re-dissolve the gas present. “Bubble squashing” provides a simple and biolog-
ically plausible mechanism to explain the benefit of hyperbaric treatment but,
as will be seen, the effects of gas bubbles in the circulation ate very complex.
The concept of bubble squashing is widely accepted, especially among div-
ers, and amateur divers are now using advanced techniques to achieve ever-
greater depths. Nevertheless, studies undertaken of gas embolism both in
the UK'? and Australia" have actually shown that immediate compression to
just 2 ATA breathing pure oxygen is more effective than the currently recom-
mended high pressure military procedures, which use compressed air.

The recompression treatment of decompression sickness has evolved
from the expetience of the eatly caisson workers more than a hundred years
ago and, in the absence of controlled studies, the evidence must be deemed
anecdotal. Regardless, anyone foolish enough to question its value faces the
wrath of many thousands of well-informed divers. In the UK and many Eu-
ropean countries, commercial divers are empowered to treat acute decom-
pression illness in their colleagues under government diving regulations. It is
the only civilian profession in which life-saving treatment, well in excess of
simple first aid, is under the control of non-medical personnel. In 1985, this
was strongly reinforced by the government diving inspectorate in the UK,
after mistakes in treatment made by inexperienced doctors caused the deaths
of several divers. Under a Diving Safety Memorandum issued by the Chief
Inspector of Diving,'* the on-site diving supervisor was authotised to be “in
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control at all times,” and could not be overruled by a doctor. This includes the
management of divers paraplegic, or even unconscious, from bubbles. So div-
ers are responsible for using oxygen at far greater levels than are used in our
hospitals, both as a diving gas and in the treatment of the gas bubble-related
illnesses.

It may come as a surprise to many that despite Haldane’s brilliant re-
search, the mechanism causing brain or spinal cord damage in divers is still
said to be controversial. It would appear to be a simple matter to determine
what happens, for example, when a diver loses the movement of his legs suf-
fering from the “diver’s palsy” of Haldane’s day. After all, the circumstances
are known—the depth of the dive and its duration, together with rate of
the decompression, and so on. In fact, they are always carefully recorded in
commercial diving. The dose of nitrogen, the offending agent, is determined
solely by the depth and duration of the dive. Because events are often wit-
nessed first hand and recorded, it would seem a simple matter to solve the
mystery. It is at times difficult to escape the feeling that some do not want
answers to be found. Equally, no one can seriously doubt the effectiveness of
the recompression treatment used for divers using a hyperbaric chamber. The
increase in pressure will certainly reduce the volume of any gas present, both
by the direct effect of pressure (Boyle’s law) and, because when gas is pres-
surised, it re-dissolves (Henry’s law). These effects may seem to be enough,
but sometimes the procedures available simply do not work. The value of
returning to a high pressure was actually discovered by compressed air work-
ers in France. Trigier, an engineer, designed the first practical caisson for use
in bridge construction in 1839." His workers soon discovered that they only
became ill after leaving the caisson, and also that a return to pressure in the
caisson usually created a cure. It was even recorded that when the workers
became ill they returned to sleep in the caisson, and then continued working
in the caisson the next day.

In the 1950s there was a boom in amateur diving, and people began to
present for treatment in increasing numbers at military decompression cham-
bers, especially in the US. The treatment offered was simply recompressed
breathing air based on schedules developed in the 1930s. It became obvious
by the early 1960s, however, that all was not well. In 1964, a study published
by the US Navy'® showed that compressed air treatment was failing to resolve
almost one out of every two cases of serious decompression sickness af-
fecting the nervous system. Recompression tables using compressed air add
more nitrogen to the body during the treatment, and so it becomes a race to
resolve a divet’s problems before the additional nitrogen makes matters worse
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on decompression. Two US Navy doctors, Goodman and Workman, decided
to develop treatment tables using putre oxygen breathing at much lower pres-
sutres.'” This avoids the addition of more nitrogen, and allows considerable
shortening of the treatment time needed. The longest compressed air table
took almost two days, whereas the equivalent oxygen procedure takes about
six hours.

Two new US Navy procedures, tables 5 and 6, which became known as
the Minimal Recompression Oxygen Breathing Tables, were incorporated in
the US Navy Diving Mannal published in 1970. Even by this time, two problems
had been found to complicate their use: Convulsions, which were fortunately
very rare, and also a worsening of symptoms. Surprisingly, no one has sug-
gested that there may be a connection between the two; in other words, that
the events which can lead to a convulsion may in a lesser form be responsible
for a diver becoming worse during the treatment. Another significant factor,
which is constantly overlooked, introduces a large variable that affects the level
of oxygen in these procedures. At the same pressure and using the same type
of oronasal mask, a very wide vatiation exists in the level of oxygen actually
present in the arterial blood of patients. Measurements have been made by
sampling the blood from arteries of patients breathing 100% oxygen through
a tight fitting mask in a chamber at twice atmospheric pressure (2 ATA). The
oxygen levels in the arterial blood samples ranged from 850 mm Hg (equiva-
lent to 1.11 ATA) to 1,140 mm Hg (equivalent to 1.59 ATA), despite strict
precautions being taken to ensure that the masks were propetly fitted." This
means that under the strictest conditions there can be nearly a 44% difference
in the plasma concentration of patients, or divers, all sitting in a chamber at the
same pressure, and all using a propetly fitting oronasal mask. Whilst this is a
large difference, it will be seen later that there can be a 700% difference in the
blood concentration of drugs in patients taking a drug by mouth!

The US Navy developed table 6 for the treatment of serious decom-
pression sickness using oxygen breathing at 2.8 times atmospheric
pressure (2.8 ATA), equivalent to a pressure of 18 metres (60 feet) of
sea water. The principle was to use the maximum pressure possible to
compress any gas bubbles present, while minimising risk of a convulsion.
A pressure of 2.8 atmospheres was arrived at by analysing the experience
of convulsions in US Navy divers training to use an oxygen breathing
apparatus. The end point used when oxygen breathing was a warning
symptom, usually twitching of the muscles of the face. However,
sometimes a full-blown oxygen convulsion, which is identical to a grande
mal epileptic seizure, occurred. A search of US Navy records was made,
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and it was found that the risk of a convulsion became significant after 30
minutes of oxygen breathing at 3 ATA. In the oxygen treatment tables,
it was decided to reduce the pressure used to 2.8 ATA, and also interrupt
the oxygen breathing after 20 minutes by removing the mask and
allowing the patient to breathe air for five minutes. Oxygen breathing
was then resumed again for 20 minutes, and the cycle repeated three, or
sometimes four, times.

The final US Navy Research Report of the oxygen procedures
developed by Drs. Goodman and Workman was released in 1965."
After a review of their use, which indicated they were more successful
than compressed air, they were published in 1967 and incorporated
in the next revision of the US Navy Diving Mannal teleased in 1970 as
tables 5 and 6. But a warning was included in the instructions for using
the new tables—there was reference to a diver’s symptoms worsening
during the time breathing oxygen at 2.8 atmospheres. No explanation
was given for the worsening, and the advice given was simply to stop
the patient from breathing oxygen and revert to using the original
approach using further pressurisation on compressed air. This, of
course, means using a method of treatment proven to be less successful.
The reference to worsening of symptoms breathing oxygen has been
included in every subsequent revision of the diving manual, and still
without any explanation. The author experienced this phenomenon
treating a diver in 1976, and has raised it with several generations of
US Navy medical officers, who have steadfastly refused to discuss the
matter. It seems logical that if just a small increase in the pressure and
the time spent breathing oxygen, that is, from just 2.8 to 3.0 ATA and
from 20 to 30 minutes, means that a convulsion becomes likely, it is
reasonable to suspect that the mechanism responsible for a convulsion
is also responsible for the worsening of symptoms. There is a simple and
now well-proven solution to the problem: Use less oxygen. Lower the
level used to just 2 atmospheres, and use helium rather than nitrogen to
give a total pressure of 4 AT'A. This procedure introduced by the French
diving company Comex in 1986" has been very successful commercially,
and has completely avoided the problem of the worsening symptoms
sometimes seen when very high oxygen pressures are used.

In the US Navy Diving Mannal edition published in 1959, helium
and oxygen mixtures had actually been recommended for serious cases,
recurrence of symptoms, and when a diver had difficulty breathing.
Helium and oxygen treatment has been well proven in the commercial
oil field diving over the last 40 years, and the scientific basis confirmed
by animal experiments.”” When using oxygen, the message is simple:
The dosage is important, especially in the treatment of the brain. Unfor-
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tunately, protocols now 40 years old used for the treatment of diving
illnesses may cause convulsions and worsening of symptoms, because
of the very high levels of oxygen used. However, they are still current
and even regarded as the gold standard, despite the fact that improved
procedures using lower levels of oxygen have been proven in commercial
diving. While this may again only seem relevant to diving, unfortunately
the US Navy oxygen tables using 2.8 atmospheres of oxygen have influ-
enced clinical treatment. For example, oxygen at 2.4 ATA is often used
in wound healing, when just 2 ATA would be sufficient in a pure oxygen
chamber or if a properly-fitting mask or hood is used.

Our understanding of the events that follow the formation of bubbles
in divers has progressed dramatically in the last decade. Since bubbles were
first seen on decompression in the blood of a dog by Paul Bert? in the 1870s,
it has been assumed that they block blood vessels, and that the symptoms
produced were simply due to lack of blood flow. This simple explanation is
certainly wrong; even with the large bubbles that block large blood vessels,
the story is much more complicated than simple lack of blood flow. Howev-
er, although the bubbles formed on decompression are often small enough
to pass through capillaries, this does not mean that they are harmless. In
fact, Haldane’s prediction in 1908 that they may cause “direct mechanical
damage” has proved to be correct. Bubbles have been shown to damage the
lining of blood vessels and cause them to leak. In the brain, this means that
they open the blood brain barrier”' and the tissue swelling is associated with

inflammation. The illustration of the spinal cord already seen in Chapter
7, which looks rather like a kiwi fruit, is reproduced again in Figure 8.1.22 It
shows that the opening of the barrier may be so severe that red blood cells
are able to escape; in other words, it causes tiny bleeds from veins and some
are arrowed in Figure 8.1.

Figure 8.1:

The effect of bubbles on the veins in
the spinal cord.

(Courtesy of Professor David
Elliott.)
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The breakdown of red blood cells in tissues is very harmful because free
iron is released, which leads to the formation of the most dangerous of free
radicals: The hydroxyl radical.

When an increase in pressure is used to treat decompression sickness, it
will assist any gas still present in the body to re-dissolve and a high concen-
tration of oxygen will also arrest inflammation by preventing white blood
cells, the neutrophils, sticking and moving into the tissues. The oxygen will
also constrict the blood vessels, reducing swelling, and allow capillaries that
have been compressed by the swelling to reopen. Swelling and white blood
cell injury occur as the result of most tissue injuries, and so the experience
of hyperbaric oxygen treatment in decompression sickness is very relevant
to other injuries. It is impossible to measure the concentration of any drug
in the tissues of a patient, but in contrast the concentration of oxygen in
the tissues can actually be measured. Drug concentrations can only be
measutred in blood, and this cannot possibly indicate how much of the
drug is reaching the tissues targeted for treatment.

Astonishingly, it would appear that the changes in the oxygen level in the
tissues of the nervous system under hyperbaric conditions have been mea-
sured only once. The experiments discussed below studied the use of hyper-
baric oxygen treatment for injuries to the spinal cord. Spinal cord injuries
are the worst nightmare, especially when all four limbs become paralysed, as
they were with Christopher Reeve. As the spinal cord typically weighs just 50
grams, even a small amount of tissue injury can have devastating effects. Spi-
nal cord injuries are fortunately not common, but because patients often have
other injuries such as a head injury or fractures, they are easily missed and,
consequently, difficult to study clinically. This frustration led neurosurgeons
at the beginning of the twentieth century to develop a technique for use in
an animal model, in which a known weight is dropped onto the spinal cord
from a measured height to give a reproducible injury. This allows the result-
ing damage to be controlled and studied. The events that follow injury to the
spinal cord are essentially the same as those that affect the brain but, because
the cord is so much smaller, injuries are very much more difficult to treat. The
following experiments are unique because actual measurements were used.
They show that the level of oxygen in the spinal cord is reduced by injury,
and that it can be raised by giving more oxygen at greater than atmospheric
pressure. They also show that the additional oxygen improves the degree of
recovery. In the authot’s view, it is impossible to overestimate the importance
of this ground breaking study.

In the 1970s, a group of neurosurgeons in Bowman Gray Medical Centre
in North Carolina adopted the dropped weight method in an experimental
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study designed to test the value of hyperbaric oxygen treatment in spinal cord
injury. Their paper was published in the eminent journal Newrosurgery in 19722
An animal was anaesthetised and the spinal cord exposed to allow electrodes
to be placed in the area to be damaged in order to measure the tissue oxygen
levels. Figure 8.2 shows the level of oxygen in the tissues of the cord when
the dog was breathing air at normal atmospheric pressure as 25 units. The
level can be seen to rise to about 80 units with the animal given 100% oxygen.
However, over the next 20 minutes the oxygen level in the tissues falls back
to the normal value, despite the animal continuing to breathe 100% oxygen.
This is because the body reduces the flow of blood by constricting the blood
vessels, a reaction known as autoregulation. The addition of 5% carbon diox-
ide to oxygen caused an even greater increase in the tissue oxygen value, but
again the body responded by reducing blood flow, so that a normal level was
restored in the tissues. The graph shows how the level of oxygen in the tis-
sue falls following the bruising injury—a 20-gram weight was dropped from
a height of 20 centimetres. Note that the oxygen level in the damaged tissue
does not rise with the administration of 100% oxygen, or 95% oxygen with
5% added carbon dioxide at normal atmospheric pressure.

70+

50 +

40 A

TISSUE pO,, SPINAL CORD
No Response

95%0,, 5%CO;

95%0,, 5%CO,

1 1
10 20 30 40 50

Minutes

Figure 8.2:
Effect of giving 100% at normal atmospheric pressure on tissue oxygen levels in the
spinal cord of a dog.
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Figure 8.3:

Effect of giving oxygen at 2 and 3 atmospheres on oxygen levels in the
exposed spinal cord after injury caused by a 20-gram weight.

MOTOR RECOVERY
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Figure 8.4:
Recovery of motor function three months post injury
(each vertical bar represents one animal).
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However, if a pressure chamber is used, the oxygen level can easily be
increased, as shown in Figure 8.3. This is simple physics; more oxygen is dis-
solved in the plasma at the increased pressure.

Did the extra oxygen help? Figure 8.4 shows that after a petiod of three
months of nursing care, of the ten control animals that did not receive hypet-
baric oxygen treatment, only one regained the ability to walk and did not have
any residual disability, which is motor recovery grade four.

In contrast, nine out of the ten of the dogs given just three sessions
of hyperbaric oxygen treatment (test group IlI) regained the ability to walk
(grades three and four). This study shows that physics is reliable; the gas laws
are correct. The results have been successfully repeated, in sheep? and dogs,”
but without measurements of tissue oxygen levels. In the 1980s, a group in
Texas have taken the work one stage further by studying spinal cord regenera-
tion in a rat model.” They severed the spinal cord completely placing the ends
together, closed the wound, and treated the animal with a course of hyperbar-
ic oxygen sessions with the addition of dimethyl sulphoxide (DMSO). They
demonstrated that nerve fibres in the central nervous system do regenerate.
Figure 8.5 shows how the supporting scar tissue tends to trap the nerve fibres.
In the treated group, nine of 37 animals regained the ability to walk but no
animal in the control group recovered.

Figure 8.5:

Nerve fibre regeneration in a severed rat
spinal cord after hyperbaric oxygen treatment
with DMSO.

(Courtesy Dr. J.B. Gelderd et al.)

As already stated, the use of pressure to deliver a high dosage of
oxygen for the treatment of both gas embolism and decompression sick-
ness has been accepted around the wotld for many years on the basis of
both biological plausibility, and truly massive anecdotal evidence. It will be
recalled that Haldane suggested that bubbles may cause “direct mechanical
damage” to blood vessels and the research discussed earlier in this chapter
has confirmed that small bubbles may actually damage the lining of small
blood vessels as they pass through. They open the blood-brain barrier, and
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agents normally retained in blood escape triggering inflammation. The story
has finally been completed by some remarkable research from a former deep-
diving research unit in the University of Pennsylvania, which was published
in 2002.7 It has shown that the local swelling produced by bubbles reduces
the oxygen level, and the hypoxia attracts white blood cells, neutrophils. The
researchers photographed them sticking to the lining, and they can be seen in
the image reproduced in Figure 8.6.

Figure 8.6:

Neutrophils sticking to the wall
of small vein after the passage of
bubbles on decompression.
(Redrawn from Martin and Thom,
2002.)

An apparently simple event, the passage of a small, seemingly inconse-
quential bubble down a blood vessel triggers events of immense complexity
with a fall in the available oxygen increasing the level of the hypoxia-inducible
factor proteins. The benefit of using high levels of oxygen for decompres-
sion sickness is, therefore, two-fold: The restoration of normal metabolism,
and the arrest of the inflammation caused by neutrophils.?® However, the
involvement of neutrophils in the bends is part of a much bigger picture and
we need to go back to an event in 1987 that shook the world: A little gitl called
Jessica fell down a well in Midland, Texas.
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CHAPTER9
Jessica in the Well

Day by day those who are obliged to consume their best energies in
the frequently so toilsome and exhausting routine of practice find it
becoming less and less possible for them not only to closely study, but
even to understand the more recent medical research.

Robert Virchow, 1858. General Pathology as Based on Physiological
and Pathological Histology. 2nd Edition. Translated by J. Chance.
London: Churchill, 1877.

In October 1987, a little girl shocked the world by falling down a disused
well in Midland, Texas, a small town known for its association with the for-
mer US Presidents George H. W. Bush Sr. and his son George W. Bush Jr. Her
name was Jessica McClure, and her rescue became the focus of the world’s
media. Only the death of Princess Diana in a Paris subway claimed a larger
television audience in the last century. Jessica was only eighteen months old
when she was playing with other children in the back garden of her aunt’s
house at 3309 Tanner Drive on the morning of Wednesday, October 14th.
When her mother went to answer the telephone, Jessica pushed aside the cov-
er of the well, climbed in the shaft, which was just eight inches in diameter,
and promptly fell into it. Her cries were heard by her mother who frantically
tried to reach her, but she slipped further down the shaft. The emergency
services were called, and two policemen were first on the scene—they were
not to leave until she was safely back above ground 58 hours later. The rescue
brought more than 400 workers to the site, and the neighbourhood opened
their homes to them in a moving demonstration of community spirit.

As the story spread, television and radio crews arrived at Tanner Drive
from every corner of the globe. The fledgling news outlet CNN cut its teeth
providing constant coverage of the rescue. The rescuers had to bore a second
shaft close to the well because any attempt to widen the well risked collaps-
ing the walls and burying Jessica alive. Having reached the required depth, a
horizontal tunnel had to be dug, but a layer of hard rock was encountered,
and hopes of an early breakthrough faded. The following day a bulletin from
the authorities read, “Jessica might not be freed until 6:00 p.m. today,” but
Thursday passed with the rescuers still working around the clock. All through
Friday they struggled, painfully boring the final tunnel needed to reach Jes-
sica. Finally they broke through, and the rescuers could see her. A paramedic,
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Robert O’Donnell, was able to reach her and extricate her from the confines
of the well. Jessica was finally brought to the surface at 8:00 p.m. in the glare
of television lights, and to an explosion of cheering from the hundreds gath-
ered at the site. Car horns honked and church bells were rung with the huge

relief at news of her rescue.

Figure 9.1:
A scene during the rescue of Jessica from
the well on Tanner Drive in Texas.

All was not well, however; Jessica’s right foot was black, and she was rushed
to Midland Memorial Hospital. The surgeons feared there was no alternative
to amputation, but a doctor in Dallas, the late ].R. Maxfield, knew the hospital
had a rare piece of equipment: A pressure chamber similar to the decompres-
sion chambers used by divers. It had been installed in the hospital by a Texan
oil billionaire for the treatment of his daughter who has multiple sclerosis. Dr.
Maxfield called pleading for hyperbaric oxygen treatment to be tried, in the
hope that it would avoid amputation. That evening, Jessica found herself in the
chamber breathing a much higher level of oxygen than is normally used in our
hospitals. Although surgery was needed to help with the swelling of the foot,
after a few days, it became obvious that Jessica’s leg had been saved. Although
she needed further surgery over some time, she only lost her little toe. A simple
pressure chamber and oxygen treatment had made the difference, and an am-
putation had been avoided. The media events continued. Jessica was visited in
hospital by George Bush St., then Vice President, with his wife Barbara. A week
after the rescue, Oprah Winfrey broadcast her television show from the Mid-
land Center, saying that the town had every reason to be proud of the support
the community gave to the rescuers. At noon on November 20, Jessica left the
hospital in a wheelchair surrounded by cheering crowds, with the president of
the hospital close to tears.
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It might have been expected that doctors would have been quick to en-
dorse the success of the hyperbaric treatment this little gitl received, and even
keen to provide it for their own patients facing the trauma of leg amputation.
What followed, however, is very difficult to comprehend. A letter appeared
in the Journal of the American Medical Association (JAMA) from a doctor at the
University of Miami,' alleging that it had been wrong to use hyperbaric oxy-
gen treatment. Astonishingly, it was argued that the additional oxygen would
have created free radicals, making Jessica’s leg worse, despite the fact that the
author must have known that her leg had actually been saved. This needs us
to step back for a moment to analyse this extraordinary situation. Despite the
evidence that hyperbaric treatment had been successful, the doctot’s absolute
conviction made him take the time to write a critical letter to the journal based
on his understanding of the science involved. A brief search of the literature
would have revealed that regular reports of the success of hyperbatic oxygen
treatment in skin grafting have been published since the 1960s,” and none
indicated that the additional oxygen used had been in any way harmful. Also,
the editorial staff of [4M.A would surely have known that Jessica’s leg had
been saved, so why did they accept the letter? It was because it struck a chord
by invoking the latest fashion, the spectre of free radicals.

The allegation that giving oxygen may be harmful actually followed stud-
ies undertaken in the early days of heart transplant surgery. When the heart
is removed from the body of a donor, its blood flow obviously stops and
the clock is then ticking. If more than a few hours elapse before the organ is
placed in the recipient, it will fail. Researchers were desperate to find out why,
and undertook many experiments transplanting organs in animals. The reason
for the failure associated with a delay came as a surprise: The damage, which
was detected by enzyme markers, occurred when blood flow was re-established
in the recipient animal. Return of blood flow is known as reperfusion and the
damage was found to be due to oxygen free radicals.” This was confirmed by
further experiments in which blood not containing oxygen was passed through
the blood vessels of an isolated heart. The initial increase in the markers of
free radical damage did not occur and so withholding oxygen prevented the
damage to the heart, but only for a time. It is painfully obvious that without ox-
ygen, a heart soon stops beating, and then, of course, its tissues die. Paradoxi-
cally, the very oxygen that a transplanted heart desperately needs to survive ap-
peared to be responsible for its demise. The first theory attempting to explain
the formation of free radicals implicated the energy molecule we have already
encountered, adenosine triphosphate (ATP). It was suggested that the cascade
of biochemical events resulting from lack of oxygen degraded ATP via ad-
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enosine diphosphate (ADP), and adenosine monophosphate (AMP), finally to
hypoxanthine. It was suggested that hypoxanthine was responsible for the re-
lease of free radicals when blood flow was restored and oxygen became avail-
able.*® This has turned out not to be the case, and it was events that followed
the publicity surrounding Jessicas ordeal that led to the mystery being
finally unravelled.

Returning to the story of Jessica and the letter published in L4ALA, it
must be pointed out, to be fair, that the editors did publish two letters an-
swering the criticism. One was from the surgeon who was responsible for
Jessica’s care,’ and the second was from an authority on hyperbaric medicine,
who at the time worked in the US Air Force Hyperbaric Facility in San An-
tonio, Texas.” Neither letter addressed the science involved and the debate
might have ended there without the intervention of a young plastic surgeon
in Springfield, Illinois, Dr. William Zamboni. He had followed the contro-
versy and seized the opportunity to apply for funding not, as he readily ad-
mits, to establish the importance of hyperbaric treatment, but to shore up the
argument that giving oxygen to patients like Jessica, facing amputation, may
be wrong. He was duly awarded a grant, and assembled a team to set up the
necessary animal experiments.

Their first experiments looked at the effect of hyperbaric treatment used
after skin grafting in rats. The blood flow to the graft was stopped for eight
hours, and then restarted. Some animals then breathed air, and some oxygen
under hyperbaric conditions. The length of time blood flow was arrested in
these experiments, eight hours, would normally have led to the death of the
skin grafts. To the investigators’ surprise, hyperbaric oxygen treatment in a
chamber ensured their survival, in marked contrast to the failure of the grafts
in the animals that breathed only air. The results did not confirm the allega-
tions of harm from hyperbaric oxygenation and free radicals. The paper writ-
ten by Zamboni and his colleagues® stated,

Instead we found that hyperbaric oxygen therapy significantly improved skin flap
survival.

Fortunately, the research in Springfield did not stop there. A crucial se-
ries of experiments extended the work to studying the effect of stopping the
blood supply not just to skin, but also to muscle. It is impossible to overstate
the importance of the results to both medicine and surgery. Imagine having
a tourniquet pulled tightly around your leg, stopping all blood flow for four
hours. It is undoubtedly a dangerous thing to do because there is a very good
chance that the tissues may begin to die, and the leg would then need to be
amputated. In effect, this is what Zamboni and his group studied; their papet”

150 ~ Oxygen and the Brain: The Journey of Our Lifetime

was published in the specialist journal Plastic and Reconstructive Surgery, which is
probably the reason why these pivotal expetiments have escaped discussion
by others involved in free radical research. The details certainly need to be
made available to as wide an audience as possible. Many will find discussion
of the experiments uncomfortable, but the findings are unique and it would
be impossible to obtain the information using patients.

All the experiments were conducted under anaesthesia using drugs
given intravenously rather than anaesthetic gases, so that the oxygen
content of the gas the animals breathed could be changed from air to
100% oxygen. The blood supply to the thigh muscle was stopped for four
hours using a ligature, and the arrest of the circulation was verified by
direct observation using a microscope. When the ligature was released,
the return of blood flow was filmed using the video camera mounted
on the microscope. This procedure was used for every experiment in
the study. When the ligature was released at the end of the four hours,
allowing blood to flow back through the blood vessels in the muscle, it
was seen that white blood cells (actually neutrophils) began to stick to
the lining of the small veins that drain the capillaries. The white cells are
shown attaching to the vein wall in Figure 9.2.

Figure 9.2:

Neutrophils, circled sticking
to the wall of venules in
one of the reperfusion
experiments.

(Courtesy of Dr. W.A.
Crons Zamboni.)

The circle drawn in the photograph, which is taken from one of the
video recordings, indicates 100 microns. White blood cells continued
to accumulate, and some actually started to migrate through the wall
of the vein into the tissues. Another event was also seen—the small
arteries nearby started to constrict. After about two hours, the blood
flow became completely obstructed by clumps of white blood cells. This
happened in every experiment where air was the breathing gas. Deprived
of a blood supply, the muscle tissue was, of course, certain to die.

Two groups of animals were given hyperbaric oxygen treatment
using pure oxygen at 2 atmospheres. In one group this was done in the
first hour affer the ligature was released, but animals in the second group
received the hour of hyperbaric oxygen treatment in the last of the four

hours whilst the ligature was in place. The results in both groups were the
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neutrophils, are the most abundant
type of white blood cells in
mammals and provide the critical
first response of the immune system
to infection but also to tissue injury.
They have an average diameter of
12—15 micrometres, which is about
double the diameter of a red blood

cell. They account for approxi-
mately 70% of the white blood cell
population, and we produce millions
every day. They only survive in the

Figure 9.3:
Neutrophils adhering to a post-
capillary vein wall in the tadpole
tail and causing haemorrhage due

to their rel f fi dicals.
blood for about 12 hours, although o thetrrefease of free radicals

once in the tissues they may survive for days. They circulate constantly
in blood, migrating within minutes to sites of injury or infection.
The name neutrophil derives from the neutral result of staining with the
dye hematoxylin and eosin (H&E). The white blood cells that stain dark
blue are known as basophils, eosinophils stain bright red, but neutro-
phils remain very slightly pink. Confusingly, they may also be referred
to as polymorphonuclear leucocytes because of the characteristic multi-
lobed shape of their nucleus.

It is normal for neutrophils to enter the tissues from blood by first
sticking to the lining of the small veins when signaled to do so by local
hypoxia. They may then pass through the wall in just the same way
observed by Zamboni and his colleagues. This sequence was observed
in experiments conducted in 1935 in the small veins of tadpole tail, and
it is shown in Figure 9.3."°
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Neutrophils ate truly remarkable cells. They actively migrate into
tissues to kill microbes using oxygen derived free radicals, either after
engulfing them (known as phagocytosis), or by excreting free radicals
and enzymes into the surrounding tissue space. The release of these
agents by neutrophils exposes the normal cells of a tissue to damage.
Seemingly to minimise this problem, neutrophils are also capable of
producing an astonishingly complex web of fibres, or neutrophil extra-
cellular traps (NETs)." They allow microbes to be caught and killed in
the tissues outside the neutrophil itself, allowing it to survive.

The experiments undertaken by Zamboni’s group showed that provid-
ing hyperbaric oxygen treatment is used promptly, it can allow the muscle
of a limb to survive even when its blood flow has been completely stopped
for four hours. But the researchers had made an even more dramatic dis-
covery: They showed that the reperfusion damage can actually be prevent-
ed by giving a large dose of oxygen before the circulation is released. This
is now known as preconditioning. Just as in Jessica’s treatment, to achieve
the high dosage of oxygen necessary, a pressure chamber is needed. It is
truly ironic that oxygen, the substance blamed by reseatrchers in the 1970s
for causing damage when blood flow returns to a transplanted heart, can
actually prevent it. The results are indisputable: There can be no conceivable
doubt about the benefit of giving oxygen under hyperbaric conditions—
the events were watched using a microscope and recorded on video as they
actually happened. Far from discrediting the use of hyperbatic oxygen treat-
ment for Jessica, the experiments funded to show that the treatment was
wrong, had finally shown that it was the right course of action and explained
why her leg had been saved.

It is most important to note that the #mwing of oxygen treatment is criti-
cal to its success. Hyperbatic oxygen treatment was successful in saving the
muscle in the first hour following the release of the ligature, but the effec-
tiveness was reduced when treatment was delayed until the second hout, and
by three hours there was no benefit at all. This critical timing must be kept
in mind when considering hyperbaric oxygen treatment if the blood supply
to any organ is interrupted, for example, when patients suffer a stroke or a
cardiac arrest.

To his great credit, Zamboni soon incorporated the results into his surgi-
cal practice. He found that using hyperbatic oxygen treatment, it is possible to
reconnect a severed arm ot leg as late as 12 hours after amputation, when four
hours is normally the limit using standard procedures. Since these studies were
done, the sequence of biochemical events that follow stopping blood flow and
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the rescue of tissues by hyperbaric treatment have been researched in great
detail."*"* The key question is: What causes the white cells to stick? They stick
because of the expression of adhesion molecules. The research discussed here
has shown that hypoxia—ijust a simple lack of oxygen—can trigger the genes
regulating these events, and it can occur without preceding tissue injury or an
infection. The lack of oxygen occurs when there is a reduction ot stoppage
of the supply of blood to a tissue that is called ischaemia, but also, and this
is not yet appreciated, when tissues become watetlogged with oedema. The
discovery of hypoxia-inducible factor 1a has finally allowed the sequence of
events to be understood.”” As we saw in Chapter 1, it begins with an increase
in the levels of the hypoxia-inducible factor proteins when oxygen levels fall;
circulating neutrophils stick to the endothelial cells lining the post-capillary
veins because adbesion molecules are expressed on their surface. In the presence
of sufficient oxygen, the master protein hypoxia-inducible factor 1a which is
constantly produced by every cell is continually destroyed by the von Hippel
Lindau protein and what remains is rendered ineffective. The attachment of
neutrophils to the vein wall in the sequence filmed by Dr. Zamboni and his
colleagues is the basis of the immune response to infection and injury. Inflamma-
tion is therefore initiated by the release of free radicals by neutrophils. As was
discussed in Chapter 8, the damage to the nervous system in decompression
sickness is caused by bubbles damaging the lining of blood vessels, and this
attracts neutrophils. Infection also produces a fall in the level of oxygen and
triggers inflammation in the same way. However, the immune response occurs
for a second reason, which is just as vital to us as the control of infection; it is
the removal of debris, to begin healing damaged tissues after trauma.

Despite the drama of Jessica’s story her case is, of course, just an an-
ecdote. It is now almost twenty years since it was found that it is possible
to extend the time for a severed limb to be successtully re-implanted from
four to 12 hours—a truly staggering increase. Despite the detailed research
that followed and similar dramatic results, hyperbaric oxygen treatment
has still not been adopted for reattaching severed limbs and is probably due
to the perceived constraints of evidence-based medicine.

Dr. Zamboni and his team have continued work into the molecular biol-
ogy in reperfusion injury and the benefit of using hyperbaric oxygenation, but
teel that before using the treatment is adopted controlled studies are needed:

Although this treatment bas been used clinically with major lintb re-implantation,
resulting in improved limb survival with prolonged ischemia (low blood flow)
times, this information is anecdotal and a controlled randomized prospective
protocol will be necessary to delineate the HBO benefits.
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Despite this assertion, it is actually zzpossible for a controlled trial to de-
lineate the benefit to an individual, trials only give an indication of the overall
value of a treatment to a group of patients. It is possible that Zamboni and his
colleagues realised that this cautionary statement had to be included, because
without it the paper may well have been rejected by the journal’s referees. Nev-
ertheless, the insistence on randomized controlled trials for oxygen, a biologi-
cal agent, is not scientific, it is absurd. Fortunately, there are signs that the use
of controlled trials is finally being questioned. The tenets of evidence-based
medicine are an example of a belief system that has many features in com-
mon with religious dogma. It is, of course, impossible to show using scientific
experimentation whether or not the cherished beliefs held by the religions of
the wotld are true; they are the objects of faith. This is an admission that they
cannot be understood and, if we admit that we do not understand something,
then we have given up the right to say whether or not it is correct. Unfortu-
nately, if the demand for controlled trials continues in re-implantation surgery,
it is unlikely that hyperbaric oxygenation will ever be used. This may seem like
an extreme statement, but it is based on the response to the use of hyperbaric
oxygen treatment in other conditions when controlled studies have actually
been undertaken, and will be discussed in later chapters.

The controlled trial is regarded as the gold standard in evidence-based
medicine drug trials, but it has serious flaws and limitations that are rarely de-
bated. In a controlled trial, two groups of patients with a defined condition
are allocated to either a treatment group given the agent under test, for ex-
ample a drug, or to a control group given an inactive placebo. In a double-blind
controlled trial, neither the patient nor the physician are allowed to know to
which group an individual has been assigned, and the allocations are usually
randomised. The fundamental problem is that we ate all different, and differ-
ences are often amplified when we are ill, or suffer an injury. It is, therefore, very
difficult to match patients, and reliance must be placed on using large numbers
so that the groups will include enough similar patients. Inevitably they are very
expensive; running drug trials is very big business for academic institutions, and
massive profits can be made by companies if a drug proves successful.

In the next chapter it is argued that controlled trials of using oxygen in
treatment are not only unnecessary, they are unscientific, and that reliance
must be placed on measurements which, of course, relate to individual pa-
tients. Today, case histories are often treated with derision and dismissed as
anecdotes. The next chapter discusses the limitations of controlled trials and
why anecdotes provide the necessary evidence for using oxygen in treatment.
These statements are cleatly controversial, and need to be justified.
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CHAPTER 10

Anecdotes, Evidence, and
Uncontrolled Double-Blindness

Thus the profession has been led to overlook or ignore oxygen as a
medicine, even though chemical science tells us decidedly that it ought
to be a most valuable remedial agent. A single trial, or several trials
on several patients, are no evidence, if they fail, against its value; they
are only proof either that it was not suited to the case, or that it was not
properly exhibited.

SB Birch, MD. Lancet, August 1, 1857.

The information in this chapter is needed for the reader to be able not
only to assess the evidence for using hyperbaric oxygen treatment, but also
to understand the reaction of medical professionals to the treatment, espe-
cially in disorders of the brain. Most physicians are not familiar with the use
of oxygen in treatment or the equipment needed and if the subject is raised,
they usually respond by asking if there are any controlled trials. Attempts
have been made to collate the published studies for the UK Cochrane Col-
laboration, a repository of evidence from controlled trials named after Archie
Cochrane (1909-1988), a public health physician. Such reviews of the use
of hyperbaric oxygen treatment are said to be needed to gain respectability
for the modality and for those operating chambers to attract patient referrals
from skeptical colleagues. The reports present the meagre evidence for each
indication where hyperbaric oxygen treatment has been used; meagre because
most indications predate the insistence on controlled studies. The principle
involved is, of course, the same: Lack of oxygen can only be treated by giving
more. Absurdly, oxygen is referred to as an “adjunct” to recovery, when only a
moment’s reflection is needed to recognise that no treatment can be effective
in the absence of oxygen. It is also most important to acknowledge that the
placebo effect cannot occur in its absence. Although high-quality controlled
trials of hyperbaric oxygen treatment have been performed, for example in
patients with multiple sclerosis,' they are usually dismissed as unconvincing,
ot said to be too few, when just oze propetly undertaken study provides Class
1 level of evidence.

But demands made for controlled trials of oxygen must be challenged
because they are actually inappropriate and a very significant factor in pre-
venting millions of patients from accessing this effective and safe treatment.
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To question the effectiveness of giving oxygen to a patient with a known
deficiency of oxygen is much the same as questioning the need for water in
dehydration, or food when a patient is starving. Oxygen is indispensable to
us, to all our cells, and, moreover, there is no substitute. Withholding water or
food would obviously be a failure of the duty of care, but withholding oxygen
escapes this censure. Blood oxygen concentrations are measured regularly in
hospitals, but lack of oxygen in just a few grams of Zssue, for example in the
brain stem, or the muscle of the heart, may be fatal. Using today’s jargon, giv-
ing oxygen is the most biologically plansible intervention possible, especially in
the treatment of disorders of the brain.

When lack of oxygen has been proven by measurement, controlled tri-
als are both unscientific and unethical: Evidence from the treatment of a
single patient is sufficient, because we all use oxygen in the same way. Scien-
tifically, this is represented simply as n=1, where n stands for number and
1 is obviously just one and remember, it may be you! A leading figure in the
production of the Cochrane reviews of hyperbaric oxygen treatment, Dr.
Michael Bennett, apparently, now agrees with this reasoning; he wrote that
doctors in the Prince of Wales Hospital in Sydney, Australia, “went from
a position of complete skepticism to enthusiastic support (for hyperbaric
oxygen treatment) over a six-month period following the chance referral
of a single patient who did well.” Again, because the actions of oxygen are
reliable and wniversal, another patient treated for the same condition a# the same
stage of the disease process will also benefit.

It is possible, even likely, that many will disagree with this logic and con-
tinue to insist that controlled trials must be done. This may seem to be taking
the academic high ground, but it is not: The tactic is commonly used when
treatments are controversial, and is often an excuse for denigration and inac-
tion. Those who agree with the argument that controlled trials of oxygen
used in treatment are inappropriate may want to have the necessaty facts to
be able to counter the arguments. Other readers may prefer to move on, al-
though the two case reports in this chapter are essential reading.

To broaden the debate, it will be helpful at this juncture to outline the ap-
proach used for the acceptance of new drugs and why evidence-based rules
can only be a guide to any form of treatment, because, in fact, they cannot
possibly predict the result for a single patient. Put another way, a report from
treating one patient even with a drug which has proven successful in several
controlled studies will a/ways be anecdotal.?

Regulatory authorities now require that all new drugs must demonstrate
that they ate safe, beneficial, and supetior to placebo “under controlled
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conditions” before they are licensed. Testing drugs against a placebo is nec-
essaty to determine effectiveness and avoid bias in favour of a treatment
on the part of both drug companies and prescribing physicians. It will be
seen later that when using oxygen, the bias has often been against the treat-
ment, which betrays trusting patients. Although it has been estimated that
fewer than 15% of the medications currently in use have qualified by data
from controlled trials, no one should dispute the need for proper evidence
to establish the safety and efficacy of new drugs. Given the modern obses-
sion with taking pills, the use of oral medication is a good starting point to
illustrate the principles involved in controlled trials and show why they are 7ot
appropriate to using oxygen in treatment.

The first necessity for a drug given by mouth is to gain entry into the
bloodstream, the second is for it to be transported to the target tissue, and
the third is that the drug must move to the cells of a tissue to interact at the
molecular level with cell receptors. Non-steroidal anti-inflammatory drugs
(NSAIDs) are one of the most widely used classes of drugs and oral prepa-
rations are often prescribed for patients with arthritic joint pain. Figure 10.1
shows the blood concentrations in two patients given the same dose of a
NSAID by mouth.

The concentration of the drug in the blood of the patients is shown on
the vertical axis of the graph, and the time intervals after it has been swal-

PLASMA CONCENTRATIONS OF A NON-STEROIDAL ANTI-INFLAMMATORY DRUG
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Figure 10.1:

Plasma NSAID concentrations for two patients given the same oral dose. Upper graph is
one who absorbs well and the lower is one who absorbs poorly.
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lowed are shown in hours on the horizontal axis. It can be seen that the con-
centration in the blood rises rapidly, until it slows to peak about one hour
before it begins a slow decline over several hours. The two curves illustrate
the huge difference in the blood levels of two patients given the same dose of
the drug. Note also that the difference is not just in the peak value attained,
it is actually in the total area under the two curves. A patient who absorbs
the drug well maintains a much higher blood concentration for many hours
longer than a patient who absorbs the drug pootly and so will benefit more.

To understand the reasons for the differences in blood levels,
it may be helpful to chart the route taken by a drug taken by mouth.
After passing down the oesophagus, the drug has to pass through the
stomach so that it can be absorbed into the blood in the gut. There
may be some degradation in the stomach, and in the gut some of the
drug will be retained in any food present. Some will also be retained
in the tissues of the wall of the bowel itself before the drug is finally
absorbed into the blood. It is then carried in veins which pass into the
liver, the organ entrusted with the task of dealing with any undesirable
substances in the food we eat. The liver will remove some more of the
drug from the circulation. All of these actions reduce the amount of
a drug that finally enters the circulation of the rest of the body and,
because they vary from patient to patient, are responsible for the huge
differences seen in the graph. What remains of the drug after passing
through the liver enters the large vein in the centre of the body known
as the inferior vena cava. This vein drains blood into the right atrium
of the heart, and from there passes through the tricuspid valve to be
pumped by the right ventricle into the circulation of the lungs. A little
of the drug will also be retained in the tissues of the lungs, but most
will simply pass in the blood flowing through the lung capillaries into
the left atrium and on into the left ventricle. This chamber of the heart
is responsible for pumping blood to every organ and tissue of the body
except, of course, the lungs. By now the concentration of the drug will
have reduced substantially, as it becomes progressively diluted in the six
litres or so of blood held in the circulation. As the drug circulates, the
concentration in blood further reduces as it is lost to tissues, metabo-
lised by the liver, and excreted by the kidneys. It should be noted that
NSAIDs, like many other drugs, are prevented from accessing the
nervous system by the blood-brain barrier.
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Samples of blood taken to follow the changes in drug concentration are
taken from veins and in the graph it can be seen that one hour after the
drug has been taken there is more than a 700% difference in the maximum
blood concentration between patients. The peak concentration defines the
maximum rate of the transfer of the drug into the tissues, which is usually
the key factor in determining any benefit. However, the concentration of a
drug where it is needed, that is, in the target tissue, cannot be measured, and
the variation in #ssue levels of drugs is certain to dwarf those seen in blood.
To understand why requites a principle of disease to be stated that is little
recognised: It is that when a tissue is injured or diseased, the capillaries within
the tissue are also almost invariably damaged. This reduces the flow of blood
and of the substances it carries and this, of course, will include a drug. Ironi-
cally, a drug can often access most of the other tissues of the body where
it is actually not wanted, but has great difficulty reaching the site where it is
needed. A NSAID taken, for example, for joint pain will have great difficulty
accessing the site where it is needed, simply because the capillaries are closed
by the swelling associated with the inflammation.’

The contrast between the delivery of drugs and the delivery of oxygen
could not be greater. Oxygen is rapidly absorbed through the enormous sut-
face area of the lungs ata consistentlevel and directly into the blood in the lung
capillaries. It is readily transported from blood into the tissues without being
removed by the liver and, being a very small molecule, it can rapidly diffuse
into an affected tissue. Also, unlike any drug, the oxygen level in tissue can ac-
tually be measured and measurements are, of course, the basis of the scientif-
ic method. Because of the enormous vatiation introduced by absorption and
the transport of drugs to the tissues, patients given a drug in a controlled trial
cannot receive the same treatment and to make matters worse, patients are usu-
ally given the same dose regardless of their weight. They may also be in differ-
ent stages of a disease process, often with a broad range of pathology. These
factors obviously reduce the scientific validity of drug trials, particularly of
oral medications. To increase the possibility of a statistically valid result, large
numbers are studied in the hope that sufficient numbers of similar patients
are included. Statistics are then used to detive a numerical value for the proba-
bility that a drug is effective, which gives clinicians the comfort of a number—
a probability, or p value, that can be quoted. A value less than 5% is required
as an indication of a beneficial effect, which means that there is a less
than 5% probability that the benefit is not due to chance.

If a coin is tossed a thousand times, then chance will determine that
number of heads will be much the same as the number of tails, and so di-
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viding the number of heads by the number of tails will give a value close
to 1. The probability value, p, is then said to be 1, indicating there is no sig-
nificant difference. However, if the number of heads greatly exceeds the
number of tails, this number reduces, cleartly indicating that some factor is
disturbing the randomness of the effect. Tossing a coin a thousand times
is more likely to result in an equal number of heads and tails than just ten.
The larger number increases the “confidence” that a result is correct. If the
value drops to 5% (e.g. five tails in 100 throws of the coin), then the p val-
ue drops to 0.05. This is regarded as the threshold at which the possibil-
ity that the observed effect is due to chance can be reasonably excluded. In
other words, something is happening that is #o# due to chance. Cleatly, the
greater the number of throws used, the greater the likelihood of identifying
an effect which is disturbing an equal distribution of heads and tails.
Probability values less than 0.05 are requited in controlled trials for
regulatory authorities to accept that a drug is beneficial when it is compared
to a placebo.

Needless to say, clinical trials are extremely expensive. A single trial may
cost $100 million, and it has been estimated that the total cost of bringing
a new drug into use, including several studies and final marketing, has now
reached about $2 billion. The requirement for trials has created a very profit-
able research industry. In the UK, drug companies are required to pay over-
heads to medical schools and NHS teaching hospitals, which range from 50%
to 95% of the actual trial cost. Less well known are patient recruitment fees,
which range from $750 to as high as $5,000 per patient. This applies to pa-
tients receiving the drug under test, and patients who are given a placebo. It is
not difficult to see that it is an extremely lucrative business for all concerned
(except, of course, the patients), and few want the status quo disturbed. In
fact, medical schools in the UK would collapse without this income, as suc-
cessive governments have steadily reduced their funding in real terms over
the last decades, and more is to come. Nevertheless, the reliance on trials
has been attacked by Sir Michael Rawlins, chairman of the UK gate-keeping
body, the National Institute of Health and Clinical Excellence (NICE), who
has argued strongly for due recognition of observational studies.*

At this stage, it is worth outlining the stages needed to acquire an
acceptable evidence base for a new drug. Drug formulations are based on a
concept, that is, a disease model, where assumptions are made about how the
disease arises and the way pathological changes are produced. Studies are first
undertaken in animals, and then safety trials in human volunteers. Assum-
ing that the results are satisfactory, regulatory authorities then require clinical
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trials involving patients, which are undertaken in several phases. After pilot
studies, several large controlled trials are needed. In controlled trials, patients
are allocated, usually randomly, into two groups: One group is given an inac-
tive placebo, and the other a fixed dose of the drug being tested.

Only three outcomes atre possible from a controlled trial, and it is im-
portant to recognise that this applies to both those patients given the drug
being tested, and the patients given an inactive placebo.’ Patients may ben-
efit, they may remain the same, or they may get worse; the outcomes are
qualitatively the same for both groups of patients. Assuming the drug being
tested is actually beneficial, what is the difference between the two groups?
Generally, for a drug to be regarded as effective, about 70% of the patients
need to show improvement compared to about 50% of the patients given the
placebo, and this evidence is usually sufficient to allow a drug to be approved
and marketed.

It has also been found in controlled trials that side effects occur both in
patients given an active drug and in those given the placebo. However, usually
more patients given a drug actually get worse than those receiving a placebo
and so, in reality, the biggest difference overall between the treated and con-
trol groups is that more patients in the placebo group stay #he same, not get-
ting either benefit or side effects. How is this dealt with in practice? To avoid
unhelpful complications slewing the results against a drug under test, an ows-
come measure is chosen. This allows a more favorable statistical result—more
patients will improve taking the drug, but only for the specific outcome being
measured. This problem has been recognized, as this quote from a Lancet
commentary in 2005 indicates;

.. . the anthors are right to point ont the need for trialists and journals to embrace

clinically significant outcomes that are meaningful to patients, their attendants,
and care organisations. Disingennous surrogate markers and misleading
composite outcomes may create good advertising material, but can obscure data
and hinder genuine patient-centred care.

A drug, for example, that improves walking distance in patients who have
diseased arteries in their legs that proves to have statistically significant benefit
under trial conditions may produce side effects that render its use unaccept-
able to many patients. As Einstein famously said, “Not everything that can
be counted counts, and not everything that counts can be counted.” Drugs
marketed following controlled trials may be of little real benefit to patients in
terms of improved quality of life, despite the fact that patients taking drugs
should also gain from the placebo effect. This is because they are prescribed
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by a doctor who is biased to expect them to benefit and patients, of course,
will feel that something is being done for them.

It is important to recognise that for a placebo effect to occur something
must be done: An action must be taken and it is usually assumed that it must
be known to the patient—the conscious brain must be involved. In the UK
the deliberate use of placebo is frowned on; the Parliamentary Select Com-
mittee on Science and Technology has stated that:

[PJrescribing placebos . . . usually relies on some degree of patient deception.
It has also stated that:

Prescribing pure placebos is bad medicine. 1heir effect is unreliable and unpredjet-
able and cannot form the sole basis of any treatment on the NHS.

In fact, the benefits from a placebo are often comparable to those of
many prescribed drugs. Recently, an extraordinary study undertaken at Har-
vard Medical School compared the benefit from a placebo to no treatment
in patients with irritable bowel syndrome.” No deception was involved; the
trial details were fully explained to the patients, including the fact that the
pills used contained no active ingredient—they were even dispensed in a box
clearly labelled “placebo.” The patients in the treatment group given the in-
active pills were told to take them twice a day. Both groups improved but,
inexplicably, the group of patients taking the placebo pills showed greater
improvement. The Nobel laureate Dr. Albert Schweitzer (1875-1965) under-
stood the reason:

Each patient carries his own doctor inside bim. They come to us not knowing that
cure. We are at our best when we give the doctor who resides within each patient
a chance to go to work.

What must, however, be recognized is that, even if a drug has provided
the necessary statistical significant evidence from controlled trials and is ap-
proved by regulatory agencies, it cannot ensure that an individual patient will
gain benefit from it. A successful trial of a drug simply demonstrates that
more patients in the treated group derive benefit when compared to a placebo.
A group is, of course, a collection of individuals; they are not fused together
to allow one large pill to be administered; treatment is a/ways of an individual.
This patently obvious fact seems to elude academics and in 2005, the Lancet ac-
tually carried a series of five articles on “Treating Individuals”; the first raised
the question: To whom do the results of this trial apply?® The result of a treat-
ment constitutes an aznecdote, and the only way to find out if a drug is effective
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in an individual is to monitor the response in each patient. Each prescription
is, therefore, an experiment, and the patient is their own rabbit, or guinea pig.
This is where the practice of medicine actually resides; it is in the contract be-
tween the patient and their physician to gain the most benefit, in other words
to get the best possible outcome. This contract is rather more obvious in sur-
gery where there is eye-to-eye contact before cutting commences! However,
anecdotes are not always positive and adverse results also introduce bias.”

After drugs have survived the long process to be regulated, it is essential
for monitoring to continue as short-term benefits may be very deceptive. In
the 1980s, cardiologists suggested that heart failure was not simple pump fail-
ure: Changes in blood vessels were involved in producing a complex disease.
This is an obvious fallacy when it is recognised that all the complex changes
rapidly resolve if patients receive a heart transplant. Nevertheless, eight phar-
maceutical companies developed drugs to dilate peripheral blood vessels to
relieve the burden on the failing heart. From post-marketing surveillance it
eventually became obvious that more patients were dying than would be ex-
pected without any treatment, and by 1993, all eight drugs were withdrawn.
For the Boots Company, which marketed the drug Manoplax, it was a catas-
trophe, and they eventually sold their pharmaceutical division. A 1997 com-
mentary in the Lancer"” included a table with the heading “Drugs Associated
with an Increased Mortality in Cardiac Failure.” (It could have been phrased
differently.)

Why is all this detail so important in a book about the benefits of using
oxygen in treatment? It is because we take the oxygen in air for granted, failing
to recognise that it is impossible for any treatment, whether it is drug-based,
surgical, or even a placebo, to be beneficial without this gas; it underpins a//
recovery. While everyone recognises that we need to breathe to stay alive,
few recognise the importance of breathing to getting better when we are sick
or injured. If the quality of breathing reduces, as it does in patients with the
lung scarring known as emphysema, they often lose weight'' and need to be
given supplementary oxygen. If the correct dose is given to a sick patient
with an oxygen deficiency, they will certainly benefit, although sometimes it
may prove difficult to measure. This logic applies to many other actions. For
example, if a car journey is undertaken with a coin in the driver’s pocket, the
car will use more fuel, and if the complete details of the ride are known the
energy used can be accurately calculated. It would, nevertheless, be impos-
sible to measure the extra fuel used by matching the journey in an identical
car driven in the same way, simply because uncontrolled variables will dwarf
the increase in fuel used due to transporting the coin.
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In the early days of evidence-based medicine, when academics were
formulating the basis for the discipline, it was accepted that some interven-
tions did #o# require formal trials. The examples quoted by one paper'? were,
blood transfusion in haemorrhage, insulin in diabetic coma, and, rather cu-
riously, the reduction of a dislocated elbow in a toddler—adults obvious-
ly do not qualify! A longer list compiled in a more recent article® cited a
drug, streptomycin, used for the meningitis associated with tuberculosis, but
even included the use of a defibrillator for ventricular fibrillation. However,
the use of oxygen treatment does not feature. The lists published are tru-
ly a hodgepodge with little apparent logic, and so it is worth compiling a
list of criteria to assist in establishing anecdotes as evidence in acute conditions.
It is similar to the list relating to causality drawn up by Bradford Hill."

* A mechanism that can explain the changes, i.e. biological
plausibility

* A clear relationship of the timing of the intervention to the
benefit and of delay to poor outcome

*  Objectively measurable changes

*  Reproducibility

*  Supporting experimental studies using (other) animals

*  Evidence of a dose-response relationship

How does giving oxygen as a treatment fare when tested against this list?
Mechanism and effectiveness cannot be questioned, especially when it is re-
membered that the object of giving more oxygen is to achieve #ormal values
in an affected tissue, and the mechanisms that are brought into play are those
involved in normal healing. Timing is the real issue because it determines the
degree of irreversible tissue damage sustained and hyperbaric oxygen treat-
ment is often given too late. Measurements can be made to give objectivity
and reproducibility. The evidence of animal experiments is very much more
relevant than for drugs, simply because they use oxygen in the same way that
we do.

However, there is an additional reason for accepting oxygen in the
group of interventions not requiring controlled trials that does not apply
to drugs: It is simply that we know precisely what happens when oxygen is
withdrawn—we, of course, cease to exist. However, what does not feature in
this list is what is termed the “cost-benefit ratio” which is simply measuring
whether it is worth the effort involved. This depends on your point of view,
and differs widely from being a purchaser as a patient to being a provider as
a hospital administrator or government health minister. It is critically depen-
dent on the costs involved, which will be discussed later.
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This leaves the question of a dose-response relationship, and it is ob-
vious that giving more oxygen is an increase of the dose we receive from
air. It will be helpful here to compare oxygen with another biologically es-
sential molecule, insulin. Imagine that insulin has just been discovered, and
under evidence-based rules the usual validation from controlled trials is de-
manded. Patients who will obviously be diabetic need to be divided into two
groups, one to receive an insulin injection and the other an injection of an
inert placebo. The patients who have received insulin injections will have one
of three outcomes: Benefit, no change, or they may lose consciousness and
die. Those injected with the placebo will show a little benefit or worsening—
most will not change. Cleatly the reason for this variation is that the insulin
dosage has to be adjusted to match the level of the patient’s blood glucose.
In other words, we must be guided by measurements made in each patient. The
argument that n=1 is cleatly correct and, as will be seen, this logic applies to
using oxygen as a treatment. The neurologist V.S. Ramachandran, in writing
the book Phantoms in the Brain with science writer Sandra Blakeslee,' highlights
the gulf in diagnosis between the reality of observations in a single patient and
the absurd academic statistical approach in this delightful paragraph:

A tension exists in neurology between those who believe that the most valu-
able lessons about the brain can be learned from statistical analyses involving
large numbers of patients and those who believe that doing the right kind of
experiments on the right patients—even a single patient—an_yield much more
useful information.

This is really a silly debate since its resolution is obvious: If’s a good idea to begin
with excperiments on single cases and then to confirm the findings throngh studies
of additional patients.

By way of analogy, imagine that I cart a pig into your living room and tell yon
that it can talk. You might say, “Ob, Really? Show me.” I then wave my wand
and the pig starts talking. You might respond, “My God! That's amazing!” You
are not likely to say, “Abh, but that’s just one pig. Show me a few more and then
1 might believe yon.” Yet this is precisely the attitude of many people in my field.

It is not scientific, indeed, it is ridiculous to suggest that oxygen should
be tested in the same way as a drug and n=1 is certainly valid for oxygen;
the physics involved in using the gas and varying its pressute to control its
dosage is not a matter of medical opinion, it is dictated by the gas laws first
described by luminaries such as Robert Boyle and John Dalton hundreds
of years ago. For most of the time, the atmospheric pressure of our planet
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gives a blood concentration of oxygen that is sufficient for us to recover
from the huge vatiety of illnesses and injuries we may suffer. Sometimes,
however, it is simply not enough because the dose reaching the affected tis-
sue is too low. Unfortunately, as already discussed, the stated objective of
oxygen administration in the 2008 BTS guideline on the emergency use of
oxygen in adult patients'® is simply to ensure that haemoglobin is saturated—
that it is carrying as much oxygen as possible. Although haemoglobin satu-
ration ensures that the dissolved oxygen concentration in the blood will be
normal, as we have seen, this cannot guarantee that the level of oxygen in any
body tissue, other than the lungs, is normal. Ironically, red blood cells do not,
of course, suffer when haemoglobin “saturation” is low.

At this point, readers may well question why so many in medicine are
skeptical of the benefits of increasing the blood concentration of oxygen
when so many of the conditions that afflict us are associated with its lack
in our tissues. There is a straightforward answer to this question. The cur-
rent generation of doctors have not been taught at medical school the im-
portance of pressure to the delivery of oxygen, or even about the critical
role of oxygen in healing. Once qualified and the title of doctor conferred,
there is great resistance to admitting the lack of such elementary knowledge.
Rather like the dark side of the moon, the benefits of using oxygen treat-
ment continue to remain unseen, rotating out of view to most in the world
of medicine.

Given the clarity of thought, perhaps only possible with the uncluttered
mind of a lay person, it must seem blindingly obvious that the most impot-
tant use of a high level of oxygen is in the treatment of emergencies. Estab-
lishing this is far from simple; there are serious difficulties in attempting to
apply the principles of evidence-based medicine to assess the treatment of
acute illness and injury. Also, powerful emotions are aroused by emergencies,
and the public remains largely unawate of the personal cost to medical and
nursing staff of being involved in life and death situations. Another signifi-
cant problem is that patients sometimes get better against the odds without
any treatment. Major advances often meet a hostile reaction, because they
challenge the status: Study the history of medicine, from hand washing in-
troduced by Semmelweis, to the discovery and use of penicillin by Fleming,
Florey, and Chain. But there is another problem which is rather less obvious:
Those who use oxygen as a treatment are, in effect, criticizing the knowledge
and competence of colleagues.

The distrust of the case reports that discuss individual patients has pat-
ticulatly restricted progress in emergency medicine: They are out of fashion,
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although, thankfully the tradition is continued by the superb series, Case
Records of the Massachusetts General Hospital, published by the New Eung-
land Journal of Medicine. The story of Jessica in the well and the controversy
that followed occupied a good deal of the last chapter. The story of her
treatment is by definition an anecdote, and, despite twenty years of research,
hyperbaric oxygen treatment has still not been adopted in the reattachment
of severed limbs. As we have seen in the last chapter, even those involved in
the original work do not think it should be, and are insisting that controlled
trials are needed. To illustrate the importance of oxygen treatment in emet-
gencies, we need to return to the halcyon era of hyperbaric medicine that
followed WW?2.

In the 1950s, heart surgeons and brain surgeons, two of the most pow-
erful professional groups in medicine, became interested in the use of hy-
perbaric oxygenation. In those days, eminent professors had the status im-
mortalised by the character Sir Lancelot Spratt, brilliantly portrayed by the
actor, James Robertson Justice, in the film Doctor in the House. The opinions
of junior doctors were formed by their teachers in a well-hidden, but none-
theless real, form of educational coercion—they would need a good refer-
ence for their next post. Although many would argue that eminence-based
medicine has had an undue influence on practice, leading thinkers like John
Scott Haldane and his friend William Osler often challenged accepted medi-
cal myths and they have shaped much of modern medicine. Research, as the
name suggests, implies a rehash, or a continued development of already es-
tablished concepts. We are in desperate need of “searchers,” but thinking
today is generally confined within the comfort zone of accepted wisdom,
which is hardly surprising given the immense complexity that exists in every
field of medicine. Change requires open minds hungry to explore new ideas,
but those who challenge accepted wisdom pose a threat to the established
funding streams of the research industry.'” As Caesar said of Cassius, “. .. he
has a lean and hungry look; he thinks too much, such men are dangerous.”

Cardiac surgeons became interested in hyperbatic oxygenation after
WW2 because it raised the possibility that the time that the heart could be
stopped without risking brain damage could be extended. The time had al-
ready been modestly increased by cooling patients, which reduces the oxygen
demand of the brain, and it is still used in most cardiac surgical centres. The
hope was that combining cooling with a high level of oxygen would allow
enough time for a surgeon with a good pair of hands to open the heart and
replace a diseased valve. There were many patients who had sustained valve
damage from episodes of rheumatic fever. Large chambers were constructed
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in Amsterdam and then Glasgow, and many more followed in other coun-
tries. Few have survived because heart-lung machines soon became available,
and surgeons were only too pleased to operate without being confined in a
hyperbaric chamber. Ironically, the new machines that bypass the heart and
the lungs and both pump and oxygenate blood were soon found to be as-
sociated with brain damage. Research over the last 30 years has shown that
it is due to a variety of small emboli, including bubbles. Eventually blood
filters were introduced, although they are by no means as efficient in filtering
blood as the lungs. Brain damage is still a problem in cardiac surgery, and has
been demonstrated by imaging patients by MRI before and after operations.
A preliminary report of the study published in the Zancet in 1993' showed
the areas of white matter damage on the images—unidentified bright objects
(UBOs). Most, but not all of the UBOs resolved over a period of weeks; it is
clear that surgeons discarded the use of hyperbaric chambers too soon as hy-
perbaric oxygenation is the only treatment for the localised areas of hypoxia
caused by small emboli.

Two astonishing case reports from the 1960s illustrate the importance
of accepting the evidence of anecdotes. The first predates the introduction
of the heart-lung machine when operations were still being undertaken on
the beating heart. In 1964, a 50-year-old man was admitted to the London
Chest Hospital desperately ill, having coughed up half a pint of blood the day
before. He had become progressively breathless because of damage to the
mitral valve of the heart, which lies between the left atrium and ventricle. Al-
though not stated in the paper, this was almost certainly caused by an episode
of rheumatic fever in childhood that caused inflammation of the flaps of the
mitral valve. They had fused together, restricting the flow of blood through
the heart. If the valve does not close propetly, back pressure is created in
the blood vessels of the lungs, and they may rupture, causing the patient to
cough up blood. The paper describing this remarkable case was published as
a two page report in the Lancet in 1965 under the title, “Hyperbaric Oxy-
gen in the Treatment of the Postoperative Low-Cardiac-Output Syndrome.”
The patient failed to recover consciousness after the operation, and his blood
pressure was low. He was given 100% oxygen and placed on a ventilator, but
his blood pressure continued to fall. When his death seemed inevitable, he
was taken off the ventilator and loaded into the acrylic cylinder of a Vickers
single person chamber. Astonishingly, when pressurised in the pure oxygen
atmosphere of the chamber, he actually began to breathe spontaneously, and
despite a turbulent 24 hours, eventually made a full recovery. The abstract in
the following Case Report gives the details.
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A Case Report

A 50-year-old man was admitted to the London Chest Hospital
on October 23, 1964. He had a history of productive cough, recurrent
haemoptysis (blood in his sputum), and dyspnoea (breathlessness) on
exertion for 21 years. He had been discharged from the Army 20 years
before with mitral valve disease. The operation was performed by Mr. J.R.
Belcher on November 3, 1964. After the operation the patient displayed
all the signs of a low cardiac output—failure to recover consciousness
with no localising cerebral signs, severe peripheral cyanosis, and a very
slow capillary refill in the limbs. In an attempt to lower the pulmonary
vascular resistance and raise the cardiac output, he was artificially venti-
lated with 100% oxygen. This was ineffective, and the patient’s death
seemed certain.

Since the patient’s condition was now desperate, it was decided
to use hyperbaric oxygen therapy. He was placed in the Vickers mobile
chamber at a pressure of 2 ATA. Since there were no facilities in the
chamber for artificial respiration, transfusion, or drainage these had to
be discontinued. The patient’s condition began to improve after an hour
inside the chamber; he was taken out of it every two hours to aspirate
from his bronchial tree the considerable amount of heavily bloodstained
sputum. After 12 hours of treatment, he began to move and gradually
recovered consciousness for the first time since the operation.

Yacoub MH, Zeitlin GL. Lancet. 1965;1:581-3.

It was a truly miraculous recovery—little wonder, that it merited two
pages in the Lancet! The surgery had been undertaken as a last resort and,
because the patient could not sustain his breathing after the operation, he
was ventilated with 100% oxygen. However, it failed to reverse the decline
of his blood pressure, which at one stage it fell to just 50 mm Hg, risking his
kidneys shutting down. To take him off the breathing machine, disconnect
the drains which were draining blood from his chest, together with the intra-
venous lines, and push him into the Vickers chamber required considerable
resolve. The doctors involved could not possibly have known that he would
start breathing when pressurised in the chamber, but the patient was dying
in front of them and every other treatment option had been used. There is
no indication in the paper of the time that had elapsed from completion of
the operation to the use of the chamber, but it would have been hours, not
minutes. The chamber was described in the paper as being “mobile,” and it
certainly was—it was in the back of an ambulance. It had been driven to the
hospital from the Vickers Headquarters near Ascot, with a police escort and
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Figure 10.2:
The ambulance and the Vickers
“mobile’” chamber.

the Chief Engineer of the Vickers Medical Division, the late John Hounsell,
was in hot pursuit on what he described to the author as a “hair-raising”
journey. He remained at the hospital through the night to run the chamber.
However, what is not stated in the account in the Lancet, is that the patient
was actually treated in the ambulance in the hospital car park (Figure 10.2).
Perhaps the authors were simply too embarrassed to include this detaill

Despite the publication of this astonishing story, later in the same year a
leading article about hyperbaric oxygenation appeared in the same journal.
It opened with the sentence:

Within a few years oxygen under pressure may prove to be one of the niost
useful, versatile, and dangerons forms of treatment.

No letters of protest were published by the Laznce, yet there could not be a
more convincing demonstration of both the safety of hyperbaric oxygen treat-
ment and its efficacy than the experience of this one dying patient. He actually
received a total of 18 hours in the chamber over just two days with no sugges-
tion of lung, or other problems. Many of the hyperbaric doctors practising
today would, for sure, not have accepted him for treatment and would certainly
regard the duration of this patient’s exposute to oxygen as dangerous. In fact,
after looking at the X-ray of his chest, most, especially in the US, would have
excluded him as being unfit to go under pressurel In the US, a chest X-ray is of-
ten regarded as mandatory, a precaution in the pre-dive work-up for hyperbaric
treatment, as if the patient is actually going underwater! If this is challenged, it
is claimed that it is done to exclude lung cysts that may predispose a patient to
problems from gas expanding on decompression. Experience from submatine
escape training has shown this to be spurious; sadly, it has more to do with mak-
ing money than a genuine fear of injury or a malpractice claim.
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We now have the scientific knowledge to explain why the benefits to this
cardiac patient in heart failure were so profound. The most important fact
is that breathing oxygen at twice normal atmospheric pressure reduces the
workload of the heart. The oxygen requirements of the body can be satis-
fied by pumping 20% less blood than when a patient breathes air.”' There are
other reasons why it is beneficial, and they were discussed in the Lancet papert.
By correcting a lack of oxygen, the raised blood pressure in the pulmonary
artery supplying the lungs is reduced. As discussed in Chapter 2, in contrast
to every other blood vessel in the body, paradoxically, these arteries constrict
when the oxygen levels falls. This is in order to slow blood flow through the
lungs to allow time for red blood cells to collect as much oxygen as possible
and ensure better blood distribution. If ever there was proof of principle
needed to underpin hyperbaric oxygen treatment, this patient provided it—
he was rescued from certain death. The primary function of the heart and
circulation is to deliver oxygen and the principle involved in using oxygen as
a treatment is that its delivery to tissues can be improved, and this may occur
despite blood flow actually being reduced.

The authors of the 1965 paper concluded that the experience of using
hyperbaric oxygen treatment in this dying patient “justified further trial of
the technique in similar cases”—a very conservative statement in view of
the miraculous recovery they had witnessed. This appears to be the only oc-
casion when the Vickers mobile hyperbatic chamber was used for a patient
following cardiac surgery, although it was also used for patients with gas gan-
grene. The service was continued by a team of anaesthetists at the Princess
Alexander Hospital at RAF Wroughton, until it was finally withdrawn when
the hospital closed in the late 1980s.

The surgeon involved in this first story was in the media spotlight
recently as a co-author of another dramatic case report which the
Lancet again published.” This time the anecdote merited six pages,
demonstrating that the exception proves the rule, and featured in TV
and newspaper reports around the world. In 1995 he had operated with
colleagues on an 11-month-old gitl who, like the patient in 1964, was in
low-output cardiac failure. A heart was transplanted which was “piggy-
backed” onto the patient’s own heart to give it a rest, which clearly
invokes the principle of natural recovery. This is now known to include
the rebuilding of heart muscle by the patient’s own stem cells. Irrefutable
evidence of this has come from postmortem studies of patients who
have died after receiving a heart from a donor of the opposite sex.
Muscle cells with the recipient’s chromosomes have been found in the
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transplanted heart. They could only have come from the bone marrow
of the recipient, and so must have migrated into the heart as part of a
normal maintenance programme. In other words, the muscle cells of the
heart are, like other organs, being continually replaced. However, this
depends on improving the oxygenation of the heart, which is reduced
when the muscle tissue contracts to pump blood.

After years on immune-suppressing drugs and many life-threat-
ening crises, the young lady developed a persistent viral infection, which
was associated with the development of blood cancer. Her drugs had to
be stopped, and as a consequence the second heart had to be removed
when she had reached the age of 16, because of rejection. Fortunately,
despite the toxicity of the drugs she had received for over a decade, her
own heart had recovered to be able to pump efficiently. Happily, she has
been able to lead a normal life and has completed her school’s GCSE
examinations. She told reporters that it was strange to lose her second
heart, “I could feel a bit more space inside me.” (Sunday Times, July 19,
2009.)

Figure 10.3:

The hyperbaric chamber
on the roof of the Western
Infirmary, Glasgow.

As the mother was pressurised to twice atmospheric pressure breathing
100% oxygen, she became pink, and the heart rate of her baby fell from an
irregular 220 beats per minute to 165 and regular. A healthy baby girl was
delivered by Caesarian section which, it is stated, went remarkably smoothly.
The remarkable details from the journal report are reproduced in the follow-
ing Case Report.

The second remarkable hyperbaric anecdote is the story of a mother
and her unborn child from a report published in the British Medical Journal in
1968% under the title “Fatal Brain Damage Associated with Cardiomyopathy
of Pregnancy, with Notes on Caesarian Section in a Hyperbaric Chamber.”
The patient was in the last weeks of her pregnancy when, because of bleed-
ing, she was admitted for bed rest in a Glasgow hospital. The subsequent
events were so dramatic that the journal allowed a very detailed report to be
published, with an hour by hour account.

The patient was resting in bed at 6:50 p.m. on January 16, 1967 when
she suddenly developed a severe headache with pins and needles and weak-
ness down her left side. This cleatly indicated a problem in the brain, which
was confirmed when minutes later she abruptly lost consciousness. The
most likely cause of her illness was not the heart problem suggested, but
the escape of fluid and debris from the womb into the circulation, a condi-
tion known as amniotic fluid embolism* This diagnosis was not discussed in
the paper, but the bleeding had indicated that there was a problem with the
placenta. After many investigations and the lapse of 24 hours, the mother
was in a desperate state, having started to convulse. The baby had become
distressed in the womb, and it was decided to operate to save the baby oxy-
genating the mother under hyperbaric conditions in the chamber that had
been installed for cardiac surgery on the roof of the Western Infirmary by
Sir Charles Illingworth (Figure 10.3).
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A Case Report

On December 26 1966, a 22-year-old primipara in the 37th week
was admitted to a maternity hospital for observation because of a minor
antepartum haemorrhage. While in bed at 6.50 p.m. on January 16 1967,
she complained of pins and needles in her left limbs, abruptly developed
hemiplegia, and became unconscious and cyanosed with sterorous
respiration. Because of the marginal nature of the improvement which
had taken place in the patient’s condition with 100% oxygen at normal
pressure, and because of the onset now of fetal distress (the fetal heart
rate had risen to approximately 200 per minute and was irregular), it was
decided to assess the effect of oxygen administration at 2 ATA. Before
compression started however, the patient began to have generalised
convulsions, which became continuous in minutes, and her general
condition deteriorated until death was thought to be imminent.

Following compression to 2 ATA breathing oxygen, there was a
marked improvement in the patient’s condition: The blood pressure
rose to 100/70 mm Hg and the periphery became warm and pink. The
fetal heart rate, which had been 220 and irregular immediately before
compression, fell to 165 and became regular. Caesarian section was now
performed (Professor I. Donald, University Department of Obstetrics
and Gynaecology), and proceeded remarkably smoothly, though it was
noted that the uterus remained slightly cyanosed in spite of the high
maternal arterial oxygen tension. A normal live female child was born
with an Apgar score of 9.
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Yet another truly astounding story—unfortunately, although the mother
had improved from being in the chamber, it was her only treatment, and she
died three months later. In contrast to the patient in the first Case Report,
recordings had been made of the oxygen levels in the blood in her arteries be-
fore, during, and after the chamber session. An increase was, of course, to be
expected with the patient breathing oxygen at twice normal atmospheric pres-
sure, but it only rose to half the expected value. This shows that the mother
had sustained damage to her lungs, and this is consistent with amniotic fluid
embolism. Nevertheless, the heart rate of the baby fell in the chamber and
the operation was successful; a normal, healthy girl had been delivered. Again,
the principles involved ate simple. A baby is at the end of the line for the de-
livery of oxygen, and any reduction in the concentration of oxygen from the
lungs of the mother to the placenta places the baby at risk. How many infants
with fetal distress have since died or sustained brain damage when the addi-
tional oxygen made possible by using a simple pressure chamber would have
made a difference? There is no record of any other mothers being treated
in the Glasgow chamber, and it was dismantled in 1995. Sceptics, of course,
would claim this is just another anecdote, but readers who feel that this is an
exaggeration to make a point need to know that, after reading the paper, one
midwife asked if any controlled studies have been done in such cases!

We need to examine just what this implies—it would mean recruiting a
series of such patients, and they would need to be divided into two groups,
one receiving standard treatment, in other words 100% oxygen at normal
atmospheric pressure, the other hyperbaric oxygen treatment. Time would be
needed to stabilise the patients and randomise them to the two arms of the
study. Ideally, some would argue for blinding—that to be scientific, neither
the patients nor their doctors should know who received which protocol, but
this would cleatly be impracticable, as the clock is ticking in such emergencies.
Apart from being impossible in practice to recruit a seties of such rare cases,
it would, in the authot’s view, be both unscientific and unethical. Again, the
contention is that the evidence needed to treat patients in heart failure and
distressed babies in the womb with a high level of oxygen has already been
provided by each of these case reports. Some will argue that after 40 years the
reports are out-of-date, but the timing is totally irrelevant—the benefits from
giving more oxygen do not change.

Twenty years after the publication of this dramatic case in the West-
ern Infirmary in Glasgow, a paper in the Lancer* described the results from
giving more oxygen to mothers whose babies had stopped growing in the
womb, a condition known as fetal growth retardation. What made this study
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especially important was that measurements were made of the oxygen con-
centration in the umbilical cord blood being delivered from the placenta to
the baby. Five mothers were examined with one mother carrying twins. The
measurements showed that the babies were suffering from lack of oxygen
and, in two, this was so extreme that lactic acid was present. The transport
of nutrients across the placenta to the developing baby is aczve, which means
that it requires energy and, of coutse, this requires sufficient oxygen. If there
is lack of oxygen, nutrients are not transferred and the growth of the fetus is
retarded. By the time the mothers wete given supplementary oxygen, one of
the babies with acidosis had died in the womb. However, the lack of oxygen
was corrected in the others and uncomplicated deliveries were undertaken
by Caesarian section with all five babies surviving with minimal requirement
for intensive care. The authors observed that deaths in the womb in similar
babies with growth retardation has been reported to be as high as 85% and
in survivors, severe neonatal complications occurred, also in 85%. Yet, again,
the report ended by stating that a prospective double-blind trial was planned.
However, there is 7o other treatment; indeed, the authors stated that “the pres-
ent management of such cases is simply to wait.” The oxygen treatment used
is inexpensive, safe and immediately available in every hospital. A controlled
study would have to obtain consent from pregnant mothers that the baby
they were carrying had stopped growing because of lack of oxygen, but that
they would be given air or oxygen to determine if more oxygen would be
beneficial. It truly beggars belief that any mother would give informed con-
sent to be given air rather than oxygen when their baby is suffering from lack
of oxygen and the results of the Lancet study are explained to them. As with
so many oxygen initiatives it seems to have disappeared without trace. But
the science is in place, many measurements were made, and the conclusion
incontestable: Lack of oxygen requires more to be given, because air is not
enough.

Itis logical to argue that when a patient has been suffering from a chron-
ic, long-standing, condition they can be their own control, but even this may
be misleading. A patient with a fungal infection of the toenails was given a
high dose of anti-fungal drug after suffering the problem for more than 20
years. It is usual for a low dose of the drug to be used in a prolonged coutse
of treatment, but a dermatologist had suggested in a letter to the Lancet that
a high dose could be successful.” All ten toes were affected but, after the
single dose of the drug, the nail of the patient’s right big toe began to grow
normally. However, the nail of the left big toe was unchanged, as wete the
other toes of both feet.
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Figure 10.4:

Normal nail of the right big toe;
effect of a single drug dose after
20 years of infection.

Perhaps, it could be argued, taking the drug was irrelevant, that the
change in the nail would have occurred without treatment. This is most un-
likely, because the infection had been present in both feet for over 20 years.
Why did both toes of the patient not recover? An uncontrolled variable was
obviously present. In fact, 30 years previously, the patient suffered dam-
age to the left sciatic nerve, and since then the left foot has been consis-
tently colder than the right. This means a lesser supply of blood to the foot,
and so less of the anti-fungal drug delivered to the nail bed. This shows that
even one leg of a patient cannot be used as a control for the other.

Oxygen is, of course, widely used in emergencies, but the dosage is lim-
ited by barometric pressure, and it is difficult to avoid the conclusion that
hyperbaric equipment can improve outcome for many patients. In contrast,
however, there is a perfectly understandable reason for some having dif-
ficulty accepting the value of oxygen treatment in chronic conditions. The
question posed is simply this: Why can giving a high level of oxygen for
just one hour a day possibly be effective when the lack of oxygen is pres-
ent for the remaining 23 hours? The answer lies in the discovery of the role
of oxygen in gene control, via the hypoxia-inducible factor proteins already
discussed, especially in controlling inflammation. This, and other evidence,
is woven into subsequent chapters.
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CHAPTER 11
Suffer the Little Children

Hypoxia is the greatest danger to which the fetus in utero is exposed; it
is the most common cause of intrauterine death.

Harry Prystowsky, 1959

Being born is a dangerous event. After months of growing in the
protected environment of the womb, with oxygen provided via the life sup-
port system of the placenta, our entry into the world forces a change to
breathing air to gain much-needed oxygen. We are at a disadvantage when
compared to other primates, as the human birth canal is narrower; the down-
side of walking on two legs is the necessity for strong pelvic bones. The hu-
man brain and hence the head is also much larger than other primates at
term, and so birth must take place when the brain is much less developed at
birth than, for example, the brain of a chimpanzee. Baby chimpanzees are
able to hold on to their mothers within days of being born, whereas human
infants require many months to reach the same degtree of independence. It is
clear that everything should be done to ensure that birth is as safe as possible
so that children are healthy and able to achieve their full potential. When it
became possible in the 1980s to monitor the progress of a baby during preg-
nancy, it was soon recognised that if a child was not growing at the normal
rate (a condition called fetal growth retardation), it was due to lack of oxygen'
and usually associated with a problem in the placenta.

To give birth requites considerable physical fitness because the muscular
contractions of the womb needed to expel the baby require a great deal of
effort. Contractions reduce the blood supply to the placenta, simply because
the pressure exerted by the muscles compresses the vessels that supply the
womb with blood. This is the same effect as when a fist is clenched tightly;
the tissues of the hand, being compressed, become white as the blood is re-
moved. The contractions of the womb have to become most forceful in the
final stage of labout, as the infant’s head stretches the birth canal. It has not
proved possible to obtain meaningful physiological data from a baby during
this critical period, which is reminiscent of the radio silence of an Apollo
spacecraft passing around the dark side of the moon. However, even if it
were possible to accurately monitor the heart of a baby throughout a de-
livery, it would not provide the information needed to predict birth injury.
Both extremely fast and very slow heart rates give an indication of risk, but
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large variations in heart rate are often recorded in babies in the womb who
are found to be perfectly normal after delivery. Equally, babies who are very
blue (cyanosed) at birth usually develop normally. Dr. Harry Prystowsky’s
comment in 1959% about using oxygen during labour, which is supported by
animal data showing a clear reduction in mortality,’ still holds true:

Hence, it would seem desirable to follow this procedure of routine oxygen
administration in order to protect the welfare of the one baby in twenty who needs
it and who may suffer some degree of hypoxia . . . there is no way of predicting
which fetus might become embarrassed at this late stage of labor; an unfortunate
event with which obstetricians are not unfamiliar.

The provision of 100% oxygen during labour is an almost zero cost op-
tion, in stark contrast to the millions required to care for a brain-injured child
over a lifetime and the emotional costs, which are incalculable. The astonish-
ing story of the delivery of a baby in a pressure chamber in Glasgow” detailed
in Chapter 10 shows beyond doubt the importance of increasing the dosage
of oxygen breathed by the mother to counter fetal distress. Given that it only
involves doubling atmospheric pressure, the equipment should be made avail-
able in every delivery room. Nevertheless, incredible though it may seem,
obstetric opinion has moved away from regarding lack of oxygen in a baby
during delivery as important.

In fact, in recent years it has been fashionable to assert that conditions
such as cerebral palsy are actually not due to a problem duting birth, reflecting
the emotions generated, the culture of blame, and the enormous sums de-
manded in compensation. It is now common to claim that to be able to attri-
bute a brain injury like cerebral palsy to a birth event, there must be evidence
that the baby suffered from a severe lack of oxygen or a severely irregular
heart thythm during delivery.’ Blood samples are often taken from the umbili-
cal cord after birth to be analysed for possible acidosis, that is, a build up of
lactic acid.® This is to defend against allegations that an adverse event has oc-
curred; evidence of acidosis may render staff open to a claim of negligence.
If the samples ate normal, it is claimed that this shows that there has not been
a setious lack of oxygen in the brain.” However, the absence of acidosis in
such a sample cannot rule out the possibility that lack of oxygen in a small
area of the brain has resulted in damage that may lead to cetebral palsy. Itis as
absurd as claiming that an adult cannot suffer from a stroke unless the whole
body lacks oxygen and there is a generalised acidosis. Acidosis in the blood is
a sign of a general lack of oxygen in the body, not of an acute deficiency in a
small volume of tissue. It is obvious that a reduction of blood flow to a small
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area of the brain may cause a stroke due to a local lack of oxygen when the
level of oxygen in the blood is normal, and exactly the same reasoning applies
if a patient has a heart attack.

Many myths have grown up around events at birth attempting to account
for cerebral palsy, one being that the baby had the cord wrapped round the
neck, evoking an image of airway obstruction associated with strangulation in
an adult. However, during birth the baby is not yet breathing, and the mouth
and nose are, of course, blocked by the mother’s tissues. Breathing can only
start after a baby has been delivered. In passing down the birth canal, the
head of a baby is compressed or molded to reduce its size; the soft plates of
cartilage that form the skull of the baby are pushed together to reduce the di-
ameter of the head. This pressure inevitably reduces blood flow to the brain.
If the compression is prolonged and very low oxygen levels are present when
blood flow abruptly returns as the baby is delivered, this sequence of events
may lead to reperfusion injury. This is, of course, the phenomenon covered in
Chapter 9 researched by Dr. Zamboni and his team after the controversy
over the use of hyperbaric oxygen treatment for Jessica McClure.® The abrupt
return of normal blood flow after a petiod of restriction is paradoxically ac-
companied by tissue damage from neutrophils, and it is likely that exactly the
same sequence occurs in the brain after cardiac arrest in an adult resulting
in damage to the areas of the brain where blood supply is poorest. They are
known as watershed territories, and include the areas in the middle of the
brain where the netrve fibres responsible for movement pass.” Damage to the
motor nerve cells in the cortex and the fibres in these pathways both give rise
to the loss of muscle control known as cerebral palsy.

If a baby is born after the normal duration of a pregnancy, that is, at
term, the blood vessels of the brain will have matured sufficiently to cope
with the stresses of a routine delivery. However, premature infants have
many fewer blood vessels in their brains,'” and so there is less oxygen avail-
able to cope with the stress of coming into the world. There is a second
problem: The lungs of preterm infants ate also immature, and so atre less
able to oxygenate the blood after birth. Of course, most babies do fine, but
sadly not all, and sometimes it is many months, or even years, before brain
damage is formally recognised by medical staff. Mothers, however, often
sense a problem in the first few days or weeks after delivery, although their
fears are frequently dismissed. Unfortunately, the longer the interval be-
fore a problem is discovered, the less likely a link will be made to an event
during birth. Despite this problem, there is one brain disorder that
pediatric neurologists accept 7 due to birth injury and which may develop
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many years later. It is associated with muscle contractions and called dysto-
nia.'™? This raises an obvious question: Why cannot other forms of brain
dysfunction, such as cerebral palsy, also present years later? The answer is
simple: They can.

What may go wrong? Labour may start eatly for unknown reasons before
the blood vessels of the brain of the baby are fully mature. The separation of
the placenta, which normally occurs after delivery, may also begin too soon,
reducing the supply of oxygen during the final stage of labour, just when
compression of the head is also reducing the blood supply to the brain. The
disruption of the mothet’s breathing with the pain of labour reduces oxygen
levels and, so, particularly in the last stage of labour, the oxygen supply to the
baby falls. The longer birth is delayed, the greater the risk of brain damage
in the infant, but it is not predictable. Labour may be prolonged because of
a lack of physical fitness to sustain the effort required; unfortunately, general
standards of fitness of both men and women have declined in the Western
world. It is ironic that “labour saving” is a major selling point for our domes-
tic appliances. Although the reduction of blood flow limits the supply of all
the essential substances catried in blood, it is only the deficiency of oxygen
that is critical and it is obvious that, with very rare exceptions, it is only the
brain that suffers from this deprivation.

Another recently recognised problem is the timing of clamping the um-
bilical cord.” In a natural delivery, the baby is delivered, followed by delivery
of the placenta, but other animals then chew through the cord in slow time.
This natural delay allows time for the full transfer of what is quite a large vol-
ume of blood in the placenta to be “milked” into the circulation of the newly
born baby. Clamping the cord too eartly deprives the baby of this blood and
may actually precipitate hypovolaemic shock—Ilow blood volume shock. The
reduction of blood volume at this time may also cause brain damage and, in
some children, contribute to events that lead to cerebral palsy or autism. It
has also become common for a sample of cord blood to be taken at birth.
However, it must be remembered that what is a small sample of blood for
an adult represents a much greater proportion of the circulating blood in a
tiny infant. Another reason for taking blood from the umbilical cord, which
is gaining in popularity, is to harvest stem cells for possible use in the future.
Nevertheless, some feel strongly that sampling cord blood is too risky a pro-
cedure and unjustified, as it is often not in the interest of the child.

Attempts to deny a link between birth events, especially cerebral palsy,
with the problems during the delivery reflect claims for compensation, which
are increasing at an alarming rate. Emotions ate in turmoil when a child is
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born with problems; today there is little acceptance of imperfection, and we
also live in a culture of blame. By the end of 1999, settlements totalling £200
million had been made in the UK and at the end of 2000 there were 1,500
claims as yet unsettled (Fike on 4, Radio 4, July 17, 2000). A 2011 action for
brain damage admitted to have been caused by oxygen deprivation at birth
was settled for over £6 million.

Reacting to this situation in the mid 1990s, obstetricians and midwives
from 12 countries set up an international forum to reach a worldwide con-
sensus on whether cerebral palsy (CP) was related to events at birth. Several
international conferences were organized and were supplemented with dis-
cussions on the Internet. The consensus report, A Template for Defining
a Causal Relation Between Intrapartum Events (duting birth) and Cerebral
Palsy: International Consensus Statement, was finally published in several
journals, including the British Medical Journal in October 1999."* The bias of
the group was obvious—by attempting to implicate events in the womb oc-
curring antepartum, that is, during pregnancy and before birth to account for
cerebral palsy. It is all too clear in the following statement:

Conplications occurring in the antepartum period are common and
important causes of cerebral palsy.

In other words, according to the contributors to the consensus
statement, cerebral palsy is most commonly caused by events during pregnan-
cy, and not by a problem occurring during delivery. However, this dogmatic
statement is not supported by published evidence, and it is certainly incorrect
to use the words “common” and “important.” This leaves already emotion-
ally fraught mothers to agonise over what they may have done during the
pregnancy to cause the problem. The consensus statement goes further by
stating the following:

Epideniological studies suggest that in about 90% of cases intra partum hypoxia
(lack of oxcygen during delivery) conld not be the canse of cerebral palsy.

This cannot be correct and here, as in studies of multiple sclerosis and
trauma discussed later, the consensus group has fallen into the trap of at-
tempting to use epidemiological studies to prove or disprove causation. The
group went further in suggesting that the uncomfortable term “fetal distress”
should actually be abandoned, and replaced by the banal expression “non-
reassuring fetal status.” The term “non-reassuring” applies to the reassurance
of the medical professionals involved, because monitoring is unable to deter-
mine the status of the infant.
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As clinical signs often poorly predict a compromised fetus, and continned use
of this term [fetal distress] may enconrage wrong assumptions or inappropriate
managenient.

Unfortunately, the wrong assumptions are all too obvious. Fetal distress
is real and is important because it may indicate a problem and should trigger
immediate action. The cornerstone of the treatment of hypoxia is to give
more oxygen. As we saw in Chapter 10, this may mean using a higher than
normal atmospheric pressure in a pressure chamber, and the case report from
Glasgow showed how effective and simple this can be.

It was acknowledged by those contributing to the consensus there is an
observable correlation with a difficult birth in those babies who develop the
severest form of cerebral palsy, spastic guadriplegia. This condition, in which
the child is unable to move all four limbs, is often associated with global brain
damage and subsequent failure of the head of the baby to grow, which is
termed microcephaly. However, it should not be surprising that it becomes
more difficult to find a correlation between lesser degrees of damage and
an event occurring during labour, as the number of variables increases. Al-
though epidemiological studies have shown a poor correlation for milder de-
grees of brain damage, babies actually delivered by elective Caesarian section
have been shown to have a /lower risk of developing cerebral palsy.” In other
words, it is less common for a child delivered by elective Caesarian section
than by normal delivery to develop cerebral palsy. Caesarian section can avoid
much of the delay and trauma sometimes associated with a natural delivery.
However, it must be remembered that Caesarian section is most often an
emergency procedure undertaken when it is clear that a baby would be at risk
if delivered normally.

A consensus view was reached with some difficulty by the group in rela-
tion to the most critical area—that is, the use of imaging of the brain in the
timing of events. The group questioned:

. .. the current validity of neuroimaging in the infant to retrospectively determine
the precise perinatal timing, pathology or cause of the abnormalities seen on
imaging . . . The task force awaits the publication of strong data.

This, as already discussed, is truly the crux of the matter: For the con-
sensus committee to actually arrive at conclusions without this critical infor-
mation, when the technology has been available and in use for many years,
was ill-advised. Moreover, this is especially the case when imaging can deter-
mine a relationship between birth and brain injury almost in real time. This
impasse appears to have prompted a study, which was finally published in
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2003, some three years affer the publication of the consensus paper.'® Before
discussing the paper, it is first necessary to examine the theories proposed to
account for the brain damage known as cerebral palsy by those supporting
the consensus view.

In the consensus statement it was suggested that events during
pregnancy are responsible for brain injury; that is, problems occurring whilst
the baby is in the womb. Incredibly, it was actually suggested without any
supporting evidence, that auto-immune disease, or infection is responsible
for 90% of cases of cerebral palsy. The parallel to the same allegations made
in multiple sclerosis will be apparent later but, in this case, the blame is shift-
ed to the mother, which is grossly unfair. To add to this distress without
evidence is reprehensible, and there is certainly no evidence whatsoever that
auto-immunity is involved in damaging the brain during pregnancy. Also,
intrauterine infection is extremely rare. Crucially, there was no discussion in
the consensus statement of how either of these processes can produce dam-
age to the small area of the mid-brain of infants that gives rise to cerebral
palsy.

The only concept discussed in the consensus document is simple as-
Phyxia, a term that indicates that a baby is generally deprived of oxygen, for
example, because the umbilical cord has been compressed, or the placenta
has separated, reducing the transfer of oxygen. The consensus participants
agreed a robust but unqualified statement that;

... 10 attribute cerebral palsy to prior asphyxia with reasonably certainty there
must be evidence that a substantial hypoxic injury occurred.

There is no attempt in the document to justify this assertion; in fact, for
cerebral palsy to develop, there only needs to be damage to nerve fibres that
control limb movement in a very small area in the mid-brain, or in the brain-
stem. The absence of such a substantial hypoxic event in most children who
develop cerebral palsy is the basis of the mistaken claim that, in 90% of cases,
lack of oxygen during birth cannot be the cause.

Although it is argued correctly that many, indeed probably most, children
who have a significant lack of oxygen at birth do not develop cerebral palsy,
as already stated, a relationship between spastic quadriplegia and severe birth
asphyxia is accepted. This is because studies have shown a correlation to exist
for this severe form of cerebral palsy. However, if a correlation cannot be
found for lesser degrees of disability, for example when a baby has only the
legs affected, it suggests that the sensitivity of tests for brain damage at birth
is poor and, in fact, the lack of sensitivity is well known. A second factor is
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that the spasticity, the characteristic stiffness of the limbs associated with
cerebral palsy, may not develop for many months after birth.

Another unfortunate allegation is that the brain injury that gives rise
to cerebral palsy is fixed, that is, the damage does not change as the baby
grows. This negative position, which becomes a self-fulfilling prophecy if
no attempt is made to treat affected infants, was expressed by a paediatri-
cian commenting on the use of oxygen treatment.

Any “good” paediatrician will point out to parents of a child with cerebral
palsy (CP) that their child’s brain damage is fixed and cannot be altered. 1his
is not being over pessimistic but simply honest.

This is certainly refuted by clinical experience. Children often have some
limb movement for months after birth, then experience loss of function, and
may develop spasticity as late as two years later. In fact, delay in the onset
of symptoms is propetly documented and acknowledged in the dystonias, the
brain disorders associated with muscle spasms, which neurologists have ac-
knowledged is due to an injury at birth. From published reports, the symp-
toms of dystonia may appear as late as 77 years after birth, and may continue
to worsen for up to 28 years.'? This, at the very least, is powerful evidence that
a window of opportunity for treatment exists.

A globallack of oxygen denoted by the term asphyxia is unlikely to be the
most important mechanism of injury at birth; in fact, it is well known thatitis
not essential for a substantial hypoxic event to have occurred in children who
develop cerebral palsy. The mechanism that was studied after the treatment
of Jessica covered in Chapter 9, known as reperfusion injury, which is caused
when blood flow is stopped for a time and then restarted, was not considered
by the international consensus group. The attraction of white blood cells and
their release of free radicals contribute to the blood-brain barrier opening
and to the tissue damage shown on MRI, as it does in the bubble damage of
decompression sickness. However, it is now necessary to discuss this data
in relation to the typical mid-brain damage evident in children with cerebral
palsy.

Powerful evidence of a link between cerebral palsy and an event dur-
ing delivery has already been mentioned; cerebral palsy is less likely to oc-
cur in children born by elective Caesatian section. Delivering the baby this
way avoids the compressive forces acting on the head of the baby dur-
ing labour, that inevitably reduce blood flow in the brain. Ultrasound and
MRI have both been used to follow the sequence of events from birth
to the development of cerebral palsy. To establish the true role of birth
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events in neonatal brain injury required a full examination of events in the
brain using both pathological studies and brain imaging as the Consensus
statement admitted. Groups at the Royal Free Hospital in London and in
the University of Amsterdam took up the challenge. Their stated aim was
to determine if the encephalopathy that follows severe brain swelling
after birth, which is often associated with convulsions, is really due to a
problem during pregnancy. This was, of course, the opinion of those who
contributed to the international consensus. The study was very comprehen-
sive, with 351 children recruited and detailed clinical, radiological examina-
tions were undertaken including, sadly, for some babies, post-mortem ex-
amination. The authot’s conclusions in the Lances® completely overturned the
consensus view.

Our findings show that more than 90% of full term infants with neonatal
encephalopathy, seizures, or both . . . had evidence of perinatally acquired insults.

In other words, in almost all cases the brain damage was not the re-
sult of infection or auto-immunity during the pregnancy; they were cleatly
caused by a perinatal event, around the time of birth. It is ironic that the fig-
ure stated of 90% is just the one suggested, but in the opposite direction,
by the members of the international consensus. However, the MRI study
merited just one publication and, in marked contrast to the multiple pub-
lications of the flawed consensus statement, press attention was minimal.
The results have been confirmed. A study in California, published in 2010,
showed that adverse obstetric events are associated with significant risk of
cerebral palsy.”” The study enrolled 7,242 children who had cerebral palsy
and 59% of them had been delivered at term. Children without cerebral pal-
sy acted as controls. It was found that 31.3% of the children with cerebral
palsy had adverse events during birth, compared to 12.9% in the controls
(p<0.0001). In fact, this observation held both for term infants at 28.3%
controls 12.7% and preterm infants, 36.8% versus 15.9% in the controls—
p<0.0001. So the consensus statement is »7ong and it should be retracted.

The extraordinary techniques developed for magnetic resonance imag-
ing, which have given us such astonishing pictures of the living brain, have
been refined in the last few years to look at its chemistry in real time. Mag-
netic resonance spectroscopy can determine the molecules present in a cube
of brain tissue. The key molecule adenosine triphosphate (ATP) has been
discussed eatlier in this book—it is the energy molecule of life. It exists in
three forms: Alpha, beta, and gamma. Their levels have been followed within
the tissues of the brain of infants from birth to six weeks, using MRS." The
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technique allows a measure of the quantities of the three forms of ATP in
selected areas of brain tissue.

Figure 11.1 shows the MRS of an infant with obvious neurological
problems scanned after birth, then at seven days, and 35 days. The paper
was published in 1996, just as the international consensus forum was form-
ing. The levels of the three forms of the energy molecule, ATP, at the first
scan are very low, and the normal cadence of their values from the highest,
gamma (Y), via alpha (o), to beta (B), the lowest, was not present on the scan
on the first day or on seventh day but by 35 days the correct cadence was
present, but the values were still only a third of those found in a healthy
child. This indicates that because of lack of oxygen there was severe energy
failure. However, the oxygen levels in the infant’s blood would, of course,
have been recorded as normal. It is not surprisingly, that the authors found
that the ATP levels did not correlate with the babies’ Apgar score, which is
a rather primitive measure of vitality in common use to assess the newborn.
The method was devised in 1952 by a paediatrician, Dr. Virginia Apgar,"”
and relies on a simple clinical evaluation of five factors at the bedside. The
test is normally done at one and five minutes after birth. The acronym used
is based on Dr. Apgart’s name, the letters standing for appearance, pulse,
grimace, activity, and respiration. Table 11.1 demonstrates a basic version of
the scoring method. It is cleatly a very crude assessment tool.

It is clear that the lack of oxygen due to lack of blood flow in the infant,
termed hypoxic-ischaemic encephalopathy, demonstrated using advanced
MRS, was present at birth and had not resolved over a month later. 1t is not
stated in the paper how much oxygen this baby had been given, and it is pos-
sible that 100% oxygen may have been given, albeit briefly. It is most likely
that the baby will have been kept in an incubator in an atmosphere of 40%
oxygen for several weeks. Unfortunately, incubators are not capable of being
pressurised, if they were, high levels of oxygen could be used intermittently,
as was done in the diminutive hyperbatic chambers used in Glasgow in the
1960s.’ Those who express any reservations at placing a newborn in a pres-
sure chamber should remember that the infant whose MRS graphs are shown
in Figure 11.1 would have been anaesthetised in order to be scanned three
times. For the scan the baby would have been placed in the tunnel of the mag-
netic resonance imager, and each scan would have taken about 45 minutes.

The acceptance that all that is required for distressed infants is to
establish that they have normal blod oxygen levels is evident in this
statement made by a leading UK paediatrician in correspondence with the
author in 2003:
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1 day after birth

y ATP o ATP B ATP
7 days after birth
v ATP o ATP
B ATP
v ATP 35 daVS after bll'th
o ATP Figure 11.1
MRS of a newborn, at one day, seven days,
B ATP and 35 days after birth. The ATP levels at
35 days are still a third of normal values.
(Redrawn from Martin E, Buchli R, Ritter S,
et al. Pediatric Res. 1996;40:749-758.)
Table 11.1: The Apgar Score
SCORE SCORE SCORE
0 1 2
Appearance Cyanosed (blue) Feet and hands blue Pink
Pulse Absent Less than 100 More than 100
Grimace No response Grimace or cry Sneeze or cough
Activity None Some Active
Respiration Absent Weak Strong

The maximum score possible is obviously 10 when each assessment scores 2.
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All infants have their oxygen levels measured regularly from blood gases
and continnously from O, saturations and levels are maintained within a
normal range.

The letter continued with the implied but rarely stated inference that if
blood values are correct, then it follows that tissue values are likely to be normal.
Cleatly, as already discussed, in conditions like stroke and heart attacks, areas
of tissue in the body can suffer from severe lack of oxygen when blood levels
are completely normal.

1 don’t think, however, during this time there is evidence for a lack of oxygen
supply to the tissue. If there was a parlous supply of oxygen then, of course, one
wonld increase it.

The evidence needed can be provided by measurement but, of course,
the limit to increasing the supply would be the prevailing barometric pressure.
However, it is clear from the letter that this paediatrician does accept that
there is a window of opportunity to treat acute problems; it is the reason for
research investigating cooling the head or the whole body, when there is lack
of oxygen associated with low blood flow.

1 do not, however, think that all pathology is fixed. This is the basis for the
ongoing trials of very early hypothermia in perinatal asphyxia where it is thought,
and there certainly evidence to support this view, that there is a short window
of opportunity for treatment before “secondary energy failure” and permanent
danage becomes fairly established by about 6-12 hours.

The objective of cooling the brain is to reduce the demand for oxy-
gen.”’ A major study of cooling babies with brain problems due to lack of
oxygen was published in May 2012, and has shown a level of benefit that
may justify the associated adverse effects, but whole body, rather than just
head cooling, is needed, as it is in adults.”* Cleatly, inducing whole body
hypothermia is a complicated procedure and is unlikely to be successful
in avoiding brain damage in many infants. In contrast, placing an infant
in a chamber and administering more oxygen using a hood, is simple and
addresses the primary issue, which is lack of oxygen. Figure 11.2 shows a
mother supervising the treatment of her baby in one of the charity hyper-
baric chambers in the UK

Real-time evidence from MRS shows that tissue oxygen values in the brain
can be severely subnormal when blod values are normal. The relationship
between the detection of lactate/lactic acid in the brain 18 hours after birth

has been shown to cortelate with adverse outcomes at one year of age.”*
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Figure 11.2:

An infant being treated in an oxygen
hood in a multi-person chamber.
(Courtesy of Mrs. Donna Ellington.)

Another study, published as long ago as 1997, compared the outcome of 36
infants with a vatiety of neurological problems, who had lactic acid/lactate
peaks on MRS, with 63 who did not.”® The results were entirely predictable:
Those infants with increased lactate were more likely to die (39% vs. 7%), ot
to be severely disabled (39% vs. 10%). The children without lactic acid were
more likely to have had a good outcome (23% vs. 3%) or recover to a mild,
(38% vs. 6%) or moderate level of disability (20% vs. 0%). The conclusions
of the authors were that the data suggests that patients with elevated cerebral
lactic acid/lactate levels are more likely to die acutely or are at greater risk for
serious long-term disability, and MRS is useful in predicting long-term out-
comes in children with neurological disorders. There was no discussion in the
paper of the fact that lactic acid actually indicates lack of oxygen, or that the
children would have benefited from being given oxygen as a treatment.
There could not be a clearer indication to use a high level of oxygen than
in the treatment of a baby whose brain has been affected by lack of oxy-
gen, but giving oxygen to infants has had bad press. Every medical student
is taught that oxygen may cause blindness due to “toxicity.”” Supplementary
oxygen using incubators came into widespread use in the late 1940s because
of the association of lack of oxygen with brain damage, and it was seen to
improve the survival of premature infants. Oxygen levels up to 80% were
used in some cases for more than 100 days. There is no more graphic illustra-
tion of the tragic consequences of the failure to understand the use of oxy-
gen in medical practice than the story that unfolds and, as will be seen, this
applies to events before, during, and after birth. However, controversy about
the level of oxygen used continues and even extends to the use of oxygen in
the immediate resuscitation of newborn babies. A proper understanding of
the use of oxygen is desperately needed as confusion still reigns; one paedia-
trician commented in 2002, more than 50 years after the problem surfaced,
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that the depth of our ignorance is really embarrassing. This is an emotional
subject; those who care for desperately ill babies deserve our unstinting ad-
miration, because the stress involved is often at high personal cost. But we
need to focus our attention on the issues involved to determine what can and
cannot be achieved. Fortunately, at long last, the very latest technologies are
vielding answers, and a myth propagated for over 50 years has been shown
to be wrong; oxygen does not make babies go blind, withdrawing it too quickly
does because of lack of oxygen, that is, hypoxia.

It became obvious by the early 1950s that many of the children saved af-
ter a premature birth had damaged sight. It takes time to recognise blindness
in babies because they obviously cannot tell us what they see. The character-
istic sequence of damage in the eyes was soon detailed. The retina became
swollen and then detached, eventually forming a mass of fibrous tissue in the
centre of the eye. The condition was first called retrolental fibroplasia, which is
translated as fibrous tissue behind the lens, and the use of oxygen was soon
limited to 40%. Retinal detachment became rare, especially in full-term in-
fants, and the name of the condition was then changed to retinopathy of the
premature (ROP). However, the limitation imposed on the levels of oxygen
used in incubators has not eliminated the problem, and lesser degrees of reti-
nal damage still cause visual impairment.

It is fair to point out that there was great reluctance to blame oxygen in
the 1950s; it was only after detailed investigations of many factors that it was
accepted that oxygen was involved, although it was not understood how it
caused the problem. The reason for the reluctance was because oxygen had
been administered in good faith, and for good reason, as premature infants
often had problems breathing, However, by the early 1950s it had been con-
firmed beyond doubt that oxygen was involved. A large co-operative multi-
centre trial had been done in the US, and incubator oxygen levels were then
limited to a maximum of 40%, and the use of 100% oxygen reserved for
emergency resuscitation. Here is the essence of a tragedy; oxygen had been
identified as being involved in the epidemic of blindness®
being discovered. It was simply assumed that the problem was due to oxygen
“toxicity”’; in other words, that molecular oxygen itself was poisonous. It is ironic
that, since the 1950s, the only risk factors that have been clearly identified for

without the reason

this type of blindness are those associated with /ack of oxygen in the womb.
Although the description retinopathy of the premature is now universally
used, the disease may actually affect full-term infants and also many infants
who have not received any supplemental oxygen. Even more confusing is the
fact that it may only affect one eye. However, if the causes of retinopathy in
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adults are examined, it is clear that they are a/ways associated with lack of oxy-
gen as, for example, in patients with diabetes. In diabetes, damage to the wall
of the blood vessels resulting from the very high blood glucose level causes
damage which reduces the transfer of oxygen into the tissues of the eye. This
is because the glucose binds to some of the proteins in the blood vessel wall,
causing the wall to become thicker, and less oxygen than is needed reaches the
retina. The response to a reduction in the level of oxygen is, predictably, an
increase in the hypoxia-inducible factor proteins, which upregulates the gene
responsible for the growth of new blood vessels.”” The growth of new blood
vessels simply compresses the sensitive light receptors in the retina and this
results in blindness.

In the 1950s, one doctor did not accept that the blindness in infants was
due to oxygen poisoning, an American paediatrician—Dr. T.S. Szewzyck. By
1951, he had conclusively shown that the developing pathology in the retina
of a baby could actually be #reated by returning the infant to a high level of
oxygen, and that the key to preventing a recurrence was to slowly wean the
child to the normal oxygen concentration in air.*® In other words, taking a
baby out of an incubator with an atmosphere of 80% oxygen to breathing
just 21% is dangerous, being a severe physiological stress. Given the level of
controversy caused by Szewzyck’s observations, a controlled trial was needed,
and it was published in 1954.”

The study followed 24 premature infants who were slowly reduced to a
normal concentration and 26 who were abruptly withdrawn from a high oxy-
gen concentration, meaning that they were simply lifted out of the incubator.
Only two infants in the group that had been weaned slowly developed the
retinal damage, compared to 13 in the second group in which the oxygen was
withdrawn abruptly. This really does not need to be analysed statistically, but
it is obviously highly significant (p<<0.001), and even more significant biologi-
cally. Unfortunately, the study was dismissed in the US because the infants
who were in the weaned group had received a little less oxygen overall. How-
ever, it is very clear that by this time clinicians had already decided that the
retinal damage and blindness were definitely due to a still undefined mecha-
nism of poisoning due to oxygen.

Further studies were done in the UK with, most importantly, direct mon-
itoring of the infants by actually looking in their eyes; the blood vessels of
the retina are the only vessels in the body that can actually be seen. The stud-
ies confirmed Szewzyck’s contention that the lack of oxygen created by the
abrupt reduction is responsible for the damage to the retina. Also in 1954, Dr.
R.M. “Sam” Forrester and colleagues in Manchester described the effect of
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returning infants with developing retinal problems to a high level of oxygen as
dramatic.’ They developed a method to hold the eyelids of the infants open
and, using an ophthalmoscope, they watched the eatly changes—engorge-
ment of blood vessels and tissue swelling, rapidly disappear when the infant
was returned to a higher oxygen atmosphere. The author discovered a letter
by Dr. Forrester published in 1964, which highlighted the continuing failure
to use oxygen propetly in paediatrics, when looking for another reference in
the journal.’! In a meeting with the author at his home in Ambleside in 1999,
Dr. Forrester confirmed that the improvement was truly spectacular; in each
individual case the retinal vascular pattern, having shown gross abnormalities,
returned to normal. As in the study in the US, weaning the infants off a high
level of oxygen, regular examination of the retina using direct observation by
ophthalmoscopy was used to control the rate of the reduction to a normal
atmospheric oxygen concentration. In a series of 17 very premature infants,
12 recovered with normal eyes and five had minor permanent changes not
causing blindness. Dr. Forrester recorded that two infants in the series needed
a third period of exposute because the disease again became active. Many of
the infants were exposed to high oxygen concentrations for very long petiods
(the longest were 93, 88, 85, and 83 days). Dr. Forrester tellingly commented;

... If ome believes that oxygen has a direct toxic effect on the infant’s retina these
surely would have been the infants who became blind, for they were all of very low
birth weight, all had the early retinopathy and they were all subjected to intensive
and prolonged therapy.

The changes they witnessed were entirely consistent with lack of oxygen,
which increases the leakage from blood vessels, even to the extent of allow-
ing red blood cells to escape, because of gross failure of the normal barrier
formed by the wall of the blood vessels and the sensitive tissues of the retina.
Scientists are now certainly aware that a fall of oxygen levels provokes the
blood vessel overgrowth that causes blindness. Drs. Pugh and Ratcliffe,” in
a review of the role of hypoxia in new blood vessel formation published in
2003, wrote:

Pathological new vessel growth, causing blindness from retrolental fibropla-
sia, can be precipitated by hypoxia arising from a return to normal inspired
0xx)gen concentrations.

The benefits of giving oxygen in retinal conditions are slowly being rec-
ognised by eye specialists. Oxygen has been used in an experimental model of
retinal detachment to preserve the retina on the premise that lack of oxygen
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is involved in the death of photoreceptors.” It was found that oxygen supple-
mentation to the level of 70% reduced the death rate of the light sensitive
cells in the detached retina and limited the proliferation of the cells responsi-
ble for the scarring. The authors suggested that supplemental oxygen should
be used to preserve the detached retina in patients awaiting the cryosurgery
needed for reattaching the retina.

In 1999, the author submitted a commentary to the Lancet about the trag-
ic mistake of attributing the retinopathy of newborn to poisoning by oxygen
detailing the evidence and pointing out that infants are still being deprived of
sufficient oxygen. After considerable controversy, the paper was refused, al-
though it was finally published in the Proceedings of the 3rd EPNS Congtress
by the European Paediatric Neurology Society.™ A comprehensive collection
of papers, which discussed the issues raised in the use of hyperbaric oxygen-
ation for brain-injured children, was published in 2002.%

Retinopathy is still a very important problem in the premature and it also
affects infants born at term. A new ophthalmic industry has been created
based on retinal laser surgery. This painful technique is used to burn the new
blood vessels that have grown in the retina, but the results are poor, with
children often being left with defects in their visual fields. Drugs have also
been ineffective. It is desperately important for it to be generally recognized
that even the levels of oxygen currently in use should be reduced much more
slowly to avoid retinal damage. Regrettably, it seems that most doctors still
regard a reduction of the level of oxygen from the 40% normally used, to the
20.9% in air as trivial. As any chemist will confirm, halving the concentration
of such a reactive metabolite is highly significant in a biological system.

There are growing concerns that the restriction of oxygen usage with
target oxygen saturations is adversely affecting the death and disability rate
of newborn infants. The fear is not new; in the 1950s, Dr. Alison McDonald
at the Hammersmith Hospital in London had recorded a rise in the inci-
dence of cerebral palsy when the restriction of the oxygen level to 40%
came into force in the 1950s.° Of 16 children born from 1950 to the end of
1952, when 60-80% oxygen was used, only one developed the brain dam-
age known as cerebral palsy, with four developing retinal problems. In the
following three years, when incubator levels were reduced to 40%, 10 of 25
children developed cerebral palsy (p<0.05), and none developed retinopa-
thy (p<0.02). McDonald’s comment was that unfortunately, it may prove
impossible to prevent spastic diplegia by increasing the ambient oxygen con-
centration without causing retrolental fibroplasia. She was not correct; it is
possible, providing that oxygen levels are reduced slowly. The controversy
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Figure 11.3:
The Vickers experimental chamber for
neonates.

surrounding the restriction of oxygen levels based on target oxygen satura-
tions for premature infants continues,” again with allegations that it is result-
ing in an increase in deaths.

Recent research suggests that continnous high levels of oxygen, albeit at
normal atmospheric pressure, are not optimal, and premature infants may
be better managed breathing room air, high levels of oxygen being used
for emergencies. The Norwegian paediatrician, Dr. O.D. Saugstad has cam-
paigned for many years for the use of prolonged courses of oxygen in neo-
nates to be reviewed.” In fact, what is needed is a short exposure to a high
level of oxygen using hyperbaric conditions to correct a lack of oxygen after
delivery, because it will resolve brain swelling and inflammation. Work under-
taken in the 1960s in Glasgow has shown that higher levels of oxygen can
certainly be used safely and without retinal problems. The Vickers Medical
Company built a special chamber for a study of resuscitation of the newborn
in Glasgow (Figure 11.3) and the preliminary results were published in the
Lancetin 1963.”

The initial pressurisation was to 4 ATA for ten minutes using an atmo-
sphere of pure oxygen. This level was progressively reduced, giving a total
time in the chamber of 15-30 minutes. Professor James Hutchison, the dis-
tinguished paediatrician in charge of the study, saw the method as replac-
ing intubation, that is, the placement of a tube in the throat, which often
causes difficulties for inexperienced doctors when dealing with a tiny baby.
If simply placing an infant in a chamber could achieve as good a result as
intubation, then more babies could survive. This proved to be the case but,
not surprisingly, the study proved to be very controversial and a critical and
emotional letter was published in the Zancer,* which elicited a careful reply.*!
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Undeterred, Professor Hutchison obtained funding for a controlled study;
hyperbaric oxygen treatment was compared to the standard treatment of in-
tubation and ventilation on 100% oxygen. The study found that the mortal-
ity for the two groups was the same.* Howevert, it is obvious that unskilled
junior doctors would not have been allowed to participate in the trial. It is
also obvious that it could not have been admitted that infants had been dying
in Glasgow because inexperienced staff had not been propetly supervised.
Sadly, at no time was it ever suggested that infants should have the benefit
of intubation, and the advantages conferred by treatment with oxygen under
hyperbaric conditions. This would, of course, have required a larger chamber
and a doctor present inside.

There were many accounts of startling results from using oxygen under
hyperbaric conditions in the 1960s and 70s when powerful groups in medi-
cine—cardiac and neurosurgeons—were experimenting with the technology.
In Chicago, surgeons were learning to operate on children born with compli-
cated congenital heart conditions, and, distressingly, there were many deaths
on the operating table. The use of a pressurized operating theatre with infants
given 100% at just twice atmospheric pressure—2 ATA abolished the mortal-
ity during operations—that is the intra-operative mortality.*** However, the
surgeons were cleatly less than enthusiastic about operating in a chamber and
they were almost dismissive of their astonishingly positive results (see Chap-
ter 21). Many experimental studies have confirmed that energy status and
mitochondrial function can be restored by hyperbaric oxygenation in even the
two grams of tissue that constitute a rat brain.**
made to the fact that lactic acid/lactate peaks found by magnetic resonance
spectroscopy are associated with adverse outcomes in severely ill young chil-
dren. So, although the risk of a child dying, remaining in a coma, ot surviving
with severe disabilities has been known for 25 years,” giving such infants

Reference has already been

more oxygen is #ever discussed, and this is simply because the level of oxygen
in their blood is normal. Now, imagine explaining all this to the parents of a
brain-damaged child.

In the next chapter, the trials of hyperbaric oxygen treatment for children
with established cerebral palsy are discussed—which have shown improve-
ments, often despite the lapse of years. Strange as it may seem, this has also
proved highly controversial. This is because it strikes a raw nerve in medical
practitioners who constantly allege that birth injuries are fixed. Indeed, the
diagnosis given for a newborn child with brain injury is that they are suffering
trom a static encephalopathy. In other words, the damage has been done, cannot
be influenced, and no treatment can help the brain to recover; parents are told
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that disabilities simply have to be accepted and managed. This self-fulfilling
prophecy ensures that nothing will be done. However, the latest experimental
evidence shows that, far from being fixed, recovery is possible from brain
damage in the newborn—sustained growth of new nerve cells may occur
and stem cells mobilised; the injury is 77 fixed.* Howevet, treatment must be
urgent; brain injury is an emergency.
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CHAPTER 12

Cerebral Palsy and Oxygen Treatment:
A Tale of Trials

There need be no apology for tackling only a symptom rather than an
aetiology, the misery of these patients cannot wait.

Jose Jorge Machado. Sao Paulo, April 26, 1989.

The term cerebral palsy, first used by the renowned physician and friend
of ].S. Haldane Sir William Osler, refers to disorders of motor function that
is, of movement of the limbs and associated postural problems." Cerebral
palsy has achieved more attention than other consequences of brain dam-
age, for example, the autistic disorders, because the disability can be easi-
ly seen and measured. Damage to areas in the centre of the brain may not
only affect movement, it may involve critical structures which are involved
with, for example, concentration, memory, emotional processing and even
sleep. The number of children born with cerebral palsy has only shown a
small reduction over the last 50 years although it is very likely that the num-
bers would have fallen more if it was not for improvement in the survival
of the very premature infants who often have such disability. The emotion-
al and physical burden on carers, and indeed the rest of society, of look-
ing after children with brain damage is enormous and it is obvious that any
treatment which can improve the burden should be made available. How-
ever, the suggestion that a little more oxygen may help brain-injured chil-
dren has proved to be controversial. The public may find this difficult to
understand but the actions of those who use oxygen treatment is, in effect,
a criticism of those who do not and often generates emotional and illogi-
cal rebuttals. The facts that have generated the controversy must, there-
fore, be made available to the public; Dr. Machado’s observation is correct;
the misery of these patients cannot wait.

The use of hyperbaric oxygen treatment for problems both during preg-
nancy and after delivery was well established in the Soviet Union in the 1970s
and many studies were done. In the 1980s and 90s, hyperbaric centres in Sao
Paulo, Brazil and Fuzhou in China reported modest but, nevertheless, worth-
while benefits from hyperbaric oxygen treatment in children with severe ce-
rebral palsy.® A study of children with epilepsy undertaken in China reported
marked reduction of seizures which often allowed a reduction in their medi-
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cation.” The drug treatment of epilepsy reduces seizure activity by general
sedation of brain activity and, not surprisingly, children may underachieve
educationally, especially when several drugs are used together.

In the mid 1990s, a UK national newspaper reported the benefits gained
from a course of hyperbaric oxygen treatment by a boy of 14 called Doran
Scotson, who had suffered brain damage after he developed severe jaundice
shortly after birth. The improvement was even noticed by neighbouts and his
school teachers, as he stopped falling over and started to ride a bicycle. His
mother, Linda Scotson founded a charity, the Hyperbaric Oxygen Trust, to
enable other children to access the treatment. It is now known as Advance
and is based in East Grinstead. A Canadian mother, Claudine Lanoix, who
had twin boys with brain injury due to the twin transfusion syndrome during
pregnancy was given a copy of a newspaper article from the UK and con-
tacted the Trust to investigate matters further

Michel’s and Mathieu’s Story, Told by their Mother
Claudine Lanoix

Smaller than most dolls, my boys weighed in at 840 and 1,065 grams and
wete just over 30 and 33 cm long. Due to their unfortunate eatly entry into this
world and a lack of oxygen at the time of their birth they were found to have
cerebral palsy and poor vision. This set us on a new path in life, one with many
ups and downs, triumphs and great concerns. As a patent I vowed not to leave
any stone unturned as I set out on a life quest to help “fix” my babies.

They were just a little over three years old when a friend that I had
made on the Internet living in the United States sent me a newspaper
clipping from an English newspaper, the Daily Mai, titled “Deep Sea Cure for
Brain Injured Children.” The headline caught my attention and I knew in an
instant that I had to follow my gut instinct and look into this new approach
called hyperbaric oxygen treatment (HBOT); it just sounded right.

I quickly discovered that the medical facilities in Canada that had hypet-
baric chambers were not willing to treat children with brain injury or, in fact,
patients with any other neurological injury, except divers. I was feeling defeated
when I suddenly remembered that at the bottom of the Daily Mail clipping
about the “deep sea cure” was the name of an American physician, Dr. Richard
Neubauer in Lauderdale-by-the Sea, Florida.

After months of reading hyperbaric articles and research papers that
had been sent to me by Julie Gordon of the MUMS parent to parent support
network and several conversations with Dr. Neubauer himself, my research
was done and the decision made; our family spirits lifted, our hope and faith
restored. We decided to pursue hyperbaric oxygen treatment for our twins!
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It was at this time that Dr. Neubauer suggested that considering the fact that
we were Canadian and our currency was very weak against the US dollar it
would be more cost effective if I would take the twins overseas to a charity
centre in England rather than to pursue treatment in the US that was more
than quadruple the price. He then gave me the phone number of his very
good friend who was in Dundee, Scotland. He suggested that I should speak
to Linda Scotson, whose son had featured in the Daily Mail article. Linda was
a great help and put us in contact with a Multiple Sclerosis Charity Center at
Bradbury House in Bedford. In the next few days with the help of Valerie
Woods, manager of the center, all the arrangements were made, we would
go to England on May 18, 1998 for hyperbaric oxygen treatment along with
my American Internet friend Debbie Nardone and her son Todd, who was
the same age as my twins and also had spastic quadriplegia; the cerebral palsy
had resulted from a birth injury.

Now all we had to do was figure out how to pay for it. We were a family of
seven with only one small income to provide for us all, the answer, fundraising
of course . .. Debbie and I shared ideas and encouraged each other all the way
along and in just a few weeks we both had enough funding to cover the travel
and treatment costs. A local Montreal TV news station broadcast our story
and by the next day it had received attention coast to coast. Our phone was
ringing night and day with parents of children with cerebral palsy wanting
more information, what was hyperbaric oxygen treatment, how does it work,
what are the results, can it help my child and where can we get it? We also
had the attention of Mr. Jeffrey Williams of Perry Baromedical, a chamber
manufacturer connected to the hyperbaric research facility at Montreal’s,
McGill University. He asked us to keep in contact with him and provide him
with updates whilst we were in England.

There was so much to do, flights to book, accommodations, car rental, and
then to make sure that everything was organised within our household for my
husband and three older children, Tiffany who was 16, Justin 12, and Eric, who
would turn six while we were away for our month long stay in the UK. Finally,
with great excitement and anticipation I boarded the plane Friday evening with
Michel and Mathieu and my mother Dorothy, who had taken a leave of absence
from her work to help me with the twins while we were in England.

We quickly settled in to our new home away from home and tried to get
accustomed to driving on the other side of the road! The hyperbaric sessions
would start on Monday morning doing two one-hour sessions each day with
a few hours in between each session for physiotherapy and to eat lunch. We
were warmly welcomed by Val Woods and her staff at the MS Therapy Centre
in Bradbury House and they took time to explain what could and could not
go into the chamber and how to clear our ears during the pressurization
period of the treatment.
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I was as nervous as a mother could possibly be as I stepped into the
enormous 10 person hyperbaric chamber for the first time, my imagi-
nation vivid with all that could go wrong, I kept having to tell myself
that “everything would be OK.” My heart pounded as they turned
the latch on the door. As the pressure in the chamber was building
I was working with the boys to help them clear their ears and forgot
about mine until a painful sharp feeling struck on each side of my head.
A sip of water was helpful but my ears were still blocked as I turned my
attention back to Michel and Mathieu. Grandma was great and kept us
all under control. The hour seemed long as we kept the boys occupied by
stories and singing all the while trying not to disturb our chamber mates
who were all adults with multiple sclerosis who were there for treatment.
Our entire experience in England was fantastic, the people kind and
helpful the countryside beautiful and our visits to London along with
a little sightseeing full of history, beautiful architecture and culture.
We loved every moment and returned to England a second time for follow-up
later that same year and then were later successful in obtaining HBOT closer
to home in Canada and the US.

The changes and progress Michel, Mathieu, and Todd experienced in
just one month were incredible. Every day, another small miracle took place.
I had to find a way to share this with other families, to spread hope and
transform other children’s lives.

I was energised and full of hope for our future, once back home I
contacted McGill University asking for an interview with the hyperbaric
department. I knew that Michel and Mathieu would need more treat-
ments and other families like ours could also benefit from this amazing
therapy. The University’s Hyperbaric laboratory was dedicated to sports
research so I needed to find a way to convince them to consider a new
research direction and be able to continue our treatments here at home.
With the help of the boy’s rehabilitation physician, Dr. Pierre Marois, we
were successful with our attempt and within a few months of our return
from England a research pilot project was underway. The objective was to
determine if hyperbaric oxygen therapy could alter spasticity in children with
cerebral palsy.

This pilot study published in the journal Undersea and Hyperbaric Medicine
was a success and led to a multi-center trial the next year. I was invited by Dr.
David Montgomery, the head of the HBO department, to join the research
team as a hyperbaric technologist in October 1999 and completed my formal
training.

Fast forward to 2011 — Michel and Mathieu are now 17 years old and have
been fortunate enough to have received over 800 HBOT sessions in three dif-
ferent countties, in seven different facilities over the past 13 years. In 2004, we
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opened our own hyperbaric center so that we no longer have to travel for treat-
ments, and I have the pleasure and honour along with my husband, Thomas
Fox, of providing HBO treatment to children just like mine. I am proud to say
that I experience little miracles every day when a mom or dad says to us “my
son took his first step yesterday,”
time,” “my child played, really played with their siblings last night.”

Michel who uses a wheel chair for mobility is far more independent than

we ever could have imagined. He speaks two languages and there was a time

my daughter said I love you’ for the first

when we could not even get speech therapy because it was said that “he didn’t
have enough ability to work with.” He loves music, cars, watching hockey
games on TV, and girls, just like any other teenager.

Michel'and Mathiau aged six, with mother Claudine.

Mathieu is now integrated into regular high school studies, is a computer
genius, and an aspiring photographer. He had the honour of giving a Power-
Point presentation he had done himself, called A life Under Pressure, to 200
delegates at the Seventh International Hyperbaric Symposium in California,
USA in 2010, and he received a standing ovation. He was just 16 years old.
Mathieu wrote this in one of his slides:

1 know first hand that our lives would not be the way they are today if it was
not for FHBOT and our family’s drive to improve the destiny of our future.
1 believe that HBOT has helped me and my brother to overcome a physical
disability and turn it into ability. This therapy has allowed me to begin a jonrney
towards better bealth and physical well-being. I was three years old when I was
at the beginning stages of learning to walk. This treatment has also belped me
improve and accelerate in ways that my family was told were impossible and that I
would be severely handicapped and “mentally retarded.” Well, I completely defied
the odds and I have improved so much due to the fact that I was able to have
access to this treatment throughont my childbood and teen years. I've seen constant
improvements in my school work and I am driven to the best that I can. I always
try to prove anybody wrong who has underestimated me and also show them that
anything can be possible. If I think I can do it then I can do it!
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Their mother says that she still sees improvement in both boys with con-
tinuing hyperbaric oxygen treatment. The improvements seen illustrate the
astonishing powers of repair possessed by the body. However, it is inevitably
limited by the degree of damage incurred. The lesson gained for using oxy-
gen as a treatment is obvious; if hyperbaric oxygen treatment is used when
the injury occurs it will be very much more successful and avoid much of the
anguish suffered over the rest of a patient’s life. In the words commonly used
by the health care industry, it will be “cost effective.”

The group formed to undertake a study in McGill University was led by
Dr. Pierre Marois, who had monitored the progress of Michel and Mathieu.
Funding was received from three private organisations and foundations for a
pilot study of children with cerebral palsy. It should be noted that most of the
doctors involved were highly sceptical of the treatment and certainly not con-
vinced that “it” i.e. oxygen, could be of any benefit! The children recruited
for the pilot study had a form of cerebral palsy, known as spastic diplegia,
in which their legs were affected. The term diplegia is used to indicate that
the problem lies in the brain, not the spinal cord; the paralysis of the legs as-
sociated with spinal cord damage being termed paraplegia. One leg may, of
course, be affected if there is damage to either the brain or the spinal cord
and in cerebral palsy a leg and an arm on one side may be paralysed, or all
four limbs may be affected. In most children with spastic diplegia the damage
is located in an area in the middle of each hemisphere of the brain known
as the internal capsules. As discussed in Chapter 1, the blood supply to these
areas is rather poot, indeed some of the nutrition depends on transfer from
the veins which drain blood from the grey matter of the cerebral cortex. The
zones around these veins are free of capillaries and the arteries supplying
these areas, known as the lenticulostriatal arteties, do not connect to adjacent
arteries to form the loops known as anastomoses, as other arteries do in the
brain. This renders the tissues of the internal capsules vulnerable to distur-
bances of the blood supply and partly explains the frequency of hemiplegic
stroke in adult patients.

The first McGill University study* was described as observational because
it did not have a control group. However, the children recruited had been un-
dergoing regular and intensive standard therapy at rehabilitation centres and
so the only change was the inclusion of hyperbatic oxygen treatment. Most
of the children showed clear benefits and some were very impressive. Of
course, as with the multiple sclerosis patients, the treatment could not be said
to cure; sadly it is obvious that for patients with long-established disabilities
that the “sights have to be set lower.” Unfortunately, despite the success of
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the pilot study there was no change in the acceptance of the treatment by the
Canadian authorities.

Undeterred, the researchers who were convinced by the results of the
pilot study, and the campaigning patrents, maintained pressure on the govern-
ment for further trials to be undertaken and eventually funding was made
available. The group of investigators was expanded to conduct a much larger
study of children albeit with much less well-defined disabilities.” The protocol
was the same as that devised for the testing of pharmaceuticals in that an at-
tempt was made to include a control group given a placebo. The children in the
hyperbaric oxygen treatment group breathed oxygen at 1.75 ATA, whereas the
children in the so-called placebo group, also went in a chamber, but breathed
compressed air at 1.3 ATA. This level of compressed air actually causes a 50%
increase in the concentration of oxygen in blood plasma. It is most important
to be aware that all other therapies, #ncluding all drugs and physical therapy, wete
stopped six weeks before the study commenced. Both groups had forty ses-
sions of an hour, Monday to Friday, delivered over just eight weeks.

The doctors involved had been concerned that using air at hyperbaric
pressures was an active treatment. For this reason in their original protocol
they had suggested that a third group of patients who did not receive any
treatment should be studied as controls. Unfortunately, the government ap-
pointed a medical statistician to be in charge of the project, who without the
consent of the other researchers abolished this control group. The group re-
ceiving conventional hyperbaric oxygen treatment were compared to a group
pressurised using air to 1.3 ATA.

In fact, this pressure, an increase of a third over normal atmospheric
pressure has been widely used in supercharging cars. The graph in Fig-
ure 12.1 shows that the power output of an engine that dates from WW2.
The maximum engine power of 54 b.h.p. (curve 1 STD) is almost doubled to
97 b.h.p. by the use of a supercharger (curve 2).

The benefit from a much more modest increase in atmospheric pres-
sure, in fact, less than a tenth of an atmosphere, has been cleatly demon-
strated in a study of adult patients with advanced lung disease at the Dead
Sea, in Israel. The patients who were all receiving supplementary oxygen
in Jerusalem benefited greatly and were able to walk considerably further.
This derives both from the increase in the partial pressure of oxygen but
also from the abrupt change of air pressure, which by changing the total gas
concentrations in the blood causes another phenomenon, osmosis. Osmosis
was recognised by Haldane from the work of James Waterston and is well
known from school experiments but, in the case of a change in atmospheric
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Supercharging power increase over standard engine.

pressure, it is caused by dissolved gases. The late Professor Brian Hills sug-
gested that it may contribute to the benefits found in routine hyperbaric
oxygen treatment’ and this has recently been supported by a theoretical anal-
ysis.! These phenomena are physical effects defined by the gas laws and can
be measured. They accompany a sudden fall in atmospheric pressure due to
the weather, as most of us senior citizens will testify from feeling the aches
and pains of old age worsen!

So the second Canadian trial® simply compared the effects of two re-
gimes, both using an increased dosage of oxygen at an increased ambient
pressure. The emphasis was on changes in gross motor function and it is
again important to stress that all other treatment the children were having, in-
cluding anti-spasticity drugs and physical therapy, was stopped in both groups
for the duration of the study. They were not resumed until six weeks after its

206 ~ Oxygen and the Brain: The Journey of Our Lifetime

completion. Despite this both groups showed clear and objective improve-
ment from the twenty sessions but, unfortunately, it soon became clear that
the Quebec authorities were keen to portray the trial in the worst possible
light, fearing the cost implications if the treatment was generally recom-
mended. Government doctors, who actually did not see any of the children,
analysed the data statistically; incredibly, the results were withheld from the
physicians who had collected it for the study and supervised the treatment
of the children. Dr. Collet, in writing the report, attempted to refer to the
study as a “placebo controlled trial” despite the placebo group being given
an active treatment using compressed air. It was emphasised that the results
did not support hyperbatic oxygen treatment over compressed air treatment.
Nevertheless, it was firmly stated in the publication that the children in both
groups showed striking and significant clinical improvement.

Many of the researchers and parents involved in the Canadian study re-
acted angrily when they realised that results were being presented in a nega-
tive light, because they had witnessed benefits from the treatment in most of
the children. Many had undertaken years of conventional medical therapies
with little improvement. In an unprecedented action, one parent wrote on be-
half of the group to the editorial staff of the Lancet expressing their dismay:

We, as parents, were extremely disappointed in Dr. Collet’s presentation and
have since discovered that Dr. Collet acted under the orders of the government of
Quebec, Canada to sabotage the study in order to find or, reportedly, to find that
the government did not have to pay for this therapy.

They also complained about the unique exclusion of the doctors who
wete actually responsible for the care and examination of the children, not
only from the analysis of the data they had collected, but also from giving
their personal experience. The first author of the papet, Dr. Collet, a medical
statistician employed by the Quebec Department of Health, did not see any of
the children. By this time, the physicians who had dealt with the children were
convinced that the so-called control arm could not be regarded as a placebo
and were fully aware of the tone of the manuscript submitted to the Lancet.
Three of the main researchers were so upset at what had happened that they
sent all the correspondence to the author by courier service and in a telephone
conversation, Dr. Marois said he would not be able to look himself in the mir-
ror in the morning unless he took action to correct the misinformation.

On receiving the correspondence from the representative of the moth-
ers, the editor of the Lancet contacted Dr. Marois for an explanation. He
then referred the matter to one of their senior editors with the necessary
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physiological knowledge, who agreed that compressed air at 1.3 ATA, was
not a placebo. The result was that all reference in the manuscript to the use
of a placebo, and also to the study being a controlled trial, had to be deleted. It
was then described as a double-blind, randomised clinical trial and the pres-
surisation to 1.3 ATA was absurdly termed an exposute to slightly pressurised
air. In fairness, the original paper did state that a possible effect of increased
pressure could not be ruled out. However, compressed air at 1.3 ATA actually
increases the concentration of oxygen in arterial blood from typically 95 mm
Hg to about 148 mm Hg, which is an increase of 50%. Again, to increase the
concentration of such a reactive substrate by 50% is certainly of major physi-
ological importance, and the graph in Figure 12.1 shows just how dramatic
such an increase can be to combustion efficiency.

A brief editorial under the heading “Hyperbatic Oxygen: Hype or
Hope?” was included in the Lancet issue in which the Canadian study was
published.” It called the results intriguing, but the use of the word hype il-
lustrates the prejudice that still surrounds the use of increased pressute in
treatment. However, the day after the publication of the article in the Lancet
the Government of Quebec sent out a press release modifying the title and
the conclusions of the article, stating that our research had proven, without
any doubt, the inefficacy of HBOT in cerebral palsy and that the changes in
the children were due to a placebo effect. Dr. Marois was so furious that the
next day he invited journalists to a press conference and, with two colleagues,
showed them the fraudulent change of the title of the paper and the inexcus-
able conclusion made by government officials.

The Lancet subsequently published three letters commenting on the
study and it is essential to give the details here. The first was from the late
Dr. Richard Neubauer' and it gave an account of the treatment of a young
disabled boy who began to walk after a course of treatment. Single pho-
ton-emission tomography (SPECT) imaging demonstrated dramatic im-
provement in blood flow through the brain. The second letter, from the
author,"" drew attention to the value of compressed air when used as a
treatment for neurological decompression sickness. It recounted the story
of a compressed-air worker who “fainted” during the final stage of decom-
pression after completing an eight hour shift at 2.5 ATA in the Dartford
tunnel workings in 1960.'* Although he recovered quickly, paralysis of his
legs developed overnight and he was recompressed in a chamber on site.
The symptoms were quickly relieved but returned during the subsequent
decompression. He spent nine days in the pressure chamber, losing con-
sciousness several times and even developed limb paralysis. Small increases
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in air pressure reversed the symptoms on each occasion but oxygen was
finally administered to resolve his problems. The second case referred to in
the letter referred to a case which had been published in the Lancet* which
graphically illustrates the value of a small increase in pressure. A girl aged 16
years trekking in Nepal became unsteady, a condition known as ataxia, dut-
ing a descent from 11,392 feet altitude, which is 0.36 atmospheres less than
sea-level pressure (an absolute pressure of 0.64 atmospheres). She steadily
worsened and was placed in a soft hyperbaric chamber known as a Gamow
bag, which was pressurised with a simple foot pump. After just 15 minutes
of being pressurised to neatly sea level, that is one atmosphere, she recov-
ered completely. The pressure was maintained for two hours and she was
then decompressed. However, just one hour later, she worsened becoming
semiconscious. She again recovered on compression and was kept in the
chamber intermittently for four days. The third letter' from Drs. Gunnar
Heuser and J. Michael Uszler, both respected physicians from UCLA, gave
details of the treatment of an autistic child treated at the same air pressure
used in the compressed air arm of the Canadian study. The improvement
was demonstrated by high resolution SPECT images.

Despite the statement made in the Lancet paper describing the Cana-
dian multi-centre study as finding no difference between the group treated
at 1.75 ATA with oxygen and the group treated with compressed air at 1.3
ATA, the children in the two groups did differ: The children in the group
given hyperbaric oxygen treatment were actually more disabled but, despite
this, they improved faster than the children given hyperbaric air (personal
communication, Dr. Pierre Marois). Overall the rate of improvement in
both groups was fen times the improvement documented from other inter-
ventions, such as intensive physical therapy. Again it must be stressed that
all such supportive therapies were withdrawn from the children for the whole
period of the study. But some dramatic effects had also been seen in the
children that were not mentioned. This may be less difficult to understand
when it is recognised that the first author of the paper had not actually been
involved in the treatment of any of the children. In 2003, Dr. Marois," re-
sponding to an attack on the use of hyperbaric treatment for children from
an English paediatrician in the journal Developmental Medicine and Child Nen-
rology,' stated that “at an age when we did not expect to see any dramatic
changes, some children started to walk, to speak, or to sit for the first time
in their lives.” He dealt in detail with allegations that the benefits found
were due to a participation effect and commented that “The Government
of Quebec, who funded the research, and some scientists chose to believe
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solely in this possible cause.” The scientists he refers to includes those who
had actually written the paper, but not the clinical doctors who had dealt
with the children. Dr. Marois pointed out the subsequent positive studies
undertaken by the US Army'” and Cornell University,' which wete cartried
out at the insistence of parents and they should ultimately be able to decide
on their children’s treatment."”

The controversy over the McGill University study was continued in 2005
by the publication of a paper entitled “The Neuropsychological Effects of
Hyperbaric Oxygen Therapy in Cerebral Palsy,” which listed Dr. Marois as
a co-author without his permission.”’ Despite the independent ruling of the
physiologist consulted by the editor of the Lancet, which led to the insistence
that all reference to placebo be removed from the paper by Collett et al.,
this new publication of the same data again alleged that air at 1.3 ATA was
a placebo, providing a “sham” treatment arm needed to support the claim
that the study was actually a controlled trial. Again, the benefit, which were
found in both groups, was downplayed as a participation effect. However, in
2007, Dr. Marois co-authored a paper in the American_Journal of Physicians and
Surgeons® pointing out that the study demonstrates that results from hypet-
baric treatment in children with cerebral palsy are better than any currently
accepted therapies, for example, surgery to the spinal cord which, of course,
cannot be tested under controlled conditions and involves considerable risk.
The paper details the political interference with the presentation of the data
in the Lancet:

The funding organisation, the Fonds de Recherche en Santé du Quebes, (FRSQ)
a government agency, has persistently misrepresented the results as negative. An
official communiqué published by the FRSQ in 2001 even changed the title
of the paper from “Hyperbaric Oxygen for Children with Cerebral Palsy: A
Randomised Multi-Centre Trial” to “INo Advantage of High Pressure Oxygen
Sor Treating Children with Cerebral Palsy.” The conclusion of the study was also
changed as it was stated that “hyperbaric oxcygen therapy produces no therapentic
effect in children with cerebral palsy.”

The adoption of this absurd position by the FRSQ comes as no surprise
to those in the field of oxygen treatment and represents a continuing betrayal
of the trust the public places in the profession. There has, nevertheless, been
a curious development; a law was enacted in March 2005 by the Canadian
government, which authorised the Department of Revenue of Quebec to
grant tax credits to families in the province using hyperbaric treatment for
their children suffering from cerebral palsy.
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As discussed, the children in the group pressurised in compressed air to
1.3 ATA in the Quebec study received an increase in both the oxygen con-
centration and the total gas concentration, that is, the total gas pressure that
they were breathing, The US Agency for Healthcare Research and Quality
(AHRQ) reviewing the Canadian study* has admitted that the use of com-
pressed air might have had a beneficial effect stating:

The results of the only truly randomized trial were difficult to interpret becanse
of the use of pressurized room air in the control group. As both groups
improved, the benefit of pressurized air and of HBOT at 1.3 to 1.5 ATA
should both be examined in future studies . . . The authors of the trial thonght
that the children in both groups improved because participation in the study
provided an opportunity for more stimulating interaction with their parents
- . This is speculative, however, becanse there was no evidence to suggest that the
parents and their children had less time together, or less stimulating interaction,
before the study began . . . The possibility that pressuriged room air had a
beneficial effect on motor function should be considered the leading explanation.

In fact, the same increase in oxygen concentration can be obtained at
normal atmospheric pressures by using the masks routinely used in hospi-
tals with a flow rate of about 5 litres a minute. The authors of the paper
recognised this but stated without explanation or, in reality, any justification
that it must be assessed before it can be recommended. Despite the positive
results recorded by the Quebec study and its publication in the Lancet, one of
the most prestigious medical journals of the world, no trials have been un-
dertaken in which children with cerebral palsy have been given 28% oxygen
to breathe for an hour a day. The cost of such a study would be negligible.
The author is aware, however, of studies being undertaken of brain-injured
children using 100% oxygen supplied by hood and the results are proving
positive (personal communication, Michael W. Allen).

A new study of 150 children with follow-up over 8 months has been
undertaken by a team led by Dr. Arun Muhkerjee in collaboration with a
group in Quebec led by Dr.Pierre Marois.” It compared a control group
given only intensive physiotherapy, to three groups of children treated under
hyperbaric conditions. One group breathed compressed air at 1.3 ATA, one
group breathed oxygen at 1.5 ATA, and one at 1.75 ATA. The sessions were
of one hour and for six days a week to a total of 40 sessions and the results
are shown in Figure 12.2.

The paper was submitted as an answer to the controversy created by the
original article in 2001 but the Lancet has refused publication.

Chapter 12: Cerebral Palsy and Oxygen Treatment: A Tale of Trials ~ 211



0.2 1
% 02 - L vee eo e
[o]
€onr -
8
£ O.1 ~
[0]
£ 0.1
¢
3ol -
£
£o01
S |
2 00 7 n=20
o 0.0 A

0.0

Control 1.3ATA 1.5ATA 1.75ATA
21%0, 100%O, 100%0,
* * * =significantly different from the control group, p<0.00 1
Figure 12.2:

Improvement in Gross Motor Function Measure per month of children with cerebral
palsy in the UDAAN study. (From Mukherjee A. et al., 2014, New Delhi, India.)

Figure 12.3:
Pressure hull of a Boeing 747-200. (Courtesy of Dr. B. Sostawa.)

This simple treatment using compressed air at a pressure up to 1.5 ATA
could be undertaken in a commercial jet aircraft on the ground, treating 600
people at a time! Figure 12.3 shows the intetior of a Boeing 747-200 retired
from service with Lufthansa. The pressure bulkhead can be seen at the rear
of the aircraft in the second picture.

Soft chambers have been available for sale in the US for some years, ironi-
cally limited by Food and Drug Administration policy to 1.3 ATA. They ate
usually supplied with an oxygen concentrator to increase the internal oxygen
concentration to about 24%. The benefit of a modest increase in pressure has
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Figure 12.4:
The B24 Liberator used for high altitude research.

been well established by the use of a rapid descent in the treatment of alti-
tude sickness in mountaineers. An expedition by Edinburgh University med-
ical students investigated the effects of living at low atmospheric pressure
on Mount Chakaltaya in Bolivia. The recovery of the producer of the BBC’s
Horizon television programme “Mountain Madness” on Mount Chakaltaya,
detailed in Chapter 3, illustrates what climbers have known since British al-
pinists started the sport of mountaineering in the 1800s; a very small descent
can produce dramatic benefit. The increase in pressure can be produced by
a simple fabric pressure chamber and this soft chamber approach has been
used in the treatment of divers for many years; the design is known as the
Hypertlite. During WW2, a soft chamber was used in a B24 Liberator bomb-
er by the US Air Force to study decompression sickness. It was stripped
of its armour and armament to conduct high altitude flights. The subjects
undertook exercise at altitude to study the recently recognised problem of
altitude decompression sickness in the presence of a flight medical officer.
A portable pressure bag was equipped with a mask and oxygen supply to
treat subjects who developed symptoms at altitude immediately, to avoid the
need for the aircraft to make a rapid descent.

The bag was capable of being pressurised to 3 psi, above ambient pres-
sure in the aircraft (152 mm Hg), which is only a fifth of an atmosphere.
When an aircraft is at an altitude of 35,000 feet, this increase in pressure is
equivalent to a descent to about 25,000 feet, and it was found that this was
usually sufficient to treat a crew member with decompression sickness. The
chamber was placed on the floor of the aircraft and the casualty was loaded
into the bag and zipped in. The pressure was increased using a foot pump
with the casualty breathing oxygen by mask. A paper in the Journal of Aviation
Medicine* in 1945 gives details of its successful use in the B24, but, however,
it was not used when one subject developed severe shock:
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Figure 12.4:
An aviator (face arrowed) entering the
pressure bag on the floor of the aircraft.

G.DK, aged twenty-one, was classified as susceptible. He developed occasional
shooting pains from the left hip down the anterior thigh to the left knee (at
35,000 feet altitude) but with no localization at the fknee. Afler the eighth
exercise he had a sudden sensation of nansea and slight dizziness. He started
coughing when the next exercise was started. However, at no time did he have
chest pain. Becanse of his extreme pallor and lack of response to questions
and commands, the plane was sent into a fast dive. During the first five
minutes of this dive, his respiration rate was 60 to 90 per minute. The cough
did not improve during this time and be conld not swallow. Later be had no
recollection of the very rough air or any other events taking place during the dive.
When bis mask was removed at 12,000 feet, his color was ashen and his face
was covered with perspiration. He was semi-comatose, for about ten minutes.
After regaining full consciousness around 10,000 feet, he was aware of extreme
cold, and this was associated with perspiration. 1he cough continued for one-half
hour after reaching the ground. He was taken to the hospital and given hot
coffee and wrapped in hot blankets and hot water bottles and be fully recovered.
The only residual symptom or sign was a very severe headache which started abont
three bours after the plane landed and lasted for eight more hours until he went
to steep. In summary, G.D.K. bad severe chokes manifested by constant cough
and accompanied by vasomotor collapse and moderate shock. The plane was sent
into a dive at the rate of 5,000 feet per minute. The safe rate of descent for heavy
Planes is 1,500 feet per minute. Although an altitude pressure bag was available,
the observers decided against its use because the subject might have drifted into a
more profound shock.

The rapid descent of the Liberator was, astonishingly, at three times the
safe limit and so risked the loss of the aircraft and the death of all on board.
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It was feared that if the subject was placed in the bag he could have drifted
into a more profound shock, but the increase in pressure from the descent
of the aircraft was precisely the same as would have been achieved by using the
hyperbaric bag. This decision would have been taken by the doctor on board
and graphically illustrates the extraordinary reluctance to use hyperbaric treat-
ment which is still so common today.

The principle of the USAF bag was developed by Professor Igor
Gamow to allow climbers suffering from mountain sickness at very high
altitudes to be treated on the mountain when a rapid descent is not possible.
A simple foot pump is used to increase the bag pressure by a modest 2 psi
(105 mm Hg) which at an altitude of 14,000 feet is equivalent to a descent
of about 7,000 feet down a mountain. The effects can be dramatic; Chapter
3 discussed a climber on the North Col of Everest who had developed the
acute lung swelling known as pulmonary oedema, in which plasma leaks out
of the blood flowing through the lungs into the air spaces,”
was life was saved by repeated use of a mountain bag. Imagine the reaction

and whose life

of doctors in a hospital intensive care unit to the suggestion that a patient
in such a condition would benefit from pressurisation in a mountain bag!
So compressed air is certainly a treatment, as any climber surviving altitude
sickness from the use of a pressure bag can testify! Unfortunately, many
physicians, even those involved in hyperbaric medicine, still claim that the
use of compressed air at 1.3 ATA is an inactive placebo despite, as we have
seen, in Chapter 1 compressed air having has a long history as a medical
treatment in the US, in Europe, and especially in Germany. The increase of
blood oxygen values above those typically found at sea level (Air 1 ATA) for
the two regimes in the Canadian study are given in Table 12.1.

Table 12.1: Arterial Gas Tensions at Sea Level, Compressed
Air at 1.3 ATA, and Breathing Oxygen at 1.75 ATA
Gas breathed Air 1 ATA Air 1.3 ATA Oxygen 1.75
ATA
Absolute Pressure (mmHg) 760 988 1330
PO, 159 207 1330
Sat. Vapour Press. 49 49 49
Max. Alveolar PO, 110 158 1281
PaCO, 40 40 40
PvCO, 30 30 30
Maximum PO, (mm Hg) 100 148 1271
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Today we are facing an epidemic of the disease labelled autism and many
controversial theoties have been postulated to account for the syndrome. There
is no diagnostic test and the range of problems to which this label has been ap-
plied is very large. Many parents of such children when asked will confirm that
they were aware of subtle problems at birth, such as floppiness or difficulties
feeding, and many children labelled autistic have obvious neurological prob-
lems, that is, objective signs of brain damage. However, they fall short of the
requirements for a diagnosis of cerebral palsy which, by definition, must involve
a disorder of movement. Mid-brain damage may lead to subtle personality dis-
orders and very bizarre presentations, but there are no simple bedside tests that
can be used in their evaluation. Because children are still growing, the complex
social interactions that form personality have not taken place and they obvi-
ously cannot understand or communicate their problems.

Studies have shown that there is reduced blood flow in areas of the
brain in autistic children when compared to normal children,® and the
vulnerability of the mid-brain has already been discussed. The blood sup-
ply of these areas depends on the draining veins where white cells cross
from blood into the brain. The walls of these veins, although possessing
a blood-brain barrier, are more permeable than other blood vessels in the
nervous system. It seems likely that a minor birth event, not severe enough
to give rise to obvious “objective” symptoms, such as weakness, may still
leave the immature brain vulnerable and this may lead to cognitive de-
fects.”” The blood-brain bartier may remain more leaky than usual during
the child’s growth to adulthood. Many of the molecules present in blood,
such as proteins, are toxic to the brain and it is also possible that some of
the allergic responses seen in children labelled autistic, for example to some
foods, result from a failure of the protection of a normal blood-brain barrier.
If, in the presence of a damaged blood-brain bartier, children are challenged,
for example, by vaccination, critical mid-brain structures may not be protect-
ed and chronic brain inflammation may follow. A study has demonstrated an
active neuro-inflammatory process in the brains of autistic children, notably
in the cerebral cortex, white matter, and cerebellum.” Given our knowledge
of the role of oxygen in the control of inflammation, there could not be
a more convincing argument for the treatment of children with hyperbaric
oxygenation.

The possibility that acute brain inflammation, that is encephalitis, may fol-
low vaccination is always acknowledged in the data sheets provided by the vac-
cine manufacturers. Parents in Warrington, Cheshire, were awarded £91,500
after an 18 year fight for compensation for their son, who developed brain

216 ~ Oxygen and the Brain: The Journey of Our Lifetime

injury after receiving the Measles Mumps and Rubella (MMR) vaccine (Sunday
Times, August 29, 2010). He was a healthy 13 month old who had begun walk-
ing and saying “Mummy” and also “Daddy here,” but he suffered a fit 10 days
after vaccination and further seizures followed. The suggestion by the parents
that this was a reaction to the vaccine was initially dismissed, although this
pattern of losing acquired skills, referred to as regression, is typical of such
reports. His mother, who has two other children, found medical articles on
the Internet detailing the side effects of the vaccine and involved a solicitor
in her fight. She also began a support group for parents called Jabs (Justice,
Awareness, and Basic Support). The UK government actually recognises that
vaccines may cause brain damage and actually runs a vaccine damage compensation
scheme. However, when contacted by a reporter from the Sunday 1imes, an of-
ficial at the Department of Health was apparently unable to give details of any
other children who had developed a vaccine reaction and it was simply stated
that the MMR vaccine is safe. Clearly by safe they mean it is safe for osz chil-
dren, but clearly not @/l As always, it is likely that there are subacute versions
of a condition like encephalitis, in this case, vaccine-induced pathology, which
may lead to unusual presentations. Since children have yet to develop formed
personalities, it is hardly surprising that bizarre symptoms like those typical of
autism occur when the brain is damaged.

Vaccination is important in disease control and has had a massive im-
pact in some infectious diseases; smallpox has been eradicated and polio may
soon be conquered. However, it has been at a cost; some children have died
and others have been brain damaged by vaccines. Vaccines are given for two
reasons; to improve the immunity of the child, but also for “herd” immunity,
so that there is less chance of the transmission of an infectious disease in
a population. It is obvious that parents trust physicians to do no harm; if
there is an adverse reaction, doctors are likely to be defensive and continue
to assert that the vaccine is safe. One of the key factors in establishing a
link between vaccination and a subsequent illness is, obviously, the timing of
events. It is common for both adults and children to get a slight reaction to
a vaccine within 48 hours, and if an encephalitis does develop, it is usually
within days. However, there /s a neurological condition, the Guillane-Barre
syndrome, which affects nerves in the limbs, that is known to follow swine
influenza vaccination. Astonishingly, the reaction may follow a delay as long
as 70 days.” The encephalopathy that may follow rubella vaccination may
appear after a delay of 99 days.”” Given such long intervals, it is easy to use
statistics to discount a connection, which prompted this powerful statement
from the late Dr. Charles Poser.
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The dependence upon epidemiological statistics to establish causal relationships
appears to be a new dimension in our clinico-pathological tradition. It sweeps
aside the experience of clinicians and neuropathologists, it denigrates the work
of the experimentalists, and it substitutes calculations of probabilities for the
recognition that variability in the manifestations of disease reflects the diversity
of bumanity’s genetic attributes.

It is clear that it is not possible to know the status of the blood brain bar-
rier in any individual prior to vaccination and, unfortunately, adverse effects
will continue to occur. Society, therefore, has a responsibility to recognise
and to treat vaccine reactions to prevent long-term disability. Oxygen is the
only agent that can relieve hypoxia, reconstitute the blood-brain barrier and
control inflammation. Hyperbaric oxygen treatment should be made available
to treat vaccine encephalitis and lesser reactions. It is notable that a double
blind multi-centre study of children with autism has now been published and
it shows clear benefit which was identified both by doctors and parents.”

What can be learned from all of the studies that have shown that long-
term brain damage can be ameliorated by hyperbaric oxygen treatment? It
is simply that we are failing, failing to use sufficient oxygen to prevent the
long-term consequences of injury. The proper place of oxygen treatment is
in dealing with emergencies and, no doubt many readers will be astonished
that this has not been grasped by those they must entrust with their care.
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CHAPTER 13

An Anecdote: A Policeman’s
Story in the High Courts

In the last analysis, we see only see what we are ready to see, what we
have been taught to see. We eliminate and ignore everything that is not
a part of our prejudices.

Jean-Martin Charcot, 1825-1893

In 1990, Nicholas Mark Dingley, a police constable in Strathclyde Po-
lice, developed symptoms typical of multiple sclerosis within days of being
involved in a vehicle accident in the course of his work. It was not until 18
months later that he was told he had the disease, and Mr. Dingley felt that it
had been caused by the injuries he had received. After taking legal advice, he
claimed compensation from the Strathclyde Police Force. The story makes
fascinating, but disturbing reading. No apologies are made for the copious de-
tail; it is too important a subject to be economical with the facts. This extract
from the court proceedings tells the story:

On the 11h of April 1990, Mr. Dingley was in the back of a police van with
other officers when the driver lost control. The vebicle left the road, overturned
and landed on its roof. Seat belts were not fitted in the rear of the vebicle and the
officers in the back were thrown about violently. Mr. Dingley felt a “crick” in
his neck and emerged dazed and bruised. He had sustained a blow to his head
with a scalp abrasion and a whiplash injury. He was taken to hospital, but soon
discharged as his injuries were regarded at the time as minor. It appears that
within a few days bis wife and a colleague, (P.C. McCreight) noticed that be
had developed problems with his eyesight. Then, 17 days after the accident, after
walking for a conple of miles, he started dragging his leg. His symptoms worsened
intermittently over the subsequent months and he was eventually told, eighteen
months after the accident that e was suffering from multiple sclerosis.

The case was heard in the Court of Session in Edinburgh in 1996 in front
of Lord Dawson, who was clearly impressed by the appearance of the symp-
toms so soon after the accident. He ignored the opinion of several of the
expert witnesses, who claimed that trauma could not cause multiple sclerosis,
preferring his own common sense assessment. After reviewing the evidence,
Lord Dawson agreed with Mr. Dingley’s assertion that his illness was caused
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by the accident, and awarded him the substantial figure of £547,245. The
Chief Constable of Strathclyde appealed against the judgment in a reclaim-
ing motion two years later, again held in the Court of Session. Three judges
heard the appeal, Lord Rodger as the Lord President, Lord Prosset, and Lotrd
Caplan. Lord Rodger was moved by Mr. Dingley’s plight in finding himself
face-to-face with the onset of a disease that had transformed his life, stating:

This is an anxions case. Anyone who reads the evidence cannot fail to be struck
by the frank and straightforward way in which the pursuer bas conducted himself
in the face of the onset of a disease which has transformed bis life. Nor can one
avoid feeling great sympathy for him.

Lord Prosser made some rather pointed observations about Lord Daw-
son’s judgment; the case he made rested on a connection made between the
whiplash injury suffered by Mr. Dingley and the damage identified as typical
of multiple sclerosis in the brain on MRI. The situation was complicated by
the fact that some symptoms suggested that the spinal cord was also involved.
Lord Prosser’s observation, that it was necessary to establish if the whiplash
injury to the neck could have caused damage to the spinal cord, was unfortu-
nately overlooked.

It is sometimes difficult to be certain that the spinal cord is damaged
on clinical examination, and in Mr. Dingley’s case it appears that only the
brain was scanned. Imaging of the spinal cord is time-consuming and tech-
nically difficult, so it is rarely done. It appears that the presence of dam-
age to the spinal cord had not been established clinically and, to confuse
matters further, one of the expert witnesses supporting Mr. Dingley’s case,
Dr. Charles Poser, pointed out that it was possible the damage to the brain
found on MRI could mimic damage to the spinal cord. As he was keen to
link the onset of Mr. Dingley’s symptoms to his whiplash injury, the fail-
ure to ask for an MRI examination of the spinal cord is difficult to explain.
The expert witnesses called by the defendant, the Chief Constable of
Strathclyde Police, also do not appear to have reached a conclusion about
whether the spinal cord was affected. Even more surprising was their failure
to discuss the first symptom that Mr. Dingley had developed within days of
his accident—he had a problem with his eyesight. This is most important, as
problems with eyesight are the first symptom in about a third of patients who
are eventually told they have multiple sclerosis.

In summing up the evidence in the reclaiming motion, the Lord Presi-
dent said that it was not possible to determine from Lord Dawson’s analysis
why, in view of the opposing arguments of the experts, he had arrived at his
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conclusions. The controversies aired in this case raise some uncomfortable
questions about the quality of the proceedings.

There can be little doubt that this case is likely to have cost the UK tax-
payer several million pounds, but a key paper was not produced, or even cited
correctly. This paper, which was actually referred to as a mainstay of the pur-
suer’s case, was not the paper discussed in the reclaiming motion. Both are
by Gonsette et al,, but the first paper referenced' relates to experiments in
which detergents were injected into the carotid artery in an animal. The sec-
ond papet,” which was the one actually discussed, relates to new ateas closely
resembling those of multiple sclerosis formed along needles inserted during
neurosurgery in patients with an established diagnosis of multiple sclerosis.
This was a setious error. The detailed summary of the proceedings of Mr.
Dingley’s case, by the Lord President, is reproduced in the blocked section.

So far as the pursuer is concerned, it quickly became obvious
that one of the mainstays of his case was an article by R. Gonsette, G.
Andre-Balisaux and P. Demote entitled “La permeabilite des vaisseaux
cerebraux. VI Demyelinisation experimentale provoquee par des
substances agissant sur la barriere hemato-encephalique,” published in
Acta Nenrologica Belgicavolume 66 (1966), 247-262. It also quickly became
clear that the precise findings of the paper were a matter of controversy
between the pursuer’s experts and defendet’s experts. Despite its impor-
tance, the paper was not among the pursuer’s productions and, even
though the proof required to be adjourned over a period of months, no
attempt was made at any stage (by either party) to lodge the paper. Its
precise terms were therefore never satisfactorily adduced.

I must deal briefly with the Lord Ordinary’s (Lord Dawson) finding
that “not long after the accident, perhaps a week or two, the pursuer
began to experience problems with his eyesight.” This was the only part
of his findings on the development of the pursuer symptoms which gave
rise to controversy. It was suggested that the Lord Ordinary was wrong
to say that this had happened perhaps a week or two after the accident,
which would place it shortly before or around the time of the leg dragging
episode. We were referred to the passages in the evidence of the pursuer,
his wife and his colleague, P.C. McCreight. The evidence about timing
is not particularly clear, but my impression is that, while conceding that
he could be wrong, Constable McCreight was much inclined to put the
first mention of this matter into a period within about two weeks of the
accident that being so, and not having had the advantage of seeing or
hearing the witnesses, I should not be inclined to differ from the Lord
Otdinary’s findings on this point.
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Onthe other hand I do notattach any importance to it. Itis plain that,
at the time when this evidence was being led, counsel for the defender
was concerned to suggest that the pursuer’s eye trouble had occurred
much later, perhaps months after the accident. His cross-examination
was framed accordingly. At some later point in the proceedings,
however, counsel for the defender became aware that there was another
possible line of approach, viz that the eye trouble had occurred shortly
after the accident and was indeed due to MS, but that the base showed
that the first symptom of the pursuers was not associated with the spinal
cord and could not therefore be associated with any damage to the cord
in the accident. The late change of front meant, however, that the exact
nature of the pursuer’s eye trouble was not established. So the defender’s
own expert Professor Compston, who did not consider that the point
was critical, was quite unable to say whether the problem from which the
pursuer was suffering was actually a symptom of MS. (5/644-646;656;
10/1357 and 1364.) In any event, again presumably because the point
was viewed differently at the relevant time, defender’s counsel did not
seck to clarify with the witnesses whether the evidence of any optical
symptom of MS at around the time of the leg-dragging symptom would
have affected their views about the way in which the pursuer’s illness
had developed. For these reasons I consider that the trouble with the
pursuer’s eyes should simply be ignored in the discussion of the pursuer’s
case.

The failure to discuss the eyesight problems experienced by Mr. Dingley
was a matter of critical importance and the sequence of events is disturbing.
The counsel for the defendant first attempted to say that Mr. Dingley had de-
veloped the eye problems #uch later than the leg symptoms. He then realised
that an opportunity had been missed to make a positive point against Mr.
Dingley, because, he thought, such eye symptoms could not have been caused
by the whiplash injury. As it turned out, it was simply too late to change mat-
ters. The judges would not have been aware that disturbances of vision are so
common in multiple sclerosis, and so the matter was quietly dropped which,
to say the least, was reprehensible. But why is it so important? It is because
the key question in multiple sclerosis; is it a tissue or a blood vessel disease,
has been answered by looking in the eyes of patients, and this is discussed in
Chapter 15.

There are two curious aspects raised by the former policeman’s case. First,
the acceptance by the two experts supporting his claim that the whiplash in-
jury was the cause of a//his symptoms, when it had not even been established
if the spinal cord was damaged. The second relates to the usual diagnostic re-
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quirement imposed for a minimum of a month to elapse between attacks. As
Mr. Dingley had visual problems within a few days of the accident and then
leg weakness only fifteen days, and not a month later, a diagnosis of multiple
sclerosis was not possible by definition, until he developed other symptoms.
The problem of the so-called diagnostic criteria for the disease needs further
discussion and is far from academic—it s critical to the timing of an effective
treatment.

The first committee to set out the critetia for the diagnosis of multiple
sclerosis was convened in 1974 by Dr. George Schumacher,’ and it was a
stipulation that “dissemination both in time and in space” was a requirement.
The two areas affected, however, must not be too close. For example, two
areas affected in the same optic nerve would certainly not qualify under cur-
rent criteria. In a debate in the Annals of Neurology,"> one neurologist stated
that he would not allow two affected ateas, one in each optic nerve, to qualify,
because they would not be discrete enough to be multiple. The decision that
there must be a minimum interval between attacks—dissemination in time—
is not based on science, it is entirely arbitrary. It is also unique; multiple scle-
rosis is the only disease requiring a minimum of two episodes sepatated by a
minimum time for a diagnosis. The terms “multiple” and “sclerosis” simply
translate as mwany and scars. A description is masquerading as a diagnosis; #he
emperor has no clothes! But, if more than one area is affected and the time in-
terval between attacks is a few hours or at most days, the disease is given a
different label; it is termed an acute disseminated encephalomyelitis or, in
plain language, sudden-onset, scattered brain inflammation. It is a reminder
that multiple sclerosis was once known as disseminated sclerosis, implying that
it is spread by the bloodstream. So what if the two attacks are more than a few
days and less than 28 days apart? There is no sensible answer to this question
and an analogy is needed to put matters in perspective.

Imagine that we invent a new disease associated with scarring in heart
muscle. Using the same logic used to describe multiple sclerosis in the brain,
we can call it multiple myocardial sclerosis, or “MMS” for short; myocardial
referring to heart muscle. We can also decree that a patient cannot qualify for
the diagnosis of MMS unless they have a minimum of #wo attacks separated by
at least a month. Sclerosis (scarring) of heart muscle is caused by a heart attack,
but it is painfully obvious that many patients will never qualify for MMS be-
cause their first heart attack is fatal, and so leaves no prospect of a second epi-
sode. To debate this in front of shatp legal minds would have soon revealed
the absurdity of alleging that the label multiple sclerosis can be a diagnosis.
But we all accept words without examining them, especially when they are in

Chapter 13: An Anecdote: A Policeman’s Story in the High Courts ~ 223



common use. Unfortunately, medicine is riddled with archaic nomenclature
and syndromes that often serve to obscure matters.

The terms multiple and sclerosis are simply a description of more than
one area of damage in the nervous system. The requirement for “dissemina-
tion in time” is frequently used to delay telling patients they have the disease
and this delay, as it was in Mr. Dingley’s case, is often measured in years. Over
this time, many patients fear that they have a brain tumour, or that they are
actually losing their minds. Dr. James Le Fanu, a general practitioner who
writes for the Daily Telegraph, shared a personal vignette with readers of his
weekly column, Doctor’s Diary (August 10, 2009, page 20). Ten years before,
he had stepped into a bath and noticed the temperature in his left leg seemed
substantially cooler than the right. He was immediately concerned that he had
a brain tumour. Fortunately, after an MRI had been organised by a friendly
neurologist, a tumour was excluded. Dr. Le Fanu was informed that some-
thing he presumed was a passing virus, must have damaged the temperature
discriminating nerves to the leg. He was told that it would either get better, or
not; he would just have to wait and see. So far, it has not changed.

Such stories are actually very common. In 1988, a neurologist at Cornell
University conducted an anonymous survey of colleagues, asking if they had
expetienced transient neurological symptoms.® Of the 80 of 87 departmental
members who responded to the questionnaire, 25 admitted to having such
episodes over a five-year period. Fifteen of those were related to a distur-
bance of vision, but some experienced weakness, loss of balance or coordi-
nation, and some even had multiple episodes. The median age at the time of
the first episode was 31. No residual neurological deficits were recorded, but
MRI studies were not undertaken. Transient symptoms also occur in patients
with established multiple sclerosis.”® Cutiously, the same edition of the Daily
Telegraph with Dr. Le Fanu’s story carried an article on the same page about a
patient experiencing similar symptoms who also feared that she had a brain
tumour. Investigations eventually revealed that she actually had multiple scle-
rosis. Interestingly, the article quoted a neurologist as saying that a new drug,
based on a Chinese mushroom, was the best hope for multiple sclerosis suf-
ferers, appearing to be slightly more effective in reducing attacks than the beta
interferons.

It seems obvious that the dilemma posed by the so-called diagnosis of
multiple sclerosis would be solved if a diagnostic test was found. However,
despite the disease being clearly recognised over 140 years ago, there is still
no such test and there are very good reasons to doubt that there ever can be.
This needs further discussion and in Appendix 3 there is an account of such
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an unfortunate patient. She was effectively tortured for years, before being told
she had multiple sclerosis by one consultant, only to have it questioned with-
in months by another. The complexity introduced by successive committees
examining the so-called diagnostic criteria for multiple sclerosis defies belief
(see http://www.mult-sclerosis.org/DiagnosticCriteria.html). After the latest
deliberations, which brought 30 neurologists together from around the world,
the consensus reached was that now only three categories are needed. They are
1) not multiple sclerosis, 2) possible multiple sclerosis, and 3) definite multiple
sclerosis.” In fact, the only change that has resulted from this international
meeting was that patients meeting s/ightly less than the strictest criteria would
no longer be labelled as probable multiple sclerosis. One wonders what the loss
of just this word actually cost.

It is very clear that there can be no escape from this absurdity for those
locked into the industry created around the disease, whether they are patients
or clinicians. It would be altogether too embarrassing to the profession to de-
bate these issues publicly. Nevertheless, this is what #ust happen; a road map
must be developed, or this sterile debate, and the misery it creates, will still
be with us for another hundred years, and this despite the fact that MRI has
already provided the necessary answers.

Although eyesight problems are common in multiple sclerosis, one of
the expert witnesses denying Mr. Dingley’s claim said he did not consider the
point important. He was unable to say whether the eye problem Mr. Dingley
suffered was actually a symptom of multiple sclerosis. It would seem that
the matter became altogether too embarrassing and, probably after some
“horse trading” between the counsels representing each side, the matter was
dropped. Finally, in his closing speech, the Lord President told the court the
following:

1 do not find it proved, on a balance of probabilities, that tranma in general, or
whiplash in particular, can trigger the onset of symptomatic MS . . . I am left
with sufficient doubt about the pursuer’s case that I am not satisfied that he has
proved it on the balance of probabilities.

Mr. Dingley’s award was accordingly reduced from £547,245 to just £1,500.
The consensus view in neurology is, of course, that trauma does
not cause multiple sclerosis, although, as with the late Dr. Poser and
Dr. Behan, a minority of neurologists believe that trauma may cause a relapse
in patients who already have the disease. At this point, the reader may ques-
tion if similar stories to Mr. Dingley have been published—they have indeed.
In 1964 the late Henry Millet,"” a neurologist working in Newcastle upon
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Tyne, gave details of seven patients he saw in his clinical practice in whom
not only did symptoms typical of multiple sclerosis occur within hours of
a significant trauma, they also tended to relate anatomically to the site of the
injury. In other words, the symptoms reflected the site of the injury. Millet’s
approach was that of a careful, old-fashioned doctor who listens to the pa-
tient, and he took a meticulous history followed by a detailed examination.
Case number six in his paper is reproduced below. Nystagmus refers to an
oscillation of the eyes, scotoma to a loss of some of the field of vision of an
eye, and parasthesia to a feeling of “pins and needles” in the skin.

Case 6

A 17-year-old merchant seaman on board ship received a glancing
blow on the head with a steel cable. He was briefly dazed but not uncon-
scious, and he had no residual headache. Five hours later he noticed
blurring of vision in both eyes and some pain behind both eyes, especially
on the left. The next day both hands became clumsy and unsteady. These
symptoms persisted, but he continued his work until about a month later,
when he noticed painful cramps in both legs during the night. Exami-
nation at this time revealed sustained nystagmus, a central scotoma on
the left, and a paracentral scotoma on the right, with no abnormality
in the optic fundi and no other abnormal signs in the nervous system
except for increased reflexes in the lower limbs. During the ensuing five
years, nystagmus has persisted, his visual acuity has varied but has never
returned to normal, and he has had intermittent periods of unpleasant
parasthesia in both legs.

Today, with the pressures of work and the proliferation of special inves-
tigations, it is rare for patients to be given time to tell their story. Miller was
well aware of the resistance to the idea of a relationship between trauma and
multiple sclerosis, not least because of the truly enormous legal implications.
Patients often allege that their diseases, especially cancer, have been triggered
by injury or, at the very least, by a traumatic event in their lives. In the case
of cancer, despite professional denials, some may well be correct. It is now
known that apparently simple tissue injury can lead to extremely complex
gene activity resulting from a lowering of tissue oxygen levels. Miller mulled
over this young man’s case and came to the conclusion that, even though
most injuries are not necessarily followed by multiple sclerosis and in most
cases the onset appears to be unrelated to injury of any kind, it is perfectly
possible that doctors are too reliant on an entirely statistical approach. This
may well, as Miller wrote, “cause an occasional but conceivably significant
relationship to be overlooked.”
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Miller, who was known for his sense of humout, then set about giving an
example. He chose asphyxiation from eating a Yorkshire pudding, arguing:

.. among ten thousand consecutive people who ate Yorkshire pudding there may
indeed be no case of accidental choking but, nevertheless, people are occasionally
choked by Yorkshire pudding and the validity of these statistics is unlikely to give
mich solace to the hapless victim or his bereaved family.

It would, of course, be established beyond any possible doubt at post-
mortem examination if a piece of Yorkshire pudding was found obstruct-
ing the airway. However, what cannot be known from a single case is how
common this form of asphyxiation is, and this can only be established by
epidemiological surveys involving very large numbers of people over a very
long time. Obviously, the less frequent the event, the larger the survey has
to be in order to produce accurate numbers. Millet’s point was that after
failing to find a single death in ten thousand instances of the ingestion of
Yorkshire pudding, researchers could well be tempted to conclude that it
could not happen—they would be wrong.

After he reviewed the evidence of his seven cases where neurological
symptoms had rapidly followed injury, Miller recognised that blood vessels
were involved in multiple sclerosis, as both Rindfleisch'' and Charcot'* had
done as long ago as the 1860s. However, unable to think of a mechanism
to make sense of it all, Miller was forced to conclude that the patients he
had seen already had the disease, and the traumatic injuries had simply trig-
gered a relapse. Like most of his contemporaries, he did not consider ez-
bolism, or the importance of the protection given to the brain by the spe-
cial construction of the blood vessels in the nervous system that form the
blood-brain barrier. Despite being discovered by the Nobel Prize winner Paul
Ehrlich in the 1870s, the importance of this structure had barely been ac-
knowledged in neurology as late as 1960."” A detailed study of the integrity
of the blood-brain barrier in 74 patients with the various forms of multiple
sclerosis was published in 1993 from the National Hospital of Neurology
and Neurosurgery in London." It showed gross impairment of the bartier
in acute relapses and worsening of barrier function across the spectrum of
presentation, including patients with both primary and secondary progres-
sive disease. The blood-brain barrier has, however, been of special inter-
est to the pharmaceutical industry, in fact, one of the first questions asked
about a new drug is whether it actually crosses the barrier. In September
2001, the author attended the first meeting that brought research biologists
and neurologists together in Chicago to discuss the blood-brain barrier.

Chapter 13: An Anecdote: A Policeman’s Story in the High Courts ~ 227



It was sponsored by the pharmaceutical company Merck Serono, who make
one of the beta interferons used in the management of multiple sclerosis.
The symposium was entitled Dysfunction of the Blood-Brain Barrier in the
Pathogenesis of Multiple Sclerosis.

Cases similar to that of Mr. Dingley still come to court. One published
in the Lancet on March 4, 2002" gave the details of a patient who also devel-
oped typical neurological symptoms soon after being involved in a road traf-
fic accident. He was subsequently told he had multiple sclerosis, and became
involved in a lengthy court case, claiming that the accident had caused his dis-
ease. One of the expert witnesses called, who had also been involved in Mr.
Dingley’s action, again claimed that whiplash injury could lead to the develop-
ment of multiple sclerosis. The judge dismissed his “embellished” arguments
and ruled that the patient was just a victim of an unfortunate coincidence.
Unfortunately, the judge strayed well beyond his area of expertise by declar-
ing that he found himself “unable to agree that trauma could precipitate the
onset of multiple sclerosis in any circumstances.”

In Chapter 8, the evidence was discussed that the brain and the spinal
cord are vulnerable to damage caused by agents in the circulation; that is,
by small emboli, such as bubbles. However, this concept, which was in-
troduced by Haldane, has even come under attack in the world of diving
because it has been claimed there is no disease where damage to the spinal
cord is associated with small emboli—infections like syphilis were obvi-
ously discounted, as disease due to infectious emboli are now rare, at least
in the West. Nevertheless, there is such a disease, and the details have been
available for over 50 years. Inexplicably, the expert witnesses in Mr. Ding-
ley’s case failed to inform the judges that injury to a spinal disk can lead to
brain and spinal cord damage. It is known as fibrocartilagenous embolism and
occurs when material from the soft centre of a spinal disk, which is known
as the nuclens pulposus, is squeezed into the circulation. It can certainly result
from a whiplash injury, and it is covered in textbooks of neurology as one
of the conditions that must be included in the list of possible diagnoses
in patients with symptoms suggestive of multiple sclerosis. Despite this, it
is commonly overlooked, as it was in Mr. Dingley’s case. The case reports
make for uncomfortable reading,

The first report of fibrocartilagenous embolism was published in 1961,
and gives the terrifying account of the death of a 15-year-old boy in the US
who fell backwards onto the floor whilst playing basketball in school before
class. Although the impact was sufficient to cause onlookers some concern,
he was able to continue playing for the 10 minutes to the end of the game.
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One hour later in class, he complained of severe pain in his abdomen and
was taken to the headmastet’s room. He requested a drink of water, but was
unable to hold the glass. In the ambulance on the way to hospital, he lost
consciousness. Just three hours after the fall, he stopped breathing and died.
At the post-mortem examination, emboli, cleatly identified as being fibrocat-
tilage, were found impacted in the small arteries supplying the brainstem and
10 levels of the spinal cord. The material had been squeezed into the circula-
tion as a result of compression of the spinal disk. Mr. Dingley had recalled
striking his head in the accident and even feeling “a crick in his neck,” and it
was acknowledged by all involved that he sustained a whiplash injury. Despite
this, the possibility of fibrocartilagenous embolism was not raised—it would
certainly have drawn the attention of the judges to the importance of embo-
lism as a mechanism causing damage to the nervous system, and led to some
searching questions.

The neurologist Dr. Harald Klawans, well known for his popular
books about neurology, gave an account of a nurse in his 1991 book 77-
als of an Expert Witness, who, like Mr. Dingley, sustained a whiplash injury."”
In 1974, she had been travelling in a train on the high level system in Chi-
cago that had stopped in a station when it was hit from behind by a sec-
ond train. She suffered a whiplash injury and, as in Mr. Dingley’s case, was
seen in an emergency room. Both her physical examination and X-rays, etc.
were normal. However, within hours of returning home, her neck became
painful and she began to walk like a drunk. Her condition worsened with
the development of double vision, and a night’s sleep did not improve mat-
ters. Being a nurse, she realised a neurological opinion was needed, and rang
Klawans. A careful history revealed that she had not experienced any neu-
rological symptoms prior to the accident. An examination confirmed dam-
age to the nervous system which, Klawans claimed, involved three sites, and
so qualified as multiple. He then reveals in the text the dreadful dilemma
created by the so-called diagnosis of multiple sclerosis that neurologists
still face today:

So what did she have? In all probability multiple sclerosis. But only one attack.
A puzlement. What do you tell a patient? She might not have multiple sclerosis.
And even if she did, she may not have another attack for fifteen or twenty years.
Would it be fair to give her the label of multiple sclerosis.

Note his use of the term “label” as opposed to “diagnosis.” When the pa-
tient asked Klawans what she had, he replied, “Areas of inflammation in your
brain and spinal cord.” Her rejoinder was, “You mean multiple sclerosis,” to
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which he replied, “Perhaps, but we’re not certain.” She was hospitalised and
given steroids to dectrease the inflammation. All seemed to be going well for
a few days; her double vision disappeared and her walking was slightly im-
proved. However, on waking on the morning she was scheduled to go home,
she found that she could not see anything out of her right eye. Klawans’ relief
seemed almost palpable:

That answered the question. She had now had a second episode separated in tine.
She now had multiple areas separated in space and time.

The diagnosis was now certain: She had qualified for the label multiple
sclerosis by a second attack meeting the criterion for dissemination in time.
However, fibrocartilagenous embolism should have been considered as a de-
lay in the appearance of symptoms is a well-established feature associated
with the release of small emboli trapped in the capillaries of the lungs.

The patient sued the train company, and Klawans was contacted by her
lawyer and asked to be an expert witness. The lawyer asked if the accident had
caused her multiple sclerosis. Klawans replied, “Not caused, brought on.”
Cleatly, like Henry Miller, he could not think of any way in which her whip-
lash injury could have been responsible for the areas that were damaged in her
brain, spinal cord and an optic nerve. They are, of course, all linked together
by the circulation. Years later, Klawans was approached by the same lawyer
about a similar case. His opinion had changed—he felt that epidemiological
studies had disproved any link between injury and multiple sclerosis. He was
mistaken.

Since the 1961 paper that described human fibrocartilagenous embo-
lism for the first time, many more case reports have been published and over
34 fatal cases. It is obvious that many cases will be missed. Surprisingly, at
least for those of us involved in human medicine, this form of embolism is
regarded as a common cause of neurological problems in veterinary medi-
cine. It has been found to affect dogs, cats, sheep, pigs, horses, and even
turkeys. As in the case of the unfortunate schoolboy, the diagnosis has been
established beyond doubt, because the animals have either died or been sac-
rificed because of their disabilities and subjected to post-mortem exami-
nation. The most dramatic case report gives the details of an 11-day-old
lamb'® that developed uncontrollable shaking and was sactificed because of
concerns about infection in the flock. Emboli were disseminated through-
out the brain, including the cerebellum, and six levels of the spinal cord.
Lambs are, of course, well known for jumping, which puts great strain on the
spine and the disks.
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Figure 13.1:
A spring lamb springing.

The youngest fatal human case reported is a girl 13 years of age and the
oldest a man of 63. In all cases, fibrocartilagenous material has been found at
post-mortem examination blocking small arteries.

The explanation given in the 1961 papet'® was that the damage to
the spinal cord was due to the entry of material from the damaged disk
directly into blood vessels adjacent to the affected areas of the spinal cord.
Two ways have been suggested to account for the presence of the fibro-
cartilage in the arteries. The first is that the annulus fibrosis, the strong
outer rim of the disk, is torn and the tear extends into a nearby artery
supplying the spinal cord. It was postulated that this allows the fibrocar-
tilagenous material to be forced into an artery and carried by the flow
of blood to impact downstream within, or close to, the spinal cord. The
second suggestion was that a tear had extended into a vein, and in some
way material is forced against the normal direction of blood flow back
through the capillaries into an artery. It is important to recognise that
these explanations are not supported by any evidence and, in truth, are
unlikely. Certainly no local bleeding, which would always occur in a tear
of the tissues, has ever been described when the spinal column has been
examined postmortem. Although there is no doubt that the fibrocartilag-
enous emboli have been derived from the centre of a spinal disk, because
they have been identified by staining, the route taken to reach the brain
and spinal cord is still said to be controversial. Veterinary pathologists,
unlike neurologists, are very familiar with the condition (see http://www.
veterinarypartner.com), and have linked it to Schmorl’s nodes, which are
defects in the bony endplates of vertebra.”

The publication of a report in 1993 has established the route taken
by fibrocartilagenous emboli beyond any possible doubt. A 17-year-old gitl
tell, also playing basketball, and several hours later she developed left-sided
weakness. She was admitted to hospital and suffered a fatal heart attack the
following day. At post-mortem examination, a 200 micron (0.2 mm) fibro-
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Figure 13.2:
Air (arrowed) in the right middle cerebral artery.
(Courtesy of Professor Brian Hills.)

cartilagenous embolus was found in the brain, lodged in the middle cerebral
artery. An air embolus has been demonstrated in this artery by CT. Figure
13.2 shows air in the right middle cerebral artery of a patient.

In order for the fibrocartilagenous material to reach this artery, it must have
been transported in the arterial blood from the left ventricle of the heart. The
middle cerebral artery is known to be a preferred pathway for emboli reaching the
brain. There is really only one credible explanation for such an event—there
must have been a fracture of the endplate of the vertebra to allow the mate-
rial access to the venous system. The veins within the body of the vertebra are
sinuses that are kept open because they are supported by the bone structure.
This allows the blood elements formed in the marrow of the vertebra to be
released into the circulation. Having been forced into the veins and passed into
the venous system, the fibrocartilagenous emboli must have been carried to
the inferior vena cava, which drains into the right atrium. The blood and em-
bolic debris either escaped being trapped in the lungs and entered the general
circulation, or bypassed the lung by transferring through a hole in the heart.
The latter is known as paradoxical embolism, and is usually associated with the
persistence of the hole present before birth in all of us, known as the
foramen ovale. It should be noted that even fragments of bone marrow have
been found to embolise the brain after fractures, providing strong support for
this mechanism.

The fibrocartilagenous emboli that have been found at post-mortem
examination have measured between 20 and 200 microns, and emboli
in this size range are known to occasionally escape being trapped in the
lungs. There is no indication as to whether there was a hole in the heart
in this patient. However, the presence of the embolus in this artery in the
brain has firmly established that material from a spinal disk can damage
the nervous system. The 18-year-old girl died from a heart attack, which

232 ~ Oxygen and the Brain: The Journey of Our Lifetime

resulted from blood flow to an area of the muscle being stopped abruptly;
the pain is triggered by lack of oxygen. Fibrocartilagenous emboli wete
found in the arteries of her heart, and again bone marrow emboli have
also been found after trauma. These forms of embolism are, therefore,
! although
they are rarely mentioned as a possible diagnosis, nor are they included

a cause of both stroke and sudden death in young people,

on websites relating to sudden death syndromes. It is obvious that unless
such a diagnosis is suspected, it will be easily overlooked at post-mortem
examination. Extreme care must be taken to examine the arteries involved
which is also the case for fluid embolism due to gas bubbles and fat.

There can be no doubt that embolism is rarely considered in the clinical
diagnosis of spinal cord disease in humans, despite veterinary expetience, al-
though pathologists may find the evidence. One of the Case Records of the
Massachusetts General Hospital, published in the New England Journal of Med:-
cine in 1991,7 gives details of a 61-year-old woman with a history of intermit-
tent backache, who developed leg weakness over a period of just three hours.
Fibrocartilagenous embolism was not included in the differential diagnosis by
the clinicians, but it was found when a biopsy of the spinal cord was under-
taken. The pathologist asked to comment, Dr. Ann C. McKee, added another
case of such embolism. A 13-year-old boy had experienced the abrupt onset of
neck pain, headache, and vomiting, minutes after doing somersaults. Six hours
post-onset, he developed left-sided weakness, problems speaking, and difficulty
in breathing. He died after a cardiac arrest, and fibrocartilagenous material was
found in the arteties of the cervical spinal cord. Dr. McKee observed:

The evidence suggests that this condition is nmuch more common than is usnally
recognised. Despite the few reports in the literature, it is possible that in many
cases of undiagnosed transverse myelopathy it is due to this lesion.

Transverse myelopathy describes inflammation in the spinal cord, and is
one of the many discrete conditions that occur in patients with multiple scle-
rosis. It is called transverse myelitis because the inflammation spreads hori-
zontally across the cord causing it to swell. The fact that emboli, in this case
of fibrocartilage, can cause transverse myelitis is further evidence that the
underlying disease process in multiple sclerosis primarily involves the blood
vessels in the nervous system.

The introduction of MRI has made the diagnosis of fibrocartilagenous
embolism possible in non-fatal cases. In 2002, a seven-year-old girl devel-
oped acute paraplegia after minor injuries sustained when a car driven by
her mother collided with a crash bartier.”” She remained fully conscious
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and her only complaint was of chest pain when examined in hospital. It was
attributed to the visible bruising of her chest wall. After an interval of ap-
proximately 24 hours, weakness of the legs began to develop, together with
problems in bladder and bowel control. There was no obvious fracture or
other bony abnormality on MRI, but there was clear enlargement of the spi-
nal cord with an area of hyperintensity extending from the fourth thoracic
vertebra down to the lower end of the cord—the equivalent in the spinal
cord of an unidentified bright object in the brain. This eventually reduced
over a period of several months to a small area just visible on MRI at the
level of the twelfth thoracic vertebra. The patient made a partial recovery over
the next year, but remained significantly disabled with continuing problems
with bladder and bowel control. The author has been involved in a similar
case where the tentative diagnosis was also the spinal cord problem transverse
myelitis. The 21-year-old man had suffered back pain, lasting about 10 min-
utes, after falling backwards playing football. Three days later, he developed
an acute headache with vertigo, followed by paraplegia on the sixth day post-
injury. The MRI of his spine and brain (Figure 13.3) show that he had suffered
a collapse of a spinal disk—the area indicated by the white arrow on the left
image; the black arrow showing the area of hyperintensity. The arrows in the
right hand image of the brain show the damage in the cerebellum that caused
his vertigo. The diagnosis was changed to fibrocartilagenous embolism.

Figure 13.3:
MRI - left showing collapse of a vertebral disk (red arrow).
White arrow shows hyperintensity in the cord (left) and the areas of damage in the
cerebellum (right) which gave rise to the vertigo.

234 ~ Oxygen and the Brain: The Journey of Our Lifetime

Several features of these cases are important in discussing Mr. Dingley’s
history, as it has cleatly been established that sub-acute fibrocartilagenous
embolism can occur with survival, but only partial recovery* Most impot-
tantly, this form of embolism may be associated with a /atent interval between
the trauma and the onset of symptoms. This delay in the development of the
symptoms is typical of that associated with the transit of material through
the circulation of the lung and is a well-known feature of a condition known
as fat embolism. The MRI findings have been confirmed pathologically,”
and, most importantly, embolism may also occur without evidence of spi-
nal injury. These findings are very relevant to Mr. Dingley; if the judges had
been made aware of fibrocartilagenous embolism, they would certainly have
viewed his claim more favourably. It is also likely that they would have asked
some awkward questions but, as we shall see, there is much more to the story
of embolism.

On March 6, 1998, the judgment made in the reclaiming motion
against Mr. Dingley featured in an article in the Scozsman. His lawyer was quot-
ed as being confident that they could overturn the judgment, by winning an
appeal in the House of Lords. Unfortunately, as will be seen in the next chap-
ter, his confidence was misplaced.
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CHAPTER 14
The Final Appeal to the House of Lords

Asking judges to rule on matters of scientific controversy would be to
invite the court to become an Orwellian ministry of truth.

British Chiropractic Association vs. S. Singh.
Court of Appeals, Civil Division April 1, 2010.

The lawyers acting for Mr. Dingley were successful in their application
for an appeal to the House of Lords, and five Law Lords were assigned to
the case. Their remit was simple: To determine if there is any evidence that
a remote injury, for example to the neck, arm, or leg could be associated
with damage to the nervous system and give rise to multiple sclerosis. The
judges were advised to consult undergraduate texts about the disease; in other
words, to read the basic accounts written for medical students, so that they
could assess the opposing evidence of the expert witnesses. However, they
were certainly not in a position to arbitrate on the controversies that surround
multiple sclerosis and an opinion recently aired in a different context by the
UK Lord Chief Justice, Lord Neubetger, would appear to concur. Comment-
ing on criticisms made of chiropractors by the journalist Simon Singh; he said
that asking judges to rule on matters of scientific controversy would be “to
invite the court to become an Orwellian ministry of truth.”

The judges would have been aware that textbooks often enshrine fash-
ionable ideas, even presenting them as established facts, and this is certainly
true in multiple sclerosis. The affected areas are typically described as being
white matter damage with loss of myelin, although this omits key pathologi-
cal features, such as the loss of nerve fibres which was documented well over
100 years ago. The constant misrepresentation of the pathological facts is
little short of disgraceful and this paragraph in the Final Judgment of the Law
Lotds' illustrates the problem.

The nerve fibres are covered in a sheath of myelin, which has an insulating effect
on the electrical signals which they transmit. Damage to the spinal cord is liable to
interfere with these signals and may cause paralysis. In it the myelin which covers
the nerve fibres within the C.IN.S. (Central Nervous System) becomes depleted,
althongh the nerve fibre itself remains intact.

The myelin sheaths, which wrap around sections of nerve fibres, do not
insulate—they increase the speed at which nerve impulses are conducted.
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Some fibres in the nervous system do not possess myelin sheaths and they
work fine, although they conduct impulses more slowly, typically at about
half a metre a second. The same size of fibre possessing a myelin sheath may
conduct impulses two hundred times faster, at 100 metres a second. This
speed is especially important for complex tasks, for example, those involving
rapid movement, such as gymnastics. The sheaths are extensions of a patrent
cell, known as an oligodendrocyte, which resembles an octopus and its ten-
tacles. The tentacle-like extensions, which may number as many as 40 for one
cell, form the myelin sheaths, wrapping round a short length of a nerve fibre
like a Swiss roll. The segments of myelin are interspersed by unwrapped sec-
tions of fibre, named after their discoverer—the nodes of Ranvier. A single
oligodendrocyte may measure as much as 1.5 mm across their myelin sheath
extensions which, as far as cells are concerned, is truly gigantic. Many think
that nerve cells, which are known as neurons, are the cells most affected by
oxygen starvation but, in fact, oligodendrocytes being more active metaboli-
cally are known to be much more vulnerable,* and this is true from birth.*
There can be no doubt that myelin sheaths are damaged and destroyed in
patients with multiple sclerosis and the parent cell, the oligodendrocyte, often
dies. But glossed over in recent years is the fact that the nerve fibres within
myelin sheaths may also be destroyed, a finding reported as long ago as 1868,
by the French neurologist Charcot.”

In 1947, howevet, Drs. Tracey Putnam and Leo Alexandetr® quantified
the loss of nerve fibres in a typical area of damage in the spinal cord in
multiple sclerosis. They compared the nerve fibre count under the micro-
scope between a normal and an affected area on opposite sides of a section
of the same spinal cord. The loss of fibres in an affected area of the cord
was found to be at least 20%, and as the cord is such a small structure, this
will usually produce symptoms. Pathologists, as distinct from clinical doc-
tors, always refer to the preservation of nerve fibres as relative in multiple
sclerosis, indicating in other words that some fibres are always destroyed.
In 1998, an MRI study published in the New England Journal of Medicine’
demonstrated this finding in the brain and received worldwide publicity.
Not surprisingly, Putnam and Alexandet’s paper was not cited, as it pre-
dates today’s computer databases. Magnetic resonance techniques are being
increasingly used to quantify brain tissue loss in multiple sclerosis patients,®
but it is the loss of neurons and nerve fibres that is responsible for the dis-
ability not, as is usually claimed, damage to myelin sheaths. As the loss of
myelin sheaths simply slows down the speed of nerve conduction, some
function is often preserved. For example, most of the myelin sheaths may
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be lost from a section of the nerve to an eye in optic neutitis, without any
loss of vision. However, a test of the speed with which nerve impulses are
transmitted from the eye to the area responsible for vision at the back of
the brain will be slowed—the visual evoked response. Unfortunately, in the
severest areas of damage in multiple sclerosis, nerve cells are destroyed,
especially when the disease involves the spinal cord.’

The conclusion of the Law Lotds that injury does not camse mul-
tiple sclerosis was an opinion shared by both the experts who supported
Mr. Dingley’s claim, and those who did not. In an article writtenin 1994, the late
Dr. Chatles Poser," who did support the action, went much further by
declaring, “Injury to an extremity, that is an arm or leg, cannot cause
damage to the nervous system.” This is certainly wrong; indeed, the facts
have been known since the 1870s, and ate in every textbook of pathology.
Poser was a highly regarded neurologist in the field of multiple sclerosis
research and known for his strong views. He was very critical of the lack
of progress made in finding the cause of multiple sclerosis. In this incisive
statement, he emphasises the involvement of blood vessels in multiple scle-
rosis evident from the leakage of the blood-brain barrier seen by imaging the
living patient:"!

.. . nothing, regarding multiple sclerosis in terms of pathogenesis has been proved,
nothing. 1he immunological theory is a theory. But, the only thing we know for a
Sact is there is an alteration of the blood-brain barrier and we know this becanse
of the gadolininm-enbanced studies of MRIs. But you ask a neurologist to tell
you what the mechanism is and . . .

By reading textbook accounts of multiple sclerosis, the Law Lords were
exposed to the auto-immune theory, a concept which dates back to the 1930s.
The central tenet of auto-immunity postulates that the immune cells of
the body attack normal tissue. Somehow, it is postulated, a component of
normal tissue becomes an antigen in multiple sclerosis patients and is said
to be responsible for attacking the myelin which forms the sheaths around
many nerve fibres. However, it is usual for a trigger to be suggested that
initiates the sequence of events, and it is usually claimed that it is a virus.
However, no virus has ever been found, despite years of tesearch, which
has even included biopsies being taken from the brains of patients during
acute attacks. Equally, no antigen has been identified in normal tissues. De-
spite the absence of any scientific evidence, the viral auto-immune theory is
often presented as certain fact:

Multiple sclerosis . . . is an autoimmune process directed against myelin in
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the CINS which occurs as a consequence of a viral infection in a genetically
predisposed individual.

Graham DI, Bell JE, Ironside JW.
Colour Atlas and Texthook of Neuropathology. Mosby-Wolfe Publishing, 1995.

The judges, as would be expected of such learned gentlemen, reproduced
the auto-immune theory accurately in their examination of the issues. Their
deliberations reinforce the impression that the mechanisms involved in mul-
tiple sclerosis are impossibly complicated. It is necessary here to examine the
various components of this still pervasive theory. Their first statement about
the role of immunity is undoubtedly correct and applies to foreign bodies,
which, in infection, includes microbes.

The body is supplied with an immune system which responds to an attack by a

Joreign body by producing organisms known as hmphocytes. These are of two
kinds. B-lymphocytes produce antibodies which react with the foreign body and
render it harmiess. 1-lymphocytes attack the foreign body in various ways which
complement the role of the B-lymphocytes.

The foreign proteins of microbes like bacteria are examples of antigens
and, after they are identified, the body responds to them by producing anti-
bodies. When the antibodies produced find the appropriate antigen they lock
together, and the resulting complex is engulfed and removed by white cells,
the neutrophils also known as macrgphages, the big eaters. The theory of auto-
immunity alleges that these primary defences of the body initiate an attack
on normal tissue. It is a concept that has been applied to many diseases where
no cause has yet been found, such as rheumatoid arthritis and diabetes. While
it may seem strange to include a section in this chapter about diabetes, it il-
lustrates the slow recognition that auto-immunity is 7ofa primary disease pro-
cess, and the latest research can, finally, allow the true story to be unravelled.
The claim was made as long ago as the 1920s that insulin-dependent diabetes
is an auto-immune disease although, as in the case of multiple sclerosis, the
caveat has since been added: In a genetically susceptible host.

The era of auto-immune theory appears to be finally ending. Dr.
Jens Nerup, an eminent and respected researcher of diabetes, together
with colleagues, have expressed reservations about the role of auto-
immunity as the first event in the disease."?

However, if the term pathogenesis defines the earliest events and mechanisms
involved in beta cell destruction . . . there is ample evidence to support . . . that
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a series of distinct events takes place well before the invasion of the islets by
T-lymphocytes and beta-cell destruction by cytotoxic T cells is possible.

The evidence, therefore, indicates that in diabetes auto-immunity
is also a secondary process responding to damage from another cause.
Nerup and his colleagues continue:

To us this suggests that beta cells are not destroyed becanse islet proteins are
antigens in their native form. Rather, these proteins become antigens when and
because beta cells are destroyed. This means that anto-antibodies are secondary
in importance and time in the pathogenetic process and that the islet proteins are
probably made antigenic through a common mechanism.

Clearly, the breakthrough here is that the idea that normal cells
become antigens is questioned; in fact, no evidence has ever been
produced that they can be. It should be noted, however, that no
explanation is offered by Nerup and his colleagues for the common
mechanism, there is just the vague suggestion of “toxic” or “viral”
factors. It is interesting to speculate that, like the tissue of the nervous
system, the insulin producing islets of Langerhans are a vulnerable
tissue where a disturbance of the microcirculation produced by micro-
embolism would have severe consequences. The key question for
researchers, therefore, is the following: Is there a blood-tissue barrier
in the pancreatic islets that is the equivalent of the blood-brain barrier?

It must be emphasised that there is a need for the body to be able to iden-
tify damaged normal tissue and then remove it to allow healing to take place;
it is obvious, of course, that damaged tissue is no longer normal. Clearly, this
is a more difficult process than the identification of the proteins in microbes,
because they are foreign. Some years ago, an investigation of a possible role
for auto-immunity in cancer was halted because it was eventually recognised
that most patients had undergone surgery, which of necessity involves trau-
ma to tissues, and this had caused profound immune changes (personal com-
munication, Dr. CR. Gillis).

After studying the texts they had acquired, the judges gave their
understanding of auto-immune theory:

The immune system can however work in an incorrect way. This results in its

Sailure to distinguish between foreign bodies and other bodies from within the
body against which it reacts. When the system is in this condition the activated
T-lymphocytes may bebave in a deranged manner in a way that is associated with
the development of plagues.
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Incredibly, although the judges could not possibly have known, there
is no evidence to support this statement. There is certainly evidence that
the immune system is active in multiple sclerosis patients, but it is most
likely that its actions and the damage are secondary to inflammation. This is a
most important theme that will be explained in detail later. There can be no
doubt that if normal tissue becomes damaged, the body must recognise the
changes to be able to remove self material that is beyond repair, a process
of deconstruction. This is essential for recovery after every form of tissue
injury, whether it is caused by trauma or infection. However, it is obvious
that once damaged, a tissue is no longer normal, whereas auto-immune theo-
rists postulate that attacks are directed against normal tissue. Since WW2, and
the growth of science as an industry within the world of medicine, multiple
sclerosis research has accounted for the expenditure of billions from both
governmental and charitable sources. Despite this, there is still no diagnostic
test for the disease. As the professor of neurology at Oxford, George Ebers,
observed in an atticle in the British Medical Journal," there ate also no adequate
measures of disease activity ot, even disability. It would be difficult to find a
more damning indictment of the failure of medicine over more than a cen-
tury. In fact, it has been research into an animal model that has consumed
most of the billions raised for multiple sclerosis since WW2.

The auto-immune hypothesis has held centre stage in multiple sclerosis
since the founding of the National MS Society of America in 1946. The so-
ciety was started by Mrs. Sylvia Lawry after her brother developed multiple
sclerosis. In 1945, she placed an advertisement in the New York 7imes appeal-
ing for contact with other patients. The following year she brought together
20 of America’s most prominent medical scientists, including Dr. Tracy Put-
nam, who had moved to New York from Yale University. Putnam had con-
ducted some outstanding research during the 1930s, confirming the impor-
tance of damage to blood vessels in causing multiple sclerosis, which will be
discussed later. Unfortunately, the catastrophic events of WW2 intervened,
the thread was broken, and research into this aspect of the disease ground to
a halt. Sadly, a family tragedy in New York severely curtailed Putnam’s bril-
liant career and, despite being a founder member of the National MS Society
of America, he received little support for his ideas from other members (per-
sonal communication, Dr. Roy L. Swank). This blunted research into the role
of blood vessels in multiple sclerosis, although after WW2, two investigators
in the UK continued his work—Drs. Lumsden in Aberdeen,!* and Woolf in
London.” The lattet’s experiments, like those of Putnam, reproduced the
earliest damage seen in multiple sclerosis; an observation relevant to embo-
lism which will be discussed in Chapter 16.
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The newly formed US National MS Society needed to initiate a
research programme, but faced a serious problem: No other animal,
with the possible exception of the gorilla, actually develops multiple
sclerosis. It was noted in the 1930s, when investigators were attempting
to develop a vaccine for tuberculosis, that some of the animals injected
with killed tubercle bacilli included in an emulsion with mineral oils
developed patchy areas of inflammation in the nervous system. This
became the basis of the animal model experimental allergic encepha-
lomyelitis (EAE), which is now studied in many countries. The details
are disturbing—it involves injecting brain tissue removed from a
healthy animal, mixed with Freund’s adjuvant.'® The term adjuvant
which translates as “helper,” refers to a mixture of mineral oil and
killed tuberculosis bacteria developed in the 1930s as a vaccine for
tuberculosis. Mineral oils cannot be broken down in the body and
have been used to increase the effectiveness of drugs. Although they
are still used in veterinary medicines, adjuvants have been banned from
use in human pharmaceuticals, although squalene has been allowed
to be used in a new HIN1 (swine flu) vaccine. The reason for the
ban in their use with drugs is obscure, but almost certainly relates to
official governmental recognition that they work by damaging blood
vessels causing inflammation, which itself may cause tissue damage.
In the early 1990s, the UK government also banned the use of mineral
oil as a coating for the plastics used in food packaging, perhaps because
a large post-mortem study published in 1984 had shown that droplets of
mineral oil ate common in human tissue.” The UK Veterinary Medicines
Agency seemed curiously suspicious of attempts by the author to obtain
information about mineral oil adjuvants. The extraordinary ability of
mineral oil based emulsions to cause gross inflammation was shown by
the accidental self-injection of a veterinary vaccine containing a mineral
oil adjuvant by a farm worker.”® A severe chronic inflammatory reaction
developed, and extensive surgery was required to remove the mineral oil.
The authors stated that “very small quantities of oil are required.. . . there
appears to be enough on a dirty needle to cause local inflammation.”
It is not surprising that adjuvant is needed for the putative animal model
of multiple sclerosis; it is so effective in promoting inflammation. In fact
research workers have also suffered from accidental injection, but the
disease they develop does not resemble multiple sclerosis.”

MRI studies of the animal model EAE*" have shown that the
first event is opening of the blood-brain barrier—exactly the same as in
patients with the onset of an acute attack typical of multiple sclerosis.?
In fact, in a research study many years ago, blood-brain barrier leakage
was actually found before the patient went into the attack.” It is cleatly
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a seminal event in EAE, but it has been largely ignored. But how does
the material injected, for example into a foot pad or the skin at the back
of the neck, reach the nervous system in the model EAE, and how does
it open the blood-brain barrier? It is impossible to find this discussed
in the thousands of publications. However, droplets of the mineral oil
used in Freund’s adjuvant in the circulating blood are certainly capable
of opening the barrier, and acting with the tubercle bacilli will cause
inflammation. The only reasonable explanation is that droplets of
mineral oil enter the circulation from the injection site and transport
the antigen directed to attack nervous system tissue. In other words, the
mineral oil droplets are embolising the nervous system just like bubbles
do in divers. There is more evidence; it has been found that the mineral
oil adjuvant can be replaced in the production of EAE by tiny wmicro-
spheres. In order to be successful, the microspheres must be in the size
range of three to eight microns, and must also be capable of binding the
antigenic tissue to their surface.** Microspheres of a similar size have
been developed for use in routine ultrasound examinations, such as the
heart. They are injected intravenously, and so must go through the lungs
in order to allow an examination of the chambers of the left side of the
heart. It is not surprising that it has been found that the size range of
microspheres required for EAE to be successful is from three to eight
microns, which means they will readily pass through the capillaries of
the lungs, just as Haldane suggested small bubbles may do in divers.
Howevert, a detailed letter published in the Lancet* drawing attention to
the possibility that the droplets of mineral oil and the microspheres act
as micro-emboli and vehicles in EAE, failed to elicit any response from the
enormous industry researching the model.

Criticism of EAE has been increasing and, because the word allergic
links it to a pre-war era, it has been renamed “experimental autoimmune
encephalitis’—a tribute to the power of the fashions that influence
medicine. But EAE cannot be an auto-immune disease, simply because
the brain tissue injected that is used to provoke the immune response
is from a different animal. It is therefore simply an immune disease and
the response of the animal injected is the same as the immune response
to the transplant of an organ like a kidney, which, again, is triggered by
the presence of foreign proteins. The injected material #ust reach the
nervous system via the blood supply, because no other route is possible. It
has been clearly established that the lymphatic circulation of the body,
which drains away the fluid that leaks from blood vessels, does not
communicate with the fluid that surrounds the brain and spinal cord.
The model EAE, therefore, must use embolism, and this begins the
sequence of events in the nervous system.
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Fortunately, the value of EAE is, at long last, being challenged.
A paper published in 2005 entitled “Expetimental Allergic Encepha-
lomyelitis: A Misleading Model of Multiple Sclerosis” may signal
the beginning of the end.? Unfortunately, the scale of activity is still
growing—there were over 1,600 articles on EAE published between
2001 and 2005. Sadly, although there is no question that the research
is of good quality, it is simply not relevant: EAE cannot be regarded as a
model of auto-immunity for multiple sclerosis.

The judges were not made aware that the auto-immune theory in
multiple sclerosis is underpinned by an animal model. Imagine their reac-
tion if they had been told that the model depends on an animal being in-
jected with brain tissue mixed with mineral oil and killed tubercle bacteria
into a foot pad, or the back of the neck, or the abdomen. In other words,
the model of multiple sclerosis used by the research industry is actually pro-
duced by a remote injury to the animal. The doctors involved in Mr. Dingley’s
case would probably have known that the model EAE uses remote injection,
although this research is generally undertaken by biological scientists, not
doctors. There has been, however, one positive outcome from this research.
Studies have shown the effectiveness of hyperbaric oxygen treatment in
both preventing animals from developing the disease after being injected, and
also in #reating the symptoms, once it has developed. This demonstrates the
key role of oxygen in treating inflammation, and the blood flow changes
leading to blood-brain barrier breakdown in patients labelled as having mul-
tiple sclerosis.””

Auto-immune theory is now being seriously questioned, as it is in this
text. In 2008, a neurological editorial® asked, “Is the immune system of mul-
tiple sclerosis patients so easily fooled?” It pointed out that “despite 60 years
of research, the mechanism still eludes researchers.” It is important to note
that an immune response always follows tissue injury from any cause, even
the tissue damage caused by surgery, simply because the response is essential
to healing. A perceptive colleague once remarked about auto-immune theo-
ries that “if we do not know the cause for a condition, we usually blame the
patient” (personal communication, Dr. K.G. Wormsley). It was not original;
Plinius the Elder observed in 400 A.D. that doctors “make the patient re-
sponsible: They blame him who has succumbed.” The tradition continues
today with the inclusion of genetic factors which, of course, extends blame
to the parents. So, not only did Mr. Dingley fail in his attempt to implicate his
injuries in causing his multiple sclerosis, he had the ignominy of being blamed
for developing the disease.
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Despite most popular accounts of multiple sclerosis implying that au-
to-immunity is proven, there is now solid evidence of the involvement of
neutrophils, not lymphocytes, as the first event and this is where the role of
oxygen is pivotal. The question, then, is: What is the first event, the trigger?
The later immune activity which involves lymphocytes actually appears to be
involved in repair. In other words, it is an important component of recovery. It
has been found to be active in other conditions that affect the nervous system
such as strokes, or even head injuries. The evidence that follows produced by
neurologists in Scandinavia has had very little publicity.

The so-called diagnostic criteria for multiple sclerosis drawn up by suc-
cessive committees include some laboratory tests. One such test examines
the fluid that surrounds the brain and spinal cord, known as the cerebrospi-
nal fluid, and it requires patients to undergo a lumbar puncture. The fluid is
examined for proteins by the presence of what are called oligoclonal bands.
The bands, demonstrated by electrophoresis of the fluid, are frequently
used as supporting evidence for the diagnosis, despite the fact that by no
means all patients who have symptoms typical of multiple sclerosis test posi-
tive, and positive results are #of restricted to patients with multiple sclerosis.
In 1982, Kostulas and Link® reviewed 998 patients with a vatiety of
nervous system diseases for the presence of oligoclonal bands and listed 26
different diseases in which they can be found. The list even includes patients
with head injury. So, using the same logic as for multiple sclerosis, head in-
jury must be an auto-immune disease! The bands are, therefore, a non-specific
marker of damage to the tissues of the nervous system. Note that the term
non-specific actually applies to every other test used to label patients as hav-
ing multiple sclerosis. Work has continued in this area investigating the T
cell activity that has so captivated researchers in multiple sclerosis. They have
extended their research to include patients with cerebro-vascular disease—
blood vessel diseases of the brain—which, of course, includes patients with
a stroke. It is difficult to overstate the importance of this paper published as
long ago as 1992.% It states:

. .. the antoimmune changes described in multiple sclerosis occur in patients with
cerebro-vascular disease and at the same level.

It is, of course, universally accepted that strokes are due to thrombo-
sis ot embolism, 7of auto-immunity; survivors of stroke tend to improve,
sometimes making an excellent recovery from serious disabilities. This
clearly indicates that these immune changes are evidence of repair, and not
a disease process. This one sentence puts the final nail in the coffin of the
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auto-immune theory as the cause of disease or derangement in multiple
sclerosis, and indicates that more than half a century of research and bil-
lions of dollars have led down a cul-de-sac—it seems unlikely that there
is room for it to turn around. It is notable that this seminal paper on the
immune findings in stroke, now more than two decades old, has been cited
only once, by a senior neurologist in a general article about multiple sclero-
sis, which can be easily verified by an invaluable search feature available
online. However, no one involved in the merry-go-round of research and
grant funding wants to challenge the status quo and, as usual, if it is dif-
ficult to see a reason, look for the financial interest. The immune trail is
coupled to immune suppression by drugs and they have been touted since
the early 1960s. There are some features of EAE that are similar to multiple
sclerosis, as discussed above, the second event that occurs after the animals
have been injected involves blood vessels. MRI has shown that some of
the animals that do not develop symptoms develop another feature seen in
patients, known as unidentified bright objects—UBOs.

To account for the disease process that underlies the formation of ar-
eas of sclerosis, it is necessary to first determine what may cause damage to
blood vessels in small areas of the nervous system, compromising the bartier
they form. Actually, the pathological evidence allows us to be more specific
about the type of blood vessel involved—they are veins. The damage sur-
rounds veins like a sleeve. As the area extends, this relationship is lost with
the development of the characteristic scar tissue of sclerosis. Astonishingly,
there appears to be only one proper reconstruction of the early lesion (Figure
14.2), and it was published in 1942.%!
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Figure 14.2:
Reconstruction of a multiple sclerosis plaque by Dow and Berglund, 1942.
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The sections shown in the next figure illustrates the end and longitudinal
views of similar areas of damage in the brain (left) and spinal cord (right).

Figure 14.3:

Plaques in the brain
and spinal cord from
patients with multiple
sclerosis.

(Courtesy of Dr. D.R.
Oppenheimer.)
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It is perfectly obvious from these pathological sections that the tissue
damage surrounds the vein, and that the patterns suggest the diffusion of dam-
aging substances from blood. There could not be a more convincing expla-
nation that plaques are due to breakdown of the blood-brain barrier. The
evidence of blood-brain barrier failure from the leakage from the blood ves-
sels in the brain readily shown by MRI was actually produced by a much less
sophisticated imaging system, using injected isotopes, as long ago as 1965. In
the intervening years, it was demonstrated by three more forms of imaging,
the last being computed tomography (CT).”” It is critically important to note
that the auto-immune theory offers no explanation whatsoever for the location
of the typical areas of damage in patients with multiple sclerosis. The de-
velopment of MRI has continued to provide dramatic confirmation of this
relationship to veins in living patients as the strength of the magnetic fields
used has increased dramatically,” but it has not extended our understanding
beyond microscopic studies that date back to 1863.

In the report of the second committee formed in 1984 to revise the
diagnostic criteria for multiple sclerosis,’ chaired by Dr. Chatles Poset,
there is the report of a relevant case where CT was used.

The second example who would be so diagnosed was described as being a young
man who, following an antomobile accident, is found to have several contrast-
enhancing periventricular lesions on CT scan.

Note that the term “contrast enhancing” refers to leakage of the
iodine containing dye used as a highlighter in CT images of the brain. It
is unequivocal evidence of damage to the blood-brain barrier. Curiously,
despite his support for Mr. Dingley’s assertion that his symptoms were
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caused by his injuries, Poser did not refer to this case, which would have
provided great support for the allegation that trauma can be involved
in multiple sclerosis. Since the time the Poser committee deliberated,
CT has largely been replaced by MRI, where the use of another contrast
agent, which contains gadolinium, may also show enhancement
associated with leakage across the blood-brain barrier. As will be seen
in Chapter 16, MRI has revealed even more about the changes in the
brain, which can follow trauma in the living patient. Also omitted
from consideration by the judges in Mr. Dingley’s case was supportive
evidence from neuropathology, that has been available for many years,
and it is discussed later.

Figure 14.4:
MRI of the brain of a 54- year-old MS patient acquired using a 7 Tesla magnet.
(Courtesy of Dr. Y. Ge.)
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The Law Lords were made aware of the importance of the blood-brain
batrier in the protection of the sensitive tissues of the nervous system from
dangerous components present in blood. Their report states:

The organs of the CINS require to be supplied with various nutrients which
are delivered by means of the blood stream. But the brain could be damaged if
harmful substances were to be allowed to pass into the brain. A structure exists
between the blood and the brain whose function it is to prevent this. It is known
as the blood-brain barrier (BBB). It consists of a layer of cells, each of which is
opposed to the other by a tight junction.

Although the central importance of blood-brain barrier damage in mul-
tiple sclerosis was actually accepted by both sides in the case, it was common
ground that the reason for the disruption of the barrier is said to be unknown.

The starting point of Dr. Poser’s theory is that trauma may cause alteration
of the blood brain barrier. That is accepted by both Professor Compston and
Dr. Sibley. Dr. Poser and Dr. Beban [two of the expert witnesses called by
the defendant] wonld say that the breach of the blood-brain barrier might be
at a site remote from tranma. Dr. Poser also points out that the earliest sign
of the development of a new plague which is detectable on MRI scans is indeed
an alteration of the blood brain barrier. As he emphasised, it is not known
how alteration in the barrier occurs, or how the substances pass through it . . .
While therefore there are doubts abont the mechanisms involved, it should
be emphasised that the experts who gave evidence all agreed with Dr. Poser
that alteration of the blood-brain barrier is the earliest detectable sign of the
development of a new plague.

This is an extremely important statement, because standard textbooks
rarely draw attention to blood-brain barrier damage in multiple sclerosis and,
when they do, give no indication as to how the barrier is damaged. The author
suggested in 1989 that multiple sclerosis should be known as “blood-brain
barrier disease,” awaiting agreement about the cause.” Howevert, typical text-
book accounts of multiple sclerosis continue to endorse the auto-immune
theory, linking it to a still-unknown virus and, of course, genetic susceptibil-
ity, and fail to mention the established changes to the blood vessels.

It is not surprising that early investigators thought that multiple
sclerosis was due to an infection because the hallmark of the disease is
a patch, a discrete area, of inflammation. The search for an infective agent
began in the late nineteenth century, and by 1908 it was claimed that an

organism had finally been demonstrated in multiple sclerosis patients.

Chapter 14: The Final Appeal to the House of Lords ~ 251



It was termed Zusularis spheroidis, but the evidence was found to be flawed,
and eventually the hypothesis was discredited. Since then, much effort
has been expended looking for a bacterium or virus, and it is obvious
that the absence of a diagnostic test for multiple sclerosis has allowed
great freedom for speculation. Some claims have proved embarrassing
as, for example, a publication in the Lancet in 1979 claiming that an
organism had been isolated which, on further investigation, proved to
be a laboratory contaminant. New bacteria have been discovered in the
last few decades, such as Legionnella pnenmophila, Helicobacter pylori, and
Borrelia burgdorferi—in fact, the latter causes an infection of the nervous
system. However, there are insurmountable obstacles to the postulation
that an infection causes multiple sclerosis, based upon first principles
and no bacterium or virus has ever been found, despite an intensive
search over the last 100 years. Contrast this with the rapid detection
of the virus responsible for AIDS, the human immunodeficiency virus
(HIV), and the speed with which the bird flu (H5N1) and swine flu
(HIN1) viruses were isolated.

The main argument against multiple sclerosis being a bacterial
infection actually derives from the pathology because, as was observed
by the pathologist Chatles Lumsden® in the 1970s, bactetia known to
cause infections of the nervous system, for example the spirochaete of
syphilis, actually arrest in capillaries, before invading the surrounding
tissue. In contrast, the damage in multiple sclerosis occurs around veins.
No consistent evidence of an infectious agent has ever been found in
the surrounding tissue at post-mortem examination or, indeed, when
biopsies have been taken from patients during life. The symptoms and
some pathological features of nervous system diseases caused by bacteria,
such as the spiral bacteria responsible for syphilis and Lyme disease
can certainly mimic multiple sclerosis; for example, they may cause
the eye nerve condition optic neuritis. However, other clinical features
and changes detectable in the blood are used to confirm the presence
of the infecting organism. Nevertheless, in 2002 the ZLancet published a
commentary with the surprising title “Bacterial Infections as a Cause of
Multiple Sclerosis.”* It discussed the possibility that Borrelia burgdorferi,
the causative organism of Lyme disease, may also be one cause of multiple
sclerosis. However, it can be stated with certainty that the great majority
of multiple sclerosis patients have 7ot had any exposure to this organism.

Whether infection with B. burgdotferi is a cause of multiple sclerosis or whether
it is merely a result of heightened susceptibility of multiple sclerosis patients to
infection due to damage to the blood-brain barrier remains one of the enigmas of
multiple sclerosis research. Indeed this caveat applies to all infections pathogens
that have been associated with multiple sclerosis.
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The authors appear to be unaware of Lumsden’s powerful arguments
ruling out a bacterial cause for multiple sclerosis. It is notable that the
authors raised the possibility that infection may highlight pre-existing
areas of damage to the blood vessels of the nervous system. Thete can
be little doubt that their observation is true—why else would a barrier
be present? They also draw attention to vulnerability of the brain if there
is damage to the blood-brain barrier.

Infection is most unlikely to be the cause of a first attack typical of mul-
tiple sclerosis, simply because most patients do not feel feverish, or ill, in any
way. There is also no evidence that the disease is infectious. However, once
a patient has sustained the characteristic areas of damage in the nervous sys-
tem, infection associated with fever is certainly capable of causing a relapse,
as most patients will readily confirm. As we have seen, MRI has shown that
the initial damage to the blood-brain barrier in multiple sclerosis patients is
often silent, and associated with the formation of unidentified bright objects.
The onset of neurological symptoms at the time of an infection may then be
wrongly interpreted as the initiating event of the disease, because infections
are often associated with the generation of fever due to circulating toxins. If
the blood-brain barrier is already damaged, the toxins may cross from blood
into brain tissue and cause symptoms.

The induction of a fever, simply by using a hot bath, has been shown to
cause relapse in patients who have had symptoms typical of multiple sclero-
sis. There is, obviously, no infection involved. The “hot bath test” was first
used in patients suspected to have multiple sclerosis in 1937 in the US. It was
promoted as a diagnostic test for those patients where the symptoms and
signs had resolved by the time the patient was seen by a specialist. The test,
therefore, was devised to allow objective evidence to be found to corroborate
a patient’s story. At the time, a diagnosis of hysteria was common, and pa-
tients were often not regarded as reliable witnesses. The symptoms could
be provoked by immersion in the hot bath, and normally disappeared when
the patient cooled down. However, in 1983, Berger and Sheremata’ at the
University of Miami gave details of four patients in the Journal of the American
Medical Association, where disabilities induced, unfortunately remained. The
last patient they described was a 28-year-old man with a two-year history of
difficulty in walking, following an episode of brain inflammation (acute en-
cephalitis), who was suspected of having multiple sclerosis. Initial examina-
tion revealed poor vision, a squint, and weakness in his right leg and he was
placed in a hot bath.
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Whilst in the bath, flaccid quadriparesis (weakness of all four limbs) and visual
blurring developed. By the next day, bis vision had returned to normal but bis
weafkness persisted during the conrse of the next week. Subsequently a gradnal
stepwise deterioration in his gait and lower extremity strength during the ensuing
five years resulted in a spastic paraplegia.

Following their experience, Berger and Sheremata issued a plea for cau-
tion in its use, but a tepid bath is clearly of no diagnostic value. Equally, it is
not possible to predict which patients will recover from the test after being
cooled. Fortunately, the test is no longer used because of the availability of
other objective methods, especially brain imaging. However, multiple scle-
rosis patients and those suspected of having the disease should always be
warned to avoid exposure to high temperatures. It is not difficult to see how
infection has appeared to be a credible mechanism in multiple sclerosis, when
neurological symptoms often appear when a patient develops a fever. How-
ever, the hot bath test, in producing dilatation of the blood vessels and symp-
toms without infection, indicates the continuing presence of blood vessel
damage—that is, damage to the blood-brain barrier. A high body temperature
developed during exercise may also be a factor in relapse.

As we have seen, it is now usual to point out the importance of
genetic susceptibility, and many studies have attempted to determine if cer-
tain genetic factors are involved in patients with multiple sclerosis. However,
genetic factors are obviously involved in some way in every disease, simply
because susceptibility and our reaction to disease are determined genetically.
However, there is an important difference between a genetically cansed dis-
ease, such as haemophilia, and diseases where genetic susceptibility plays a part.
It would seem absurd at first sight to assert that there is a genetic susceptibil-
ity to head injury, but the logic is actually inescapable. Tall parents generally
have tall children, because there are genetic factors involved in determining
height. The world is designed for people of average height and so, for ex-
ample, the height of door lintels caters for the majority of people, but not for
the few who are significantly taller than normal. Very tall people must bend
in order to pass under most door lintels, but if they forget, which is likely
at some time, they will bang their heads. The death of a very tall man, also
a former diplomat, who purchased an old house with low ceilings and suf-
fered a fatal brain haemorrhage from striking a door lintel, was reported on
November 24, 1988 in the UK Daily Mirror. The headline read: “Tiny Home
Kills Tall Diplomat.” This does not, of course, mean that 4/ tall people will
consistently sustain more head injuries than shorter people, because some
will learn to be very careful. It just means that as a group, very tall people will
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bang their heads more frequently than very short people. Despite all the ex-
pensive research, genetic studies have not helped in unravelling the mystery
of multiple sclerosis—they have simply stated the obvious.

The report of the Law Lords continued,

A key question in the case is whether, and if so in what circumstances, trauma
may also alter or open up the BBB so as to allow activated and deranged
T-lymphocytes to enter the brain.

There is no evidence that the lymphocytes are deranged in patients with
multiple sclerosis; based on the evidence from stroke patients, they are in-
volved in attempts to repair. However, another white blood cell is certainly
involved in the attacks typical of multiple sclerosis where the blood-brain
barrier fails—the neutrophils. The loss of the protection afforded by this
exquisitely constructed barrier is cleatly a very serious matter.

Despite the absence of evidence, auto-immunity remains fashionable
and, as a consequence, the research using the putative animal model con-
tinues to receive very substantial funding. It is particularly bizarre that it still
holds centre stage, because it provides no explanation for the /Jocation of the
areas typically affected in patients with multiple sclerosis. For example, it does
not attempt to explain why the optic nerves are so frequently affected in the
condition labelled optic neuritis. It should be noted at this juncture that every
known cause of optic neuritis, from syphilis to leukaemia, involves damage to
the blood vessels of the nerve.

Today, with investigators obsessed with the molecular pathology, it is rare
for autopsy studies of the basic pathology to be undertaken, despite the fact
that it is still alleged that little is known about the very first events in the dis-
ease. However, a group working in the University of Sydney have examined
patients who have died following an acute relapse. They have found that there
is no evidence of an initial invasion of the white cells responsible for the im-
mune response; the myelin damage is evident first, and the immune cells then
move in to repair the damage. Their paper in 2004’ questioning the auto-
immune concept was so newsworthy that it was covered in a worldwide press
release from Reuters (Figure 14.5) and they have continued the research.”

As we have seen, a laboratory model is not needed: In marked contrast to
the myths and legends of auto-immunity, we have a human model, a well-es-
tablished cause of UBOs that results from decompression sickness. The areas
affected in multiple sclerosis are known to be associated with reduced blood
flow and this has recently been reviewed,” emphasising the role of inflamma-
tion and the hypoxia-inducible protein systems. Despite details of the effects
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NEW YORK (Reuters Health)

Findings from an autopsy study by Australian researchers question
the theory of multiple sclerosis (MS) that holds that an auto-immune
attack on myelin is the inciting event for the disease. Instead, it appears
that myelin-producing cells die first and then immune cells show up
to clear out these dead cells and their myelin, lead author Dr. John W.
Prineas, from the University of Sydney, said in a statement.

* The results, which are reported in the February 23rd online
issue of the Annals of Neurology, are based on the clinical and
pathologic findings noted in 12 patients with relapsing and
remitting MS who died during or soon after a relapse episode.

* In seven of the cases, the researchers observed pathologic
changes that had not previously been observed in newly
formed multiple sclerosis lesions. Specifically, the lesions
showed extensive oligodendrocyte apoptosis and microglial
activation, but little or no lymphocytes or myelin phagocytes.

* The authors believe that the current findings could have a
profound impact on MS research, which is largely focused on
determining why the immune system attacks myelin.

* “The important point, at this stage of our investigation,
seems to be that we have no laboratory model for this sort of
pathology,” Dr. Prineas said.

Figure 14.5:
Reuters press release featuring the 2004 paper from the University of Sydney.

of lack of oxygen, there is no mention of giving more when there is simply
no substitute. Hyperbaric oxygen treatment as used for decompression sick-
ness is effective in both preventing and treating animals affected by EAE,
and in treating patients with multiple sclerosis. The evidence is discussed in
Chapter 17.

It is time to return to Mr. Dingley’s appeal: The judges were not made
aware of an important condition that every doctor should know from their
basic training in pathology. They should have been told that the brain can be
damaged by a remote injury—it is called fat embolism and the condition can
actually be seen in the eye.
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CHAPTER 15

Evidence Overlooked, but
“The Eyes Have It”

Scholars who with all this written and practical evidence before them
chose to see none of it; their learning seemed like a bandage round their
eyes.

A Short History of the Gout and the Rheumatic Diseases.
WSC Copeman, 1964.

It will be recalled that Mr. Dingley’s problems with his eyesight were no-
ticed by his wife and by the colleague he drove to work within a few days of
his accident, although there is no reference to it being investigated by the
neurologist who first examined him. However, in the Court of Session hear-
ing for the Reclaiming Motion, the counsel acting for the Chief Constable of
Strathclyde, the defendant, was at first keen to establish that the symptoms
occurred some time affer the weakness of his leg. This raises some uncom-
fortable questions about the legal process, and the language used belongs to
a different age.

1t is plain that, at the time when this evidence was being led, counsel for the
defender was concerned fo suggest that the pursuer’s [Mr. Dingley's] eye trouble
had occurred nuch later, perbaps months after the accident. His cross-excamination
was framed accordingly.

When it became apparent that the eye trouble occurred within a few days,
the counsel suddenly realised that the information may be useful to his case
because he thought that the visual symptoms could not be attributed to the
whiplash injury. The expert witness’s support for Mr. Dingley rested on estab-

lishing a connection between his symptoms and spinal cord damage caused
by the whiplash.

At some later point in the proceedings, however, counsel for the defender became
aware that there was another possible line of approach, vig that the eye trouble
had occnrred shortly after the accident and was indeed due to MS, but that the
base showed that the first symptom of the pursuers was not associated with the
spinal cord and conld not therefore be associated with any damage to the cord in
the accident. The late change of front meant, however, that the exact nature of
the pursuer’s eye trouble was not established.
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The visual problems suffered by Mr. Dingley were simply not
included in the examination of the evidence; indeed, it is not clear if they
were investigated at all. The implication was that they were simply not im-
portant. One of the expert witnesses stated that he could not even be sure if
the symptoms were those typical of multiple sclerosis. The judges would not,
of course, have been aware that a disturbance of vision is the first symptom
in a third of patients who are eventually told they have multiple sclerosis.'
The matter was, therefore, quietly dropped which was, to say the least, repre-
hensible. Why are the effects on the eye so important? It is because they can
solve the central question in multiple sclerosis already raised in Chapter 14:
Is it a disease of the blood vessels, or of the tissues of the nervous system?
The disturbance of vision is most commonly due to inflammation of the
optic nerve and so is known as optic neutitis,” but the disease process often
involves the retina.

Unlike the rest of the nervous system, the nerve tissue of the retina and
the blood vessels that supply it can be seen through the pupil using an oph-
thalmoscope. They can also be photographed through the pupil. Figure 15.1
shows the wonderful array of blood vessels that allows us to see the wotld
around us. A branch of the single artery supplying the eye, the ophthalmic
artery, passes into the centre of the optic nerve as the central retinal artery.
It emerges into the globe of the eye through the optic disk. The arteries that
branch from the central retinal artery supply the capillaries in the quadrants
of the hemisphere. The capillaries drain into veins, which then unite to form
the central retinal vein, which leaves the globe through the optic disk.

Changes in vision are, of course, easily noticed because we observe
events through our eyes. It is little known that hearing loss also occurs in
patients who develop multiple sclerosis,™ and it is due to inflammation in the

Figure 15.1:

The blood vessels of the retina of a
normal human eye.

(Courtesy of Dr. John Ellis.)
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cochlea.’ A reduction in hearing, or mild weakness of the power of muscles,
say in an arm or leg, is more easily overlooked by patients than a disturbance
of eyesight. Sudden deafness may immediately follow cardiac surgery and is
most likely due to embolism.® Unfortunately, the complications that affect
the eye in patients with multiple sclerosis are rarely discussed in textbooks of
neurology. This is because patients with eye problems atre usually referred to
ophthalmologists, rather than neurologists. To conduct a detailed examina-
tion of the retina it is necessary to use drops to dilate the pupil, which is a task
routinely undertaken by ophthalmologists. This is yet another example of the
problems created by the fragmentation of medicine into specialties.

The eyes ate isolated spherical capsules held in the bony orbits of the
skull by the muscles responsible for their movement. The eyeballs are not
physically connected; their synchronised movement is coordinated by nerves
which have their control centres in the brain stem. The accuracy of this
control is truly astonishing; even a tiny deviation from synchrony results in
double vision. The eye may be damaged by an object penetrating the globe;
for example, a high velocity metal fragment, or by infectious agents, such as
viruses ot bacteria, which atre delivered via the blood supply. The globe of
the eye is a strong capsule, known as the sclera, which is continuous with the
cornea, the transparent tissue in front of the iris and pupil, which is itself cov-
ered by a very thin membrane, the conjunctiva. The optic nerves join together
forming the optic chiasm, and the nerves transmit the impulses created by
the photoreceptors of the retina, to the grey matter at the back of the brain,
known as the occipital cortex. It is here that the nerve impulses are processed
and perceived as images, but it must be remembered that the brain can pro-
duce images without the input from our eyes—they form our dreams.

The image formed on the retina is actually upside down, and the images
we perceive are constructed by the brain based on logging our surroundings
using faculties like touch. There is obviously no film screen at the back of the
brain in the occipital cortex! In a famous experiment, a subject wore specially
constructed binoculars that turned the images seen by the eye upside down.
The subject wore them every day. At first he had great problems, for example
in reaching up for objects that were in fact down. However, at the end of
10 days the brain had learned to reverse the image perceived so that objects
and his environment appeared the correct way up. When he removed the
binoculars, he again saw everything upside down and went through the same
uncomfortable period until the brain was able to reverse the image again.
This inversion can actually be produced by damage to the visual tracts in
the mid-brain from swelling involving the basal ganglia.” Perception of shape
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and form can be processed in other areas of the brain, an example of what
is strangely called plasticity, a term that seems to have been introduced by the
late Dr. Paul Bach-y-Rita. In a groundbreaking, but little known experiment
published in 1967,% he used the image from a camera to produce signals to
activate multiple stimulators placed in a grid on the back of six blind sub-
jects. They learned to perceive objects and even recognised Twiggy, a model
famous in the 1970s. Given the advances made in micro-electronics over the
last 40 years, it is time for this work to be revisited.

It is necessary to know the basic anatomy of the blood supply to the eye
and the optic nerve to understand the conditions that often affect patients
with multiple sclerosis. Visual problems can be the result of damage to the
eyes, to the optic nerves, or to the grey matter of the occipital cortex of
the brain’s hemispheres. Damage to the centres in the brainstem that con-
trol the muscles can lead to double vision. The arteries supplying the op-
tic nerves and the eyes are known as the ophthalmic arteries. They ate de-
rived from branches of the internal carotid atteries, whereas the postetior
cerebral arteries supply the imaging processing area at the rear of the brain.
They are derived from the basilar artery, which is formed by the connection
of the two vertebral arteries. The basilar artery supplies the brainstem and
the organ of coordination and balance, the cerebellum. The right carotid ar-
tery derives from the brachiocephalic artery, which arises from the arch of the
aorta. After passing through the base of the skull, the internal carotid artery
curves around the outer margin of the sella turcica, (the “Turkish saddle”)
where the pituitary gland is located. On the apex of its turn through about
180 degrees, the carotid artery gives off a branch, the ophthalmic artery. This re-
lationship is similar to that of the brachiocephalic artery, which is the first ar-
tery on the curve of the aortic arch. In both situations there are important im-
plications for blood flow, because it is known that they are preferred pathways
for any small particulate matter—that is, micro-emboli present in blood.” The
ophthalmic arteries are very unusual because they not only supply blood to
the optic nerves and the connection that exists between them, known as the
optic chiasm, they continue on to supply the tissue of the choroid behind
the retina and finally the tissues of the retina itself. The blood supply to the
choroid is actually many times greater than that of the retina, through large
diameter vessels, which ensures that a constant supply of oxygen is available
for diffusion even if a branch of an artery in the retina is blocked.

In order to access the globe of the eye and the retina, the ophthalmic
artery has to enter the optic nerve and pass down the centre of the nerve in
order to emerge through the optic disc. The branches that provide the nutri-

260 ~ Oxygen and the Brain: The Journey of Our Lifetime

tion for the beginning of the optic nerve arise before the artery enters the
nerve, but the part of the nerve immediately behind the eye is supplied from
internal branches of the artery after it has actually entered the nerve itself.
The ophthalmic artery emerges through the optic disc at the back of the eye
to become the central retinal artery, and it usually divides into four branches
to supply the hemisphere of the retina. The retinal blood supply to each eye
derives, therefore, from a single artery, which emerges from the centre of the
optic nerve at the optic nerve head and then branches over the surface of the
retina to supply each quadrant.

Four conditions may affect the eye itself in multiple sclerosis that relate
to structutres within the globe of the eye. In all four, localised inflamma-
tion is present which is, as usual, denoted by the suffix “itis” and they are
papillitis, iritis, nveitss, and retinal periphlebitis.* Each may occur in one, ot in
both eyes as an isolated condition. As myelin is not present in any location
within the eye, these conditions provide further evidence that the changes
in blood vessels are the first event in the disease that underlies multiple
sclerosis. Even more compelling is the fact that they occur in many other
conditions where the agent responsible is spread in the blood supply, as
for example, in cancer. Papillitis is a swelling of the optic disc area of the
retina where the nerve fibres fan out across the retina. It is usually associ-
ated with inflammation and swelling of the section of the optic nerve
immediately behind the globe of the eye, sometimes called retrobulbar
neuritis. Inflammation of the optic nerve itself appears to be more com-
mon than the inflammatory conditions occurring within the eye or, at
least, it is reported more frequently in patients with multiple sclerosis.

Evidence of optic neuritis can be found using nerve conduction studies
in about half of multiple sclerosis patients,” and MRI has confirmed that it
is very common: The question is why. Optic neuritis is often associated with
significant swelling of the optic nerve, which may become so enlarged as to
fill the hole in the bony skull, known as the optic foramen, through which the
nerve passes out of the skull to the eye socket. The terms “optic” and “neu-
ritis” simply describe inflammation of the optic nerve, and so like multiple
and sclerosis—are not a diagnosis; they are yet another label. The patient
may then feel pain when looking from side to side, and pain is also felt if
pressure is exerted on the eyeball. In some patients, the severity of the pain
has required sutrgery to decompress the optic nerve by opening the aperture in
the bone. The eyes move over a considerable arc, which means that the optic
nerves move slightly in the hole in the skull they pass through in the sock-
et of the skull known as the orbit. The nerves are covered by membranes,
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which ate the extension of the membranes that cover the brain and spinal
cord, known as the meninges. They ate liberally supplied with pain nerve
endings, and so inflammation of the optic nerve is usually associated with
pain. If the segment of the optic nerve within the bony aperture of the sock-
et swells, it may occupy the whole of the available space. The pressute in the
nerve will then rise because it is trapped. This inevitably reduces the blood
supply and also, of course, oxygen delivery, causing the blood vessels to try
to open more widely. The blood vessels leak causing further swelling and
thereby create a vicious cycle. Any movement of the eye causes pain, which
triggers more inflammation. Steroids are frequently prescribed for optic neu-
ritis, which may help by limiting the permeability of the blood vessels, reliev-
ing inflammation, allowing the swelling and pain to subside."

The most common cause of inflammation is infection, and infection ex-
ternal to the nerve may cause optic neuritis. For example, infection of the
sinuses may spread to include the surrounding bone and soft tissue of the
eye socket and the optic foramen. The inflammation causes the optic nerve
to swell, which is limited by the surrounding bone and the nerve fibres be-
come compressed. External tumours may also cause compression. In all
these examples, the symptoms may be much the same as in the optic neuri-
tis of multiple sclerosis with patients complaining of blurring of vision and
eye discomfort on moving the eye. On rare occasions, optic neuritis may be
associated with viral infections, such as varicella, the virus responsible for
chickenpox and shingles. Bacterial infections may also be responsible for the
condition. For example, both tuberculosis' and syphilis'? may produce optic
neuritis, although they are now rare causes of the condition in the developed
world. The lodging of such bacteria in capillaries is not generally viewed as
embolism, but the mechanism is essentially the same because they are foreign
particles carried in blood.

However, inflammation can also occur without infection and, logically,
it is then called asepsic inflammation. Direct trauma is an important cause of
inflammation and, as discussed, micro-emboli such as bubbles may cause in-
flammation internally by damaging the lining of the blood vessels. Cancer
cells are carried in the blood and may cause optic neuritis'*!* as they do in
leukaemia where cells have actually been found blocking a vessel in the optic
nerve.” Cancer cells may also cause both iritis and uveitis, as may bubbles in
decompression sickness,' reinforcing the link between small emboli and mul-
tiple sclerosis. Unique confirmation of this has come from cardiac surgery.

Optic neuritis occurs in 10% of patients who have been connected to a
heart-lung machine for heart surgery.”” Cardiac bypass, as it is known, is as-
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sociated with micro-embolism from a variety of particles, from marrow and
fat released by splitting the sternum to open the chest, to plastic debtis from
the tubing used in the blood pumps. Emboli have been visualised during car-
diac surgery using heart bypass machines' and some patients suffer loss of
heating."” Most importantly, patients who have been investigated by MRI im-
mediately following cardiac surgery have been found to have UBOs in the mid-
brain.’ The changes in the mid-brain after cardiac surgery in children—evident
by an increase in the size of the ventricles in the hemispheres due to loss of the
myelin sheaths, have been followed by CT? and found to be reversible. This is
powerful evidence that dramatic recovery from brain damage can occut, espe-
cially in children, because, of course, they ate still growing.

Optic neuritis may also be caused by particles breaking off the fatty de-
posits that can accumulate in the carotid arteries in the neck in older people
and clots.”? It is then called ischaemic optic neuritis, which means that it is
recognised to be associated with a reduction of blood flow. This very remark-
able story of a patient with this problem begins and ends with episodes of
loss of consciousness, both of which were immediately preceded by an ex-
traordinary out-of-body experience.

Mr. X had bis first episode at the age of 50. One morning when he was just
about to leave the house to drive fo work, he suddenly felt himself floating up to
the ceiling and watched bis body crumpling onto the hall floor before everything
went black as he lost conscionsness. He woke up with his family doctor at the
oot of his bed who was unable to find a canse for the blackout, and referred the
bemused patient to hospital. The investigations proved negative, and seven years
passed until the next event.

1t was a Friday afternoon, and Mr. X noticed on looking up that bis wall
calendar seemed somewhat incomplete. Closing his left eye, he realised that his
right eye was completely blind, with not so much as a glimmer of light visible.
As he had been treated some months before for mild glancoma and had an
outpatient appointment the following Monday, unperturbed, he went home to rest
and eventually to bed. On waking the next morning he was somewhat relieved to
be aware of a little light with the affected eye and, as there was no pain, he saw
no reason to bother his doctor. The eye specialist who saw him on the Monday
was unable to see any reason for the loss of vision, but recommended an urgent
consultation with a general physician. This was arranged through the family
doctor, and Mr. X was fortunate enough to be seen that afternoon. Examination
of the right side of his neck revealed the characteristic noise, called a bruit,
associated with partial blockage of the artery. An appointment was made for him
to be admitted to hospital later in the week for further investigations.
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On the Wednesday afternoon he was at home watching a television programme
about Africa using, of conrse, bis good right eye. It featured a spectacular sunrise and
as the flaming orange globe rose on the screen, Mr. X experienced a blinding flash of
light in bis good eye and realised to his consternation that e had now gone completely
blind. An nrgent phone call was made to bis hospital consultant who, rather
surprisingly, felt able to reassure Mr. X that all would be well and reminded hin that
in any case, he was due to be seen in hospital in two days time! The consultant even
agreed that tickets bought for a performance at the local amatenr operatic company
that evening shonld not be wasted. The patient attended the performance and enjoyed
the nsic despite being only aware of a dim kaleidoscope of colonrs.

Subsequent investigation in the bospital confirmed the presence of obstructions
in both bis carotid arteries, and operations to clear the debris were undertaken over
the following months. By this time, his vision was steadily improving. The patient,
anxions to go on holiday, was reassured that he could go and “would be fine.”
However, the morning after arriving at the resort Mr. X, about to get into the
shower, again found himself floating up to the ceiling and observed his body
crumpling to the floor before be lost consciousness. Waking up some 12 hours later,
none the worse for the experience, he carried on with his holiday waiting to report
the incident until he returned home. Further investigations showed that the artery
in the right side of the neck was completely blocked.

The loss of vision was caused by an identical event in each eye. On
both occasions, tiny particles of material from the fatty deposits in the ca-
rotid arteries had flowed into the ophthalmic artery blocking most, but for-
tunately not all, of the blood supply to the eye. Enough blood, or at least
plasma, continued to flow to prevent death of the tissues of the eyes, but
not enough oxygen reached the retina to allow vision. Almost certainly
the particles of fatty material had stopped where the branch of the oph-
thalmic artery, which forms the central retinal artery, enters the optic nerve.
It is arrowed in Figure 15.2.

Figure 15.2:

Diagram drawn from a
dissection showing the
ophthalmic artery and
the central retinal artery
which enters the optic
nerve (red arrow).
(Redrawn from
Kocabiyik N. et al., 2009
Turkey.)
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The central artery of the retina is an end artery just over half a millime-
tre in diameter. To have a critical sense such as sight reliant on such a small
blood vessel would seem rather cavalier, but we have two eyes and can man-
age very well with just one. However, there is a very special arrangement that
undoubtedly came into play in Mr. X’s situation. Behind the retina is a zone
of the globe of the eye, which has a much larger blood supply—estimated
to be about 200 times that of the retina. It is called the choroidal plexcus and
acts as a reservoir of oxygen to support the supply of the retinal arteries,
especially for the macula, which is the area where the maximum visual acuity
is needed. It is said to provide about half of the oxygen needed for sight.
Fortunately, Mr. X’s eyesight was almost completely restored, because most
of the nerve cells in the retina did not die. This means that they had enough
oxygen to survive, but not enough to function and allow sight. In time, flow
was restored in the retinal artery as the material causing the obstruction
would eventually have been removed. By increasing the dissolved oxygen
content of blood under hyperbaric conditions, vision can be restored in pa-
tients who have a blockage of the central retinal artery at the point where it
enters the optic nerve. If the blockage is due to a clot, this can extend the
window of opportunity for vision to be restored by using a thrombolytic, a
clot-busting agent. This principle can also apply to the brain itself, and will
be discussed in more detail in Chapter 20.

These events, as we shall see, together with other causes of optic neuritis,
occur because the hydraulics of the internal carotid artery allows material car-
ried in the blood vessels to enter the ophthalmic artery and reduce the blood
supply. The symptoms may be caused in two ways: Either the material lodges
in the artery, or it damages the wall of the vessel and leakage then causes the
nerve to swell. Excluding local traumatic injury, tumours and bone infections,
every identified cause of optic neuritis involves emboli carried in the blood
supply and, as discussed eatrlier, this includes bacteria like Zreponema pallidum,
which is responsible for syphilis and the spirochaete, Borrelia burgdorfers, which
causes Lyme’s disease. Of course, in the days before antibiotics when bacteri-
al infections often spread throughout the body, the dissemination of bactetia
in the blood was in the forefront of medical consciousness, and this included
the infection responsible for childbed fever.

When the many known causes of optic neuritis have been excluded it is
clear that, in the great majority of patients (at least in the Western world), at-
tacks of optic neuritis are 7o associated with an infection. Nevertheless, the
local symptoms of inflammation, with discomfort on eye movement and im-
pairment of vision in multiple sclerosis patients are much the same as those
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from other clearly identified causes. Use of the term /ocal/ raises the question
of distant factors, because when optic neuritis is associated with more gener-
alised diseases, like tuberculosis, syphilis, and septicaemia, the patient is usu-
ally ill, or at least has other symptoms which allow a diagnosis to be made.
Patients with optic neuritis typically notice some blurring of vision, often
with some loss of part of the field of vision. The eye may be tender to touch
and often painful on movement. A disturbance of colour vision is common,
but may not be noticed by the patient. This is, like so many textbook descrip-
tions, a generalisation, because the optic nerve may be found to be damaged
by using special tests in patients described as having multiple sclerosis who
have never suffered the typical symptoms of optic neuritis. In other words, the
other symptoms developed by the patient have been more noticeable, where-
as the damage to the optic nerve has been silent. The damage to the myelin
sheaths of the optic nerves themselves can be detected by delays in visual
evoked response testing, A light is shone into the eye, and the time interval
measured when the response can be detected at the occipital cortex at the
rear of the brain. At the other end of the disease spectrum, there are patients
who have an attack of optic neuritis so devastating that they lose the sight
of the eye permanently. The author recalls a young man in his twenties who
had two such attacks and was left totally blind—nothing emphasises more
the critical need for immediate treatment. The tremendous range of both the
pathological changes and clinical effects in multiple sclerosis is not just seen in
the patches of damage which occur in the optic nerve—other sites in the ner-
vous system affected in patients with the disease may show a similar spectrum.
However, the answer to the central question in multiple sclerosis can be seen
in the eye—the veins of the retina may become inflamed. It is known as retinal
periphlebitis, which is translated as “inflammation around veins of the retina”
and it is also detailed in the book Optic Neuritis.> The text provides a fascinat-
ing insight into the conflict between fact and fiction and the beliefs that have
arisen in multiple sclerosis. A chapter by the late Professor Ian McDonald
discusses the changes in the retinal veins in multiple sclerosis and stated that:

1t seems likely that the retinal vascular changes are the visible manifestations of
the pathological process which occurs in the white matter of the optic nerve in optic
neuritis and elsewbere in the central nervous system in multiple sclerosis.

He continued with this astonishingly controversial statement which con-
firms that the changes in the blood vessels in multiple sclerosis come first and
are not secondary to auto-immune attack on myelin. There is no myelin in the
retina.
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The retinal nerve fibres are, of course, unmyelinated. The occurrence of vascular
lesions provides support for the view that the vascular changes are primary, not (as
some have suggested) secondary to myelin breakdown.

The phrase “provides support for the blood vessel changes” should read,
“shows conclusively,” but it is very rare to see such firm language used in
medical texts. It is also curious that the phrase “as some have suggested” is
in brackets, because the belief that loss of myelin, that is, myelin breakdown,
is the first event in multiple sclerosis has dominated neurological thinking
for the last 70 years; so “some” is the vast majority of clinicians. McDonald
also muses as to whether an attack involving the optic nerves followed after
a month by changes in the retinal veins would allow a diagnosis of multiple
sclerosis because it would meet the requirement imposed for dissemination in
time. There could not be a better example of the mindset that has benighted
the field of multiple sclerosis.

At least 25% of patients who are eventually told they have multiple scle-
rosis at some time develop inflammation of the veins of the retina.*** The
sequence of three images shown in Figure 15.3 from a patient, show the
arterial, capillary, and venous phases of a fluorescein angiogram. The dye
fluoresces—that is, it produces visible light when irradiated with ultraviolet
light. It is injected into a vein in the arm and flows to the heart and through
the lungs to reach the arterial circulation of the eye. It first fills the blood ves-
sels of the dense network of blood vessels behind the retina, known as the
choroid plexcus, and then the dye fills the arteries of the retina.

13.5 seconds: dye in the arteries 17 seconds: dye fills capillaries

Figure 15.3:
The eye of a patient with retinal periphlebitis. (Courtesy Dr. W. Haining.)

356.8 seconds: veins leak dye

The first picture timed at 13.5 seconds after injection of the dye into an
arm vein shows the arteries. The dye then passes through into the capillary
bed as shown in the second frame at 17 seconds. Finally, the third frame
timed at 356.8 seconds shows the dye is leaving the retina via the veins. Fluo-
rescein, being a large molecule which binds to the proteins present in blood,
should not leak out into the tissues, but the leakage from the veins can be
clearly seen and is arrowed. Some red blood cells have also escaped—a small
haemorrhage. A film of embolism in the eye of a patient with intermittent

Chapter 15: Evidence Overlooked, but “The Eyes Have It” ~ 267



Figure 15.4

Emboli in a retinal artery.
(Redrawn from Wijman CA,
Babikian VI, Matjocha ICA
2000.)

disturbances of vision was made in 1967 by Dr. William Haining, who was on
a sabbatical to Yale University from Dundee Royal Infirmary.” Figure 15.4 is
photograph of multiple emboli in an artery in the retina, showing the prefer-
ence for emboli to enter one branch.*

What this data from direct observation of the eye provides is a proof of
principle for micro-embolism. Despite being a major factor in a host of dis-
eases, it has yet to be recognised in medicine, and it dictates the need for using
oxygen in treatment. It is most important to recognise that exactly the same
sequence of events begins the formation of one or more areas of sclerosis in
the brain or the spinal cord and it has been shown by MRI. So research has
demonstrated how the damage that surrounds veins is produced, beginning
with the work of Haldane investigating bubbles in divers. It has solved the
critical question in multiple sclerosis first posed in the 1860s; multiple scle-
rosis is a blood vessel and not a tissue disease and the evidence that, in most
patients, it is due to micro-embolism is overwhelming. As long ago as 1947,
changes in vision were investigated by Franklin and Brickner,**
aware of the work on blood vessels by Putnam in the 1930s.* They pointed
out that patients need to be asked about visual symptoms because they are
usually mild often lasting for only a few minutes. The question raised is: How
can trauma possibly be linked to blood vessel damage in the eye and the ner-
vous system? The answer is by a “mechanism,” ironically first described in the
1860s—tfat embolism. The emboli can be seen in the blood vessels of the eye
of patients, and may damage the retina.”” Fat embolism can result from the
simple bruising suffered by Mr. Dingley in his accident and trauma may cause
multiple sclerosis.

who were
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CHAPTER 16

Trauma May Cause Multiple Sclerosis

There is no proof of what causes multiple sclerosis, but it is common
ground that trauma never causes the disease.

The Law Lords, 2000

This dogmatic statement from the Final Judgment in the case of Dingley
v. the Chief Constable of Strathclyde contains a startling contradiction, and it
should have been obvious to sharp legal minds. It is simply this; if, as stated,
there is no proof of what causes multiple sclerosis, how is it possible for ex-
petts to be so certain that trauma is not involved? As will be seen, published
evidence indicates that trauma can indeed cause multiple sclerosis and is prob-
ably responsible for most cases, but even the expert witnesses who supported
Mr. Dingley’s claim failed to convince the judges that an injury may exacerbate
the symptoms of patients already affected by the disease. If Mr. Dingley had
sustained a fractured skull, or a dislocation of his neck, such a link would have
appeared more plausible. As the vehicle had turned over it is very likely that
he had banged his head and so may have sustained a “mild” head injury, and a
laceration of the scalp was found when he was examined in hospital. He had
also reported that his neck was sore from a whiplash injury. But the judges wete
also not told that MRI has shown that mild head trauma without loss of con-
sciousness may cause the changes in the brain already referred to as UBOs—
unidentified bright objects. It is ironic, in view of Mr. Dingley’s accident being
in Glasgow, that the first report of these MRI findings in mild head injury was
in 1986 from neurosurgeons at the Southern General Hospital in the city.'

In 1997, the Lancet published an MRI study of players of contact sports
which showed that many had UBOs and the authors suggested that they were
caused in footballers by the trauma involved in heading the ball.* As these
changes are part of the range of abnormalities seen using MRI in multiple
sclerosis patients, then a link to trauma, including head injury, would seem
likely. However, the central nervous system also includes the spinal cord, but,
for technical reasons it is rarely imaged. There are mounting concerns about
head trauma in the National Football League in the US with players suffering
problems often years after retirement. In 2012, The NFL awarded a group of
retired players who were pursuing a class action $765 million but without ad-
mitting liability. The question raised is then obvious: What causes the UBOs
seen on MRI after trauma?
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Mr. Dingley also sustained the inevitable bruising from such accidents,
but none of the expert witnesses suggested that simple bruising may be as-
sociated with brain damage. But suggesting that such injuties may initiate
the events that lead to multiple sclerosis raises a second and obvious ques-
tion: Why would the symptoms be delayed? Clearly the longer such a de-
lay, the less likely a connection would seem likely or, indeed, possible. With
no evidence available to the Law Lotrds linking any of the injuries sustained
by Mr. Dingley to the onset of multiple sclerosis, their decision was inevi-
table. The final judgment came 10 long years after Mr. Dingley’s fateful acci-
dent; their conclusion was that “on the balance of probabilities” that trauma
could not have been involved in the development of his multiple sclerosis.
They were wrong.

Only the neurologist involved in Mr. Dingley’s diagnosis in 1991 and Lord
Dawson, who presided over the first hearing in 1996, felt that, despite his in-
juties being regarded as minor, they could have caused him to develop mul-
tiple sclerosis; in other words, that it was more than a coincidence. However,
even the two expert witnesses who supported a link in the Reclaiming Motion
failed to mention the possibility of fibrocartilagenous embolism as discussed
in Chapter 13. MRI has now shown that there is a subacute version of this con-
dition and it may also involve the spinal cord.” Moreover, these cases confirm
that there may be a latent interval between the release of the fibrocartilage
into the circulation after the injury to the spinal disk, and the onset of symp-
toms. The symptoms may also be, at least, partly reversible.* This delay is well
known to be associated with the passage of material through the capillaries of
the lungs. Nevertheless, it is very unlikely that Mr. Dingley had this form of
embolism, as fibrocartilagenous debris contains solid material which tends to
block arteries and cause the death of tissue. Also, the symptoms usually appear
more suddenly; his illness developed gradually with only the disturbance of vi-
sion appearing in the first few days and the weakness of his leg over two weeks
later. Nevertheless, many patients with multiple sclerosis do report the abrupt
onset of their symptoms, although it is often distegarded in taking a medical
history. An indication of the unreality that surrounds the disease is evident in
this statement by an eminent neurologist: “The symptoms of multiple sclero-
sis provide no clue as to its pathogenesis,” which is obviously true if the details
are ignored!

All the expert witnesses agreed that Mr. Dingley had suffered a whiplash
injury and no one doubted that he had sustained a head injury with a scalp
wound and he also had considerable bruising. However, none of the expert
witnesses suggested that bruising could have been in any way responsible for
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Mr. Dingley’s symptoms. Imagine the consternation of the judges, having
reached their verdict, becoming aware that a simple bruise may cause damage
to the brain, which may be so severe as to kill the patient. Their discomfort
would be compounded if they had also been told that the first account was
published as long ago as the 1860s and that the details are in every textbook of
pathology. A bruise is caused by trauma damaging the tissues in and under the
skin, and it is always accompanied by tearing of blood vessels. The rupture of
tissues not only causes bleeding, it may also allow the debris of fat and other
damaged cells to be squeezed into veins thus becoming emboli. It is, in fact,
common to find such material, including fat, trapped in the lungs at routine
autopsy if they are examined microscopically. The emboli follow the route
taken by bubbles in divers detailed by Haldane, that is, from the veins to the
right side of the heart to be, hopefully, trapped in the lungs. Note that the
disruption of tissues by gas in the tissues of divers may cause fat droplets as
well as gas bubbles to enter the circulation.

Figure 16.1 shows fat trapped in the capillaties of the lung. As already
discussed, entrapment may sometimes fail to stop material, including bub-
bles, from the blood flowing through the lungs, and so emboli are allowed
to reach the arteries of the left side of the circulation, which includes those

supplying the brain and spinal cord.

Figure 16.1:

Fat trapped in the capillaries of the
lung.

(Courtesy of the late R. Alistair
Bennet.)

Sometimes such emboli may also enter the left side of the circulation
through a hole in the heart, a defect between the right and left atria. As we
have seen, most of these defects are due to the persistence of the hole, known
as the foramen ovale which allows blood to bypass the lungs during life in the
womb. If it does not close after birth, then some blood may pass through in
the wrong direction from the right atrium to the left and it may carry emboli

Chapter 16: Trauma May Cause Multiple Sclerosis ~ 271



which may reach the brain. It is known as paradoxical embolism and is a risk
factor in diving and aviation. Normally, because the pressure in the left atrium
is higher than the right, blood moves through such a hole from left to right.
Other types of defect may occur in the wall separating the two atria, but the
net effect is the same. As about 25% of the “normal” population have either
an obvious hole, or an atrial flap that can open, it is clear that paradoxical em-
bolism to the brain is likely to be much more common than currently recog-
nised. Fat,>® or any other small emboli, such as bactetia, or even cancer cells,”®
present in blood reaching the right side of the heart may travel to the brain via
such a hole in the heart, just as bubbles do in divers and aviators with the same
problem.” As debrtis is routinely found trapped in the lungs at post-mortem
examination it makes sense to question if it may, on rare occasions, embolise
the spinal cord, and also if some patients with multiple sclerosis actually have
a hole in the heart. A 39-year-old nurse with a history of migraines was seen in
a neurology department after colleagues noted she was strangely subdued and
was unable to recall her home address. Her symptoms had begun with a head-
ache on waking 48 hours eatlier and, astonishingly, her vision “flipped” 180
degrees for several hours, which had happened 12 years before. MRI showed
symmetrical areas of damage in the mid-brain in each hemisphere (thalamus).
It was found that she had a large hole between the atria of her heart."” Micro
emboli are well known to be a cause of migraine headaches.

But there is another dimension to fat embolism; unlike bubbles, fat may
be broken down by enzymes present in the lining of the blood vessels to
release fatty acids, which may be highly toxic. The fatty acids released from
body fat represent the spectrum of fats in our diet, introducing yet another
variable into an already complex story."! These emboli can not only open
the blood-brain barrier, there is a subacute presentation in the barrier that
may be permanent damaged'>"” and areas of loss of myelin sheaths may also
occur;! these features are obviously typical of the areas affected in patients
with multiple sclerosis and Appendix 2 lists the pathologists who have made
the connection to the disease. Fat embolism, like bubble embolism, is well
established as a mechanism by which remote injury can cause brain damage
and is a much better fit to Mr. Dingley’s symptoms than fibrocartilagenous
embolism. It should be noted that what are usually described as bubbles in
blood are more correctly described as droplets of gas. Fat is liquid at normal
body temperature and so is in the form of oil droplets; both gas and fat are
examples of fluid embolism and a report recently published showed pictures
of the retina of a patient who had his own fat injected into his forehead to
reduce his wrinkles." Millions of people will have died from fat embolism, as
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it is an inevitable consequence of fractures. However, fractures are common
whereas fatalities from fat embolism ate very rare. Nevertheless they do occur
and soft tissue trauma, even without a fracture, may also cause fat embolism
of the brain, and even be fatal. It is possible for this to affect any one of us,
because we all have body fat, that is, adipose tissue; some more than others. It
is, of course, a store of energy as an insurance against starvation, and so tends
to be significantly greater as a percentage of body weight in women.

Over the last hundred years there has been an enormous increase in the
number of patients told they have multiple sclerosis and it parallels the in-
crease in human obesity and trauma from warfare and civilian accidents. Frac-
tures ate a/ways accompanied by the entry of fat and often bone marrow into
the circulation and the quantity usually, but not always, depends on the degree
of violence involved. When the level of violence is high, fat embolism is in-
evitable. In 1979, an Air New Zealand DC10 crashed into Mount Erebus in
Antarctica on a sight-seeing flight and lung tissue was available from the post-

16 Evidence of fat and bone

mortem examination of 205 of the 231 victims.
marrow embolism in organs was present in 194, despite death occurring very
soon after impact. A degree of fat embolism always occurs when bones are
fractured and has been produced experimentally without fracture by repeated
impacts to the tibia. It has also been detected using ultrasound duting opera-
tions on bones, for example, in hip replacement surgery where a prosthesis is
hammered into the bone marrow cavity of the femur."” It is likely to be a fac-
tor involved in the brain damage sometimes seen after such operations. Again,
like bubbles, the fat present in cells in the bone marrow is squeezed into veins
and transported to the lungs during surgery. The danger is that a significant
quantity may then escape into the general circulation and reach the brain.

What is little known is that fatal fat embolism may occur after a sim-
ple soft tissue injury, even without evidence of bruising. It is unlikely to be
thought of clinically if the patient has minor neurological problems but, if
the patient dies, its demonstration at post-mortem examination leaves no
room for doubt. In 1981, a pathologist in Manchester writing in the British
Medical Journal gave details of three patients who died from fat embolism after
very minor injuties, and one had no evidence of bruising.'®

Case 1

An 80-year-old man was found semiconscious in the toilet of a local
lodging house. Chest radiography showed a “snowstorm” appearance,
which is a well recognised feature of fat embolism. He died five hours
later, after admission. At necropsy, a bruise eight centimeters in diameter
was noted in the scalp, but there was no skull fracture.
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Case 2
A 23-year-old gitl with spina bifida was dropped when being
carried, bruising her ribs. She became progressively breathless and was
admitted to hospital 24 hours later. She died three hours after admission
despite 35% oxygen.

Case 3
A 62-year-old man who had suffered from atypical multiple
sclerosis for 15 years fell and hit his head in the bathroom. He became
progressively breathless and, despite 35% oxygen, died five hours after
admission to hospital. At necropsy no skull fracture or bruise was
identified.

All three patients were found at post-mortem examination to have

severe fat embolism in the brain, kidneys, and lungs.

There is an obvious question in relation to fat embolism: If is so com-
mon, why does everyone not develop multiple sclerosis? The answer is that
many of us probably do develop some minor abnormalities in the brain, over
a lifetime, associated with blood vessel damage from embolism and they can
be identified as UBOs on MRI, but they normally repair without even intrud-
ing on our consciousness. We are likely to ignore very fleeting symptoms,
and this includes neurologists, who are most aware of their significance. As
discussed eatlier, the survey of 87 members of the neurology department of
Cornell University indicated that such events are, in fact common, as they
are in patients labelled as having multiple sclerosis."” It is, therefore, those in
whom the damage is more severe and affects the spinal cord who actually
develop disability, and so they represent the tip of a pathological iceberg.
Many studies have shown that UBOs ate common in the general population®
and their frequency increases with age. By the eighth decade of life they are
ubiquitous and typically appeat, like the damage of multiple sclerosis, in the
central areas of white matter in the brain.*! The suggestion that Alzheimet’s
disease is due to embolism* has been reinforced by a controlled study using
ultrasound.” Not surprisingly, the study also showed that emboli are associ-
ated with so-called vascular dementia. Logic also suggests that the compe-
tence of such a complex structure as the blood-brain barrier will decline with
age,”* and there is evidence to suggest that the amyloid protein deposition in
Alzheimer’s disease is due to protein leak from the subtle blood-brain bat-
rier dysfunction. Micro embolism over the many years into old age that the
hydraulic system has to function into old age could readily account for this
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pathology. The way has been opened for using oxygen treatment to improve
these conditions.

Today, because the fat embolism syndrome is so well-known medically
most cases ate simply not published, but there are exceptions; this remarkable
story appeared in the Daily Telegraph on July 4, 1997 entitled, “Bruise Led to
Death of Woman.” It reported the findings of a coronet’s inquest in Swindon
(Figure 16.2).

THE DAILY TELEGRAPH

Bruise Led to Death of Woman
By Sean O’Neill

THE WIFE of the bursar of Marlborough College died from a rare
condition that developed after she bruised her arm while applying her car’s
handbrake.

Simon Eveleigh said yesterday that the death of his wife Philippa, 49,
three days after going into hospital was “the loss of a soul mate.”

Mrs Eveleigh is also survived by their two daughters, aged nine
and eight.

Dr. Albert Goonetilicke, Home Office pathologist, told an inquest in
Swindon this week that the cause of death was a fat embolism.

“Itis very, very rare. I have only seen it three times in 30 years’ practice.”

Mrs. Eveleigh’s arm was bruised after she noticed her car rolling forwards
in a car park in Marlborough. Wilts, and leaned in to apply the handbrake.

The bruise became painful after a few days. She was treated with
painkillers and her arm put in a sling, but her condition deteriorated.

David Masters, the Wiltshire coroner, recorded a verdict of misad-
venture.

Mzr. Eveleigh said: “It is hard to believe that she died as the result of a
bruise. It seemed like such a little thing that we took no notice of it.”

Figure 16.2:
Daily Telegraph article published on July 4, 1997.

In securing the handbrake the lady bruised her forearm. The bruising was
not extensive, as her husband indicated, and, despite being admitted to hos-
pital, she died several days later. There was no possible doubt as to the cause
of death, because it was found at the post-mortem examination. Droplets
of fat had been released into the circulation from the bruised tissue of her
forearm and travelled in the blood to the lungs. After a delay of some hours
passing through the lung capillaries, the emboli entered the left side of the
heart and were then transported in the arterial blood around the body. Some
reached the brain causing fatal swelling. It is, of course, exceptionally rare
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to die of a simple bruise, but the fact that this well-established mechanism
of injury to the brain was not discussed by any of the expert witnesses in
Mr. Dingley’s case illustrates the gross neglect of embolism as a concept in
medicine. Ironically, all the experts had agreed that there needs to be a defect
in the blood-brain barrier to cause multiple sclerosis but none offered an
explanation. There can be no conceivable doubt that fat emboli can damage
blood vessels in the brain and open the barrier. Fat accumulates in fat cells as
an energy store for periods of famine. Many tissues have such cells which are
known as “adipocytes” and Figure 16.3 shows them within a muscle.

Figure 16.3:
Fat cells associated with obesity in
a muscle.

Severe forms of fat embolism atre often fatal, leaving the questions; do
patients survive lesser forms and may they also develop neurological prob-
lems after a delay? They certainly can and, although it is now unusual for them
to be reported, 12 cases were desctibed in the journal Neurology in 1986.% All
followed fractures and the delay in presentation ranged from eight hours to
at least a week. Again, it is obvious that the longer the delay, the less likely a
connection will be made between the trauma and the development of symp-
toms. Mr. Dingley had his first symptoms within days of his accident and so
fat embolism should have been considered as a possibility, but it was many
weeks before he was eventually seen by a neurologist. Many more cases have
been published since this paper, using MRI rather than CT to examine the
brain. Most cases of fat embolism resolve clinically, that is, the patients ap-
pear normal on bedside neurological examination, but the tell-tale changes
often remain on MRI, especially in the white matter of the brain.”?* This
has established beyond any doubt that there is a subacute version of the disease
and that fat embolism is one cause of UBOs found on MRI. In fact, since the
cause is known, they should actually be termed identified bright objects, that is,
IBOs. Like the ateas of damage found on MRI in divers and compressed air
workers from decompression sickness,” they cannot be distinguished micro-
scopically from typical areas found in multiple sclerosis patients. The blood
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Figure 16.4:
Haemorrhages due to fat emboli in the
skin and the conjunctiva.

vessels in the eye and in the skin are often involved in fat embolism evidenced
by the petechial haemorrhages shown in Figure 16.4.

The haemorrhages are due to the presence of fat emboli in blood ves-
sels” and are visible proof of exactly the same process that occuts in the
brain and spinal cord. This means that the emboli damage the blood brain
barrier allowing the leakage of water, proteins, and red blood cells from the
blood into the tissues of the brain. This is responsible for the bright areas on
MRI associated with swelling and, inevitably, hypoxia. The fat emboli detived
from adipose tissue can also cause inflammation from the release of a wide
range of fatty acids.

So can trauma cause multiple sclerosis and can the disease start from an
episode of fat embolism which damages the blood-brain bartier? The answer
is simply yes. Those who require more detail will find the detailed evidence
brought together in the Lancet in 1982°! entitled “Evidence for Subacute Fat
Embolism as the Cause of Multiple Sclerosis.” It is supported by 70 peet-
reviewed references. No claim is made for priority; much of the credit is
due to the pioneering work of Drs. Tracey Putnam,” Roy Swank,” and Alan
Woolf* It is important to recognise that the evidence has not been refuted,
indeed it has been greatly strengthened by the referenced MRI studies of
patients with fat embolism, an investigation not clinically available in 1982.
Probably more has been written about multiple sclerosis than any other hu-
man disease and yet only one letter was received by the Lancet about the pa-
pet.” It was from the two pathologists at Guy’s Hospital responsible for the
UK MS Society sponsored Brain Bank, which contained the donated brains
of multiple sclerosis patients. They commented that they had not found fat
emboli in any of the brains they had examined. It is only too obvious why;
by definition patients cannot die from a first attack; two attacks are required
with dissemination 7z #me for it to be called multiple sclerosis, and so none
of the brains could possibly provide evidence of the initial causative event.
The disease is rately a cause of death and it is absurd to expect to find emboli
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present years after the first attack which signalled the onset of the disease.”
The case for subacute fat embolism has been further strengthened by the use
of injected dye in a patient reported in 2003 who recovered.”” All the hallmark
features of the onset of multiple sclerosis were present in this patient, with
localised blood-brain bartier failure causing oedema, changes which have
been studied in an expetimental model.™® The emboli are too small to block
the larger arteries but, nevertheless, they are able to cause the typical damage
to veins, which has been called the perivenous syndrome.”

In the last centuty, nine pathologists commented on the close resem-
blance of the affected ateas found when death has been delayed in cases of
fat embolism to those of acute multiple sclerosis and the details are listed in
Appendix 2. It is truly astonishing that these observations have been over-
looked when they are from human pathology, not from animal experiments.
Much of the blame for the current situation can be attributed to the events
of the WW?2, because it broke the continuity of the research into the role of
blood vessels in the disease begun by Dr. Tracey Putnam.* Two forms of fluid
micro-embolism, gas and fat, can, therefore, open the blood-brain barrier and
reproduce the typical plaques of multiple sclerosis in the brain and spinal cord.

The brain shown in Figure 16.5 is of a 36-year-old male pedestrian, who
died from fat embolism associated with a leg fracture after being hit by a
cat. The dark red spots arrowed are due to the accumulation of red blood
cells which have escaped through the vessel wall to cluster around the vessel.
They are known as ring or ball haemorrhages. It is clear that they are almost
exclusively in the white matter, although a few ate in the grey matter of the
areas known as the basal ganglia in the centre of the brain and some are also
in the cerebellum. The bulk of the white matter is due to the presence of
the myelin sheaths and when fluid leaks from the blood plasma in oedema,
and haemorrhage occur, the tissue damaged is myelin. The crevices between
the convolutions of the brain, known as sulci, and the liquid filled cavities in
each hemisphere, the lateral ventricles, are almost completely obliterated by
the swelling of the tissues. As the brain swells, the pressure inside the head
rises reducing the blood flow, because bone cannot expand. The reduction of
blood flow worsens the oxygen deficiency, and the blood vessels attempt to
enlarge further so increasing the pressure. As in this patient, the vicious spiral
often leads to death. A microscopic examination of the brain would reveal
many fat emboli, curiously, despite the damage being almost exclusively in the
white matter, there are many more emboli in the grey matter of the cortex.
This is a paradox that has been noted many times and it also applies to the
spinal cord. However, the spinal cord was not removed in this case, simply be-
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Figure 16.5

Section of the brain from
a patient who died from
fat embolism.

Some of the many

tiny haemorrhages are
arrowed.

cause damage to the cord did not contribute to the death of the patient. Had
he survived, however, it may well have contributed to continuing disability.

The appearance of the brain in Figure 16.5 closely resembles the illustra-
tion of a similar case that a pathologist, the late Professor Charles Lumsden,
included in his second conttibution to the 1970 Handbook of Clinical Neurology.*
It has the intimidating title “Pathogenetic Mechanisms in the Leucoencepha-
lopathies, in Anoxic Ischaemic Processes, in Disorders of the Blood, and in
Intoxication.” The patient was a 23-year-old man who died of fat embolism
after sustaining several compound fractures. The illustration in the chapter is
accompanied by this astonishingly relevant observation.

The vast numbers of lesions attending classical instances of fat embolism are
always very striking and one cannot belp feeling that sporadic and clinically silent
lesions (in the brain) must commonly be associated with many non-fatal fractures
and soft tissue injury of minor, even trivial degree.

There is no discussion of the importance of the lung as a trap for mate-
rial in blood in protecting the nervous system. As for the “clinically silent
lesions,” which obviously occur in survivors, Lumsden actually states:
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These minor traumatic lesions can simulate early multiple sclerosis plagues quite
remarkably but their occurrence within a very few days of a traumatic episode or
associated with a recent subarachnoid haemorrbage gives a clue as to their nature.

In other words, the damage from fat emboli in the nervous system fol-
lowing minor trauma reproduces the areas which are typical of those in acute
multiple sclerosis patients. Why Lumsden and, indeed, the other investigators
listed in Appendix 2 failed to grasp the importance of this disease process
to finding the cause of multiple sclerosis is truly a mystery. It is obvious that
such lesions may, or may not be, silent and the question raised is: What if only
one area of damage was present, would the patient die and if not, would it
leave an area of damage? Such patients do indeed survive with the damage
and, of course, they are classified on MRI as UBOs.

Obviously the patient discussed above who died from fat embolism
could not, by definition, qualify for a “diagnosis” of multiple sclerosis;
he only had one event and, although multiple areas wete affected, they
were not disseminated in time. Fat embolism is then pathologically, an acute
disseminated encephalomyelitis (ADEM). This translates simply as
a sudden onset, widespread inflammation involving the myelin of the
brain. Like the terms “multiple” and “sclerosis,” it is simply a description
of the pathology and not a diagnosis. Fat embolism is certainly one
cause of this disease but, curiously, is not actually classified as such in
textbooks of pathology. This is almost certainly because the history of
injury will be known to the pathologist at the time of the post-mortem
examination and, on finding fat globules in blood vessels, a definitive
diagnosis of fat embolism can be made. Equally, in discussions of the
causes of acute encephalitis, or encephalomyelitis, in neurological texts,
fat embolism is never cited.

The relationship between acute disseminated encephalomyelitis
and multiple sclerosis has been argued over for many years and it is now
recognised as often being the first presentation of multiple sclerosis in
children. The pathology of ADEM was also discussed by Lumsden,
but again without reference to fat embolism. The key difference is said
to be that the encephalomyelitis is always fatal but in discussing this
with a pathologist in the authot’s own hospital many years ago, the
only patient he remembered with the condition was a young man who
recovered from the first attack and died after the second some months
later (personal communication, Dr. John Anderson). As the condition is
very rare, most pathologists, including those who write textbooks, will
perhaps only see a single case in their professional lifetimes. However,
some patients with the acute disease undoubtedly recover, but will have
tell-tale UBOs detectable on MR1 in the brain.
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Death from bone marrow and fat embolism is rare and, obviously, af-
ter minor trauma exceedingly rare, although there will undoubtedly be many
cases that have not been published and many others that will have gone un-
recognised. Deep venous thrombosis and pulmonary embolism after aircraft
flights were thought to be rare but, with publicity, emergency departments
close to major airports reported that they have seen such patients regularly
over many years. This is known as the finder effect. Nevertheless, the odds
against death from minor trauma are, of course, extremely large. The exami-
nation of many millions, or even billions, of cases of minor injury would in
all likelihood not find a single death from such a cause and so such a mecha-
nism may be readily discounted by those who argue from epidemiological
and statistical data. This is, of course, just the argument used by Henry Miller
about asphyxiation by Yorkshire pudding (see Chapter 13). In fact, it is the
only argument open to those who discount a link between trauma and the
development of multiple areas of sclerosis. However, the cause of the lady’s
death following the forearm bruising covered by the Duaily Telegraph was es-
tablished beyond question, simply because droplets of fat were present in the
lungs and in other organs, including the brain, at post-mortem examination.
As the level of trauma increases, so does the likelihood of fat embolism. Fat
embolism can also provide a solution to a puzzling feature of multiple sclero-
sis; it affects twice as many women as men and women generally have twice
the body fat content of men. Each feature of fat embolism is subject to a
normal or Gaussian distribution, from the release of fat into the circulation,
to trapping in the lungs, to finally sustaining damage in the nervous system.
In other words, some people will be more likely to have such an event, others
very unlikely, with most of us having an intermediate risk.

Dr. Poser, the senior expert witness supporting Mr. Dingley’s case
has been adamant for many years there is a link between trauma and
multiple sclerosis. Despite this, he was prepated to state in 1993,* that “there
is no way that injury of a limb could cause injury to the nervous system”
when fat embolism from such an injury, even a simple bruise of the forearm,
may cause extensive brain damage and death. Dr. Poser invited the author
to his home in Boston and he was certainly aware of subacute fat embolism
and the importance of trauma.* The patient whose brain is shown in Figure
16.5 had a large number of areas affected in the brain, but this mechanism is
clearly capable of producing any number from one upwards, that is, from a
single lesion to multiple lesions. The most evident damage is also in the white
matter of the brain, although the basal ganglia and the grey matter of the
cerebellum are also involved.
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Finally, embolism is able to make sense of the range of conditions that
surround multiple sclerosis, from the clinically isolated syndromes, with only
one area affected, to an acute disseminated encephalomyelitis, where there
may be hundreds present and patients often die. It is also possible to reconcile
the common MRI finding in patients with a first attack typical of multiple scle-
rosis with only one area detectable on clinical examination, for example, optic
neutitis, but who have multiple areas evident on MRI.* This is actually true
on initial imaging of most patients who are eventually told they have multiple
sclerosis. By definition they have a subacute disseminated encephalomyelitis, although
this label would never be used by a neurologist. But patients who have multiple
areas on MRI present after their first attack cannot have multiple sclerosis by
definition, because the patient would not meet one of the criteria required for
the diagnosis; dissemination in #we. Faced with this quandary, the late Profes-
sor of Neurology, Dr. Ian McDonald, was even prepared to commit this state-
ment to paper:* “Although it may be tempting to diagnose multiple sclerosis in
the presence of multiple lesions, it is inapproptiate to do so.” This is constantly
defended in practice by the assertion that the diagnosis of multiple sclerosis
must be clinical and made by an expert, that is, a neurologist.

The case for embolism as a cause for multiple sclerosis would cleatly
be strengthened if there were cases where proven embolism was confused
with the disease. Misdiagnosis is not often admitted and even more rarely
published, but a case report published in 1987* illustrates one such example.
A 30-year-old man had relapsing and remitting neurological symptoms over
nine years and had attracted the label of multiple sclerosis. It had appatently
been confirmed by imaging, which at the time was CT. Eventually a thorough
examination discovered a heart murmur and on investigation it was found
that he had a tumour in the left ventricle. His symptoms were due to embo-
lism of blood platelets which stick on the surface of such growths. Removal
of the tumour ended his attacks. This unusual case must not be taken as
indicating that all of the attacks experienced by patients who have multiple
sclerosis are due to embolism associated with a tumour. However, it does
demonstrate that the time course of attacks and remissions seen in multiple
sclerosis patients is perfectly consistent with embolism.

Mention has already been made of the recent studies of Dr. Paolo Zam-
boni in Ferraro which has renewed interest in blood vessel problems in mul-
tiple sclerosis.*® Another discovery, which again drew attention to the impot-
tance of blood vessels was the discovery of the anti-phospholipid syndrome,
named after its discoveret, as the Hughes syndrome.*” It may be confused
with multiple sclerosis and is sometimes responsible for strokes in young
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people. It is also an important cause of miscarriage and the diagnosis of this
condition for patients presenting with symptoms typical of multiple sclerosis
is very important because it can be treated with aspirin.

So far this discussion has centred on the brain and not the spinal cord. It
is commonly alleged that embolism only affects the brain, but as already dis-
cussed, decompression sickness and fibrocartilagenous embolism also affect
the spinal cord and cord damage is more likely to cause disability than damage
to the brain. Fat emboli wetre found in the spinal cord by Coutville® who com-
mented on the similarity of the damage he found to that of multiple sclerosis.
In 1994, a case was reported where a patient suffering from fat embolism de-
veloped paralysis of all four limbs associated with damage to the spinal cord
in the neck.” But the principal reason for the paucity of accounts is probably
because an examination for emboli is problematic; removal and detailed micro-
scopic examination of the spinal cord is both difficult and time consuming. The
primary reason for conducting a post-mortem examination is to determine the
cause of death and conditions affecting the spinal cord are rarely fatal. In con-
trast, the greatest disability in patients with multiple sclerosis is from damage
to the spinal cord; an area of damage to the spinal cord in the neck may cause
paralysis of all four limbs, whereas one further down may produce paraplegia.
Unfortunately, bladder control is usually affected in both cases.

Pathogenetic stimulus — fat embolism

Blood vessel (increased pinocytosis, hyalinisation)* +

Blood-brain barrier defect* + __ Hypoxia
|
Leakage of Inflammatory cell* +
Macromolecules infiltration
|
Astrocytic Demyelination* +
Response
|
|
Partial *
Remyelination

*  Features already established by pathologists in multiple sclerosis
(Allen LV. 1982)

+ Features established or confirmed since 1982 by CT and MRI in
fat embolism.

Figure 16.6:
From the schematic by Dr. Ingrid Allen.
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We are now in a position to review the evidence that trauma and fat em-
bolism may cause multiple sclerosis and it is useful to refer to a paper by
Dr. Ingrid Allen® published in 1982 entitled “The Pathology of Multiple
Sclerosis—Fact, Fiction, and Hypothesis.” It was a truly astonishing castiga-
tion of the lack of direction in multiple sclerosis research. Although derid-
ing attempts to construct hypotheses, she brought together the pathological
abnormalities that Aave been established in multiple sclerosis in a valuable
schematic which provides a perfect fit with the concept of micro-embolism.
It should be noted that the nebulous term “pathogenetic stimulus” simply
includes every relevant factor; we are only a product of our genes and the
environment! Fat embolism can be substituted for this term in the sche-
matic and a// the features listed are known to be associated with the disease.
“Fat embolism” and “hypoxia” have been added to the original schematic.

Note that the word inflammation appears and it is the one feature that is
universally agreed to in multiple sclerosis. It also provides a key link to the puta-
tive animal model EAE, which will be discussed again in the next chapter,
because of its critical importance to oxygen treatment. It is clear that micro-
embolism due to fat can provide the required pathogenetic stimulus without
difficulty and all the features required are already well established by human
pathological and imaging studies.

Table 16.1:
Some Unsolved Problems in MS Pathology

*  The “geographical” distribution of the areas of damage

*  How the first changes occur and how myelin is removed

*  The significance of mildly affected areas

*  How the changes in the chemistry relate to the pathology

*  The significance of the increased number of the cells known
as astrocytes

*  How changes in the number of cells and their position relate to
the disease and

*  How changes in the fluid surrounding the brain relate to the

nervous system damage

Professor Allen then gave a long list of all the features of multiple scle-
rosis that, despite more than 150 years of research, are still said to remain
unexplained. Table 16.1 is translated from the medical jargon used in table 1
of her paper.

The list is so all-encompassing that it is difficult to find anything that is
not included and, despite the passage of more than 30 years since the article
was written, little has changed. The world of MS is truly in a MESS.
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Figure 16.7:
Brain lesions around a vein.
(Courtesy of the late Dr. D. Oppenheimer.)

The evidence that it is a blood vessel disease is beyond doubt; all of the
known data fits. However, the most important confirmation has been pro-
vided by five different methods imaging living patients in real time. The most
obvious fact is that the multiple sites typically affected in multiple sclerosis
patients can on/y be connected by the circulation. The universal relationship
of the early lesions to veins is rarely mentioned in clinical texts and the author
cannot recall an instance in which the painstaking reconstruction by Dow and
Berglund® shown in Figure 14.2 in Chapter 14, has been reproduced, or even
discussed, since its publication in 1943. Figure 16.7 shows another example
of the damage around a vein under the microscope.

The relationship of the areas of damage in multiple sclerosis to veins is, as
Lumsden stated, a historical fact, and it will be seen that this feature is especially
important to using oxygen in treatment. The viral/auto-immune hypothesis
has #o explanation for this finding, indeed no explanation is ever offered for the
venous involvement, nor one to account for the general dissemination of the
areas affected. There are times that it would appear that no progress has been
made since Charcot™ wrote: “The cause of the very singular mode of arrange-
ment under which the sclerosed islets are distributed in different parts of the
central nervous system is, at present, completely unknown to us.” After more
than 60 years of auto-immune reseatrch, the absurdity of this is all too obvi-
ous and the evidence for micro-embolism discussed here, underpinned by a
human model—decompression sickness—is overwhelming. The restatement
of the primary role of blood vessels in multiple sclerosis barely impacted on
medical consciousness in 1982, but the controversy was noticed and studied in
detail by sociologists.”

The auto-immune theory has stifled the progress of treatment and its
legacy is now that patients are consigned to the management of their dis-
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ease with long-term and toxic drug use. The UK risk-sharing scheme has
now shown that many of the drugs, far from benefiting patients, actually do
morte harm than good.” It beggars belief that the UK Department of Health
is continuing this flawed scheme, which has already cost over half a billion
pounds. A better approach to treatment is desperately needed, especially be-
cause each of the attacks typical of multiple sclerosis may cause permanent
disability, and must, therefore, be treated as an emergency. As will be seen in
the next chapter, there is conclusive evidence, from the demonstration of lac-
tic acid in affected areas by magnetic resonance spectroscopy, that this has to
include giving more oxygen; breathing air simply does not provide enough. In
the next chapter we will see that multiple sclerosis patients may still respond
to oxygen treatment, despite suffering years of chronic disease.

In 1981, duting the gestation period of the authot’s paper in the Lancet
giving the evidence for fat embolism as the cause of multiple sclerosis,’ a
young man working for a diving contractor in Scotland was involved in a
car accident. He developed symptoms typical of embolism when undergoing
an X-ray investigation of his head. His improvement with hyperbaric oxy-
gen treatment was dramatic. After discussions, lan Munro, then editor of the
Lancet, kindly suggested that it should be incorporated as an addendum to
the main paper. Reproduced herein, it encapsulates all the arguments pre-
sented in this chapter. It should be noted that the reference numbers have
been changed from the original text in the Lancet.

Addendum

A 2l-year-old man became briefly unconscious following a car
accident and sustained a scalp laceration in the left parietal area. Two
hours later he had a severe headache, momentary loss of vision in both
eyes, and loss of sensation in the distribution of the left trigeminal nerve.
Two weeks later he had slight swelling of the left optic disc associated
with poor visual acuity and he complained of double vision, persistent
headaches, and lassitude, although the facial numbness had resolved. No
other neurological abnormality could be detected, but petechial haemot-
rhages, which had appeared on the anterior aspect of his thighs several
days after the accident were still visible.

The delayed (by two hour) onset and clinical features are very
compatible with subacute fat embolism, and so is the fact that the
ophthalmic artery is a preferred pathway for emboli.® The efficacy of
oxygen in fat embolism® and the proximity of a compression chamber
suggested a trial of hyperbaric oxygen. The immediate improvement
in visual acuity from 6/18 to 6/6 as pressure was increased to 2.8 bar

confirmed the presence of hypoxia. Three sessions using a procedure
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from diving practice’” continued the improvement and the patient
reported that the double vision, which had prevented him from watching
television, had gone and he felt generally much better.

Over the past year his condition has remained stable, although he
has had two very brief episodes of whole-body tingling, which may
be due to the presence of small lesions in the posterior columns. It
may be argued that this man did not have multiple sclerosis but, in
view of the clinical features, what other diagnosis is possible? Hyper-
baric oxygen is an effective agent in the treatment of animals with
experimental allergic encephalomyelitis (the experimental model
for multiple sclerosis),”** and a preliminary report of a favourable
tesponse in patients with established multiple sclerosis® has prompted
a clinical trial. The relief of hypoxia by hyperbaric oxygen in acute
multiple sclerosis should minimise the extent of the demyelination
and neuronal damage and prevent the development of the progressive
disease, whilst the stabilisation of the blood-brain barrier in chronic
lesions may slow or even arrest further deterioration. Computerised
tomography using contrast enhancement® will allow both these asset-
tions to be tested in individual patients. Few therapeutic agents have
the proven value and intrinsic safety of oxygen.

At the time of the papet's publication in February 1982, the clinical trial
of hyperbaric oxygen treatment referred to in this addendum had already
been completed. It had been undertaken by the late Dr. Boguslav Fischer and
colleagues in New York University Medical Center and the paper had been
submitted to the New England Journal of Medicine. It was finally published in the
journal on January 27, 1983°*and the author was given a copy by Dr. Fischer
at a meeting in the Bronx Hospital in New York on that day. It was the begin-
ning of a controversy that, sadly, has still not been resolved. Why giving just
a little more oxygen to patients with multiple sclerosis should generate such
extraordinary hostility needs to be explained.
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CHAPTER 17

A Tale of Trials and the
New England Journal of Medicine

In truth, what is needed to achieve a cure, is a treatment which deals with
the first attack and any subsequent attacks of the disease.

Byron H. Waksman, National MS Society of the US, 1983

The treatment of patients with multiple sclerosis has been surrounded
by more controversy than that of any other disease, but anyone who has
made even a cursory study of the pathology of the plaques typical of the
disease will know that Dr. Waksman’s statement above is true. Nevertheless,
nothing has proven more controversial than the suggestion that patients may
benefit from being given more oxygen. This seems difficult to understand,
after all everyone knows that the brain requires a great deal of oxygen and
it would seem eminently logical that giving more should assist its recovery
from injury, or from disease. The logic is, in fact, impeccable; recovery ot
as it is usually called remission, in multiple sclerosis cannot take place without
sufficient oxygen in an affected area. However, there are times when human
behaviour defies logic and professional attitudes are often shaped by emo-
tion, probably more so in medicine than in other disciplines. The neglect of
the obvious, that pressure is important to the delivery of oxygen, has already
been discussed, but many of the suppressed fears about oxygen treatment
centre on the equipment, the technology of pressute chambers, and not on
the gas itself. It has also been obvious within the profession and government
administrations that, if trials of hyperbaric oxygen treatment proved success-
ful, it would have profound implications for medical practice.

The assessment of patients has improved dramatically with the introduc-
tion of brain imaging, especially MRI, which, as we have seen, has steadily
improved to the point whete it can show the pathology in a living patient. Un-
fortunately, despite being capable of revealing astonishing detail, as yet MRI
cannot determine if an abnormal area in the brain is a scar, that is, sclerosis,
or an area of inflammation with swelling; in both cases the water content of
the tissue is increased. Successful recovery from the attacks typical of mul-
tiple sclerosis depends on limiting the extent of the scarring; the swelling may
respond to treatment, but sclerosis will not. Sclerosis is the lowest common
denominator of healing 7 any tissue and it is patently absurd to suggest a cure
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for healing. The first objective of treatment in patients must, therefore, be to
ensure the best possible recovery from attacks, but especially the first one,
because MRI has shown that in the first attack multiple areas may be affected
even though the patient has only one symptom. However, as discussed, this
does not mean that the patient qualifies for the so-called diagnosis because
another one is required and it must be separated in time—Dby at least a month.
In 1974 Dr. George Schumacher,' who chaitred the first committee to detet-
mine the diagnostic critetia for multiple sclerosis, tellingly wrote:

Obviously any treatment capable of eradicating or providing long-term prevention
of multiple sclerosis antomatically will serve the additional purpose of allowing
a current acute episode to subside as rapidly as nature will permit the lesion to
repair itself.

The term “nature” could not be more appropriate to the use of oxy-
gen; it underpins all #atural recovery. The controlled trials of hyperbaric
oxygen treatment undertaken in the 1980s only recruited patients with
long-established disabilities and typical disease durations measured in years.
The reasoning used was simple; these patients would not be likely to have
a natural, “spontaneous” remission, which neglects the obvious; remission
cannot occur without correcting an oxygen deficiency. Professionals, and
even patients, often appear to have great difficulty in grasping this logic,
but it is certainly compounded by the use of word “hyperbaric.” On Sat-
urday the August 14, 2010, the Falm Beach Post quoted a Florida neurosur-
geon as saying that technical trials of hyperbaric oxygen treatment are needed
in brain injury because: “There is no other way to be sure if it is natural re-
covery or real; nobody knows how oxygen works, and it’s very hard to do the
research.”

Many of the patients recruited in the multiple sclerosis studies would
have had damage in vulnerable areas of the brain stem and spinal cord, where
there is little spare capacity; the structures are small volumes of tissue and the
blood supply to both is relatively poor. Unfortunately, it is difficult to imagine
any current treatment will produce substantial benefit to the spinal cord when
it is seriously damaged. Although rarely discussed openly, these factors limit
medical expectations for any treatment.

Early in the disease multiple sclerosis is usually characterised by attacks
from which patients often get better without any treatment; they have a spon-
taneous remission. Whilst this may imply that they have escaped any perma-
nent damage, MRI has shown that this is often not true. Unfortunately, despite
the dramatic developments in imaging, there has been little research of the
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treatment of acute attacks. Jack Haldane, in one of his many essays entitled
“The Time Factor in Medicine,” summed up the problem brilliantly.? Nothing
has changed, especially the huge emphasis on diagnosis rather than treatment,
although the medicine bottle has now been replaced by a box of pills.

The average man or woman goes to the doctor to be cured of some disease or
injury, and for this purpose expects either surgical treatment or something ont
of a bottle. And the critics of modern medicine complain that while the surgical
treatment is often unduly violent, the medicine is usnally ineffective, except as
a generator of faith. They also point out that in medical teaching enormously
greater stress is laid on diagnosis than on treatment. Fortunately for the medical
profession, its critics commonly support some therapentic system such as faith-
healing, osteopathy, or berbalism, which is quite demonstrably less efficient than
that of ordinary medicine. Again, the study of immunity has fallen into some
disrepute becanse, although immune sera are often potent prophylactics, they are
not of much value in curing diseases other than diphtheria. The reason for this is
a simple one. The doctor is generally called in to cure a scar.

When the trials of oxygen treatment were planned, doctors were still talk-
ing about a cure for multiple sclerosis; today the word cure is rarely mentioned
by professionals, discussions are centred on “disease management.” So the
goalposts have been moved; treatment, for example with the beta interferons,
is only aimed at reducing the number of relapses to, hopefully, slow the pro-
gression of the disease, rather than improving existing disability, or effecting
a cure. This change of neurological focus has meant that treatment has the
potential for the generation of vast revenues by the pharmaceutical industry.
The beta interferons were initially promoted because controlled trials showed
that the drugs were able to reduce the number of attacks from three to two
over two years. This modest change, produced at a cost of £10,000 a year, ob-
viously cannot be regarded as a major advance, especially when a single attack
may lead to permanent disability. But the real question raised by the use of
these drugs is; why do they only prevent some of the attacks and not all? The
answer relates to the cause of the relapse. Judged by both pathological studies
and by imaging, the first attack suffered by a patient leads to damage to the
blood-brain barrier and this may not fully heal leaving the area vulnerable to
any stress which causes the damaged blood vessels to leak. The complexity
of the blood-brain barrier has developed for a critical reason; it is essential
to the protection of the sensitive tissues of the nervous system. A barrier is
not just present in higher species like mammals, a blood-brain batrier is even
present in insects. Once the barrier is damaged, any toxic or infectious agent
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in blood, such as a virus, may be able to cause an attack. This is confusing as
a virus infection, such as influenza, in causing a relapse may produce exactly
the same symptoms that were caused by the first episode, despite being due
to an entirely different cause. An example of this, already discussed, is a re-
lapse in multiple sclerosis produced by a hot bath,’ because heat dilates blood
vessels causing increased leakage, allowing constituents normally retained in
blood, such as plasma proteins, to escape and cause inflammation.* It is most
unlikely that any of the drugs used in “managing” multiple sclerosis would
prevent a relapse caused by a hot bath, but it is equally true that the disease is
not actually caused by a hot bath.

As discussed in Chapter 10, the same approach used to test drugs has
been applied to trials of hyperbaric oxygen treatment, which implies that
there is no proof that oxygen is needed for the brain to repair. It was first
suggested that giving oxygen to multiple sclerosis patients may be beneficial
in the 1950s, when two doctors in the US suggested that patients suffering an
acute attack should breathe oxygen at normal atmospheric pressure.” Unfor-
tunately they gave no indication either of the apparatus they used, or of their
results. However, after independent reports of improvement from hypet-
baric oxygen treatment from four countries, the first double-blind, placebo-
controlled, randomised controlled trial was undertaken at New York Univer-
sity with the results being published in the New England Journal of Medicine in
1983.

The events that led to the funding of this trial began with a small open
study in Czechoslovakia by Drs. Boschetty and Cernoch.” In 1970, they re-
ported short-term improvement in the symptoms of multiple sclerosis from
hyperbaric oxygen treatment in a study of 26 patients. In 1978, the late Dr.
Richard Neubauer of the Ocean Medical Center, in Lauderdale by-the-Sea,
Florida, in a paper published by the Journal of the Florida Medical Association,®
found benefit in 70 patients from a course of treatment. In 1974 he had been
intrigued by seeing the improvement in symptoms in a multiple sclerosis pa-
tient having a course of hyperbatic oxygen treatment for a bone infection.
He then collaborated with a neurologist in a study in which patients were ex-
amined before and after a course of treatment, and objective measurements
were made of improvement of bladder function. There were reports of the
treatment used for multiple sclerosis patients from other countries, Dr. For-
mai’ and Dr. Pallotta” in Italy, both reported improvement, as did the late
Dr. Henti Baixe in France."" They had compared the symptoms of multiple
sclerosis to those of decompression sickness in divers where, as we have seen,
hyperbaric oxygen treatment is well established.
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Dr. Neubauer continued to treat multiple sclerosis patients, but it was
press publicity given to his outstanding work that led to pressure from pa-
tients for the National MS Society of America to investigate the treatment.
The society first funded studies of the animal model experimental allergic
encephalomyelitis'*"* which showed that if, after being injected, the animals
were given houtly sessions of oxygen under hyperbaric conditions each day
they would remain healthy. After an arbitrary 34 days, the daily sessions of
treatment were stopped and many of the animals then developed symptoms.
In another series of experiments, animals were allowed to develop the disease
and it was found that oxygen treatment ameliorated their disabilities." It was
suggested that the mechanism involved was immunosuppression.'® In 1980,
Neubauer published a second report also in the Journal of the Florida Medical
Association."” Tt was prefaced by an editot’s note, some of which is reproduced
in Figure 17.1. Many of the referee’s comments beggar belief, especially when
the treatment simply involves giving patients just a few hundred grams more
oxygen a day. Contrast this with the continued use of exotic and dangerous
immune-suppressing drugs, none of which are evidence based. It is absurd
and telling that the use of oxygen should generate enormous controversy.

All of the first studies were “open,” that is, they did not incorporate
controls. They reported improvement in patients with very long-standing
symptoms, but the authors did not offer an explanation for the changes. Af-
ter some publicity and patient pressure, the National MS Society of America
gave $250,000 to New York University Medical Center to fund a double-
blind study. It was undertaken by three neurologists, Drs. Boguslav Fischer,
Morton Marks, and Theobald Reich in a chamber that had been installed in
the Rusk Rehabilitation Center in New York University (NYU) many years
before. The modifications made for the trial included elaborate arrange-
ments for blinding, that is concealing the pipework from both the patients
and the investigators. Gas switching codes were also devised to prevent pa-
tients knowing whether 100% oxygen, or the placebo gas which contained
10% oxygen in nitrogen was in use. The codes were only known to the tech-
nician in charge. The second gas containing only 10% oxygen gives the same
concentration of oxygen at twice atmospheric pressure—2 ATA, as is in air
at normal atmospheric pressure. Much care was given to ensuring that the
masks fitted well. In fact, the masks used known as the Acme Scottoramic
No. 707 had been devised for use in nuclear installations to prevent workers
inhaling dangerous radioactive gases. The two groups were then randomly
allocated to either the treatment or the control groups for twenty sessions,
which were undertaken at 2 ATA for ninety minutes, five days a week for
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Editor’s Note

In the tenure of every Editor, several articles will surface that
engender enormous controversy. The following paper entitled
“Exposure of Multiple Sclerosis Patients to Hyperbaric Oxygen at 1.5-2
ATA; A Preliminary Report” is one such manuscript. This document
has been reviewed by 12 different physicians both within and outside the
state of Florida. The review covered a panorama of opinions including:

1. It should be published as a preliminary report—even in the absence
of a vigorous therapeutic and controlled trial of therapy.

2. Represents but another form of therapy for a very remission-prone
disease.

3. Do not publish—rvery speculative—no scientific basis.

4. Must be published: It may well turn out to be the most important
paper ever published in our search for the understanding of multiple
sclerosis. To have its wealth of clinical experience wasted, and its
impressive results unknown for any length of time, would be compa-
rable to the fate that befell Fleming’s delivery of penicillin.

5. Cures for multiple sclerosis—reported as “possibilities”—or
“preliminary” are ubiquitous. They range from snake venom to lettuce
diet. All show preliminary improvement based, in large measure, on
subjective patient reaction. Publication of this paper would lead to
false hopes It is based on no convincing evidence.

6. Contents of this paper ate of considerable scientific interest.
This preliminaty report is conservatively presented.

7. Broad claims without statistical calculations.

8. OK as an informative provocative article. Double blind study going
on in other centers will either substantiate or deny effects.

9. No controls—no placebos. This is pootly explained—conclusions
are unjustified.

Figure 17.1:
Journal of the Florida Medical Association: Portion of the editor’s note.

a total of four weeks. The follow up was for eighteen months without the
codes being broken to ensure that the rigorous blinding was kept in force
and the results were kept secure. The author, on a visit to Dr. Fischer at
NYU in September 1981, saw that the papers were being kept in a large
combination safe in his office. He confirmed then that the funding from the
National MS Society had been to demonstrate that hyperbaric oxygen treat-
ment was 7ot of benefit to multiple sclerosis patients. An important reason
for the introduction of scientific methods in the assessment of treatment
was to avoid such malignant prejudice and bias.
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However, the results were actually positive, with many patients showing
clear benefit from the treatment, despite disease durations averaging neatly
10 years. This needs to be put into perspective; there are 168 hours in a week
and breathing more oxygen for just 7.5 hours a week, to give a total of 30
hours in a month, was able to ameliorate symptoms of a disease present for
very many years. Because of the importance of their results, the authors were
keen to publish the study in the New England Journal of Medicine. Following the
strictures of a former editor, Dr. Inglefinger, the journal will not accept pa-
pets which have been published elsewhere. Being aware of this, Fischer and
his co-authors requested permission from the editorial staff of the NEJM to
give an oral presentation to a meeting of hyperbaric physicians at Long Beach
Memorial Hospital in the summer of 1982. The permission granted included
the publication of an abstract. A tape of Fischer’s presentation was made and
transcribed for the patients who wanted to start a self-help hyperbaric centre
in Scotland. It opened in August of 1982 and was affiliated to a UK charity
known as Action for Reseatrch into Multiple Sclerosis (ARMS).

The abstract of the paper, finally published in the NEJM on January 27,
1983, differed from the abstract from the Long Beach meeting in one critical
respect; a final paragraph was added which states:

These preliminary results suggest a positive, though transient, effect of hyperbaric
oxygen on advanced multiple sclerosis, warranting further study. 1his therapy
cannot be generally recommended without longer follow-up periods and additional
confirmatory experience.

This is a travesty; the second paragraph within the NE/JM abstract actu-
ally refers to the long-term benefits in many of the patients which were still pres-
ent at the end of a year of follow-up. Not surprisingly those opposed to the
use of hyperbaric oxygen treatment have constantly referred to the authors
being, apparently, unwilling to endorse the treatment. But, Dr. Fischer and
his colleagues were obviously reguired to add the paragraph to the abstract in
order to have the paper published; a betrayal of the hopes of many thousands
of long-suffering patients. Also at the time it was rumoured that the publica-
tion of the New York University study was being delayed to await the results
of a Boston study on immune suppression by drugs, so that both could ap-
pear in the same issue. This was later confirmed by Dr. Fischer; the results
of the study had been available and the paper written at least six months
prior to their publication. The fact that the paper on immune suppression, an
uncontrolled study, was published in front of the hyperbaric oxygen trial in the
INEJM is again clear evidence of medical bias. Dr. Fischer was quoted by Dr.
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Sheldon Gottlieb, in his book 7he Naked Mind,'® as saying:

The National Multiple Sclerosis Society has to be credited with funding the
research project, although there was an undercurrent, though never publicly
expressed at that time, of the inefficiency of this particular approach to treating
MS. When we [Dr. Fischer et al.] found HBOT to be effective, they instituted
a campaign to discredit our work. 1hey even went so far as to attempt to prevent
its publication.

The controlled trial by Drs. Fischer, Marks, and Reich was probably the
most thorough in the history of medicine, combining matching of the pa-
tients before allocation into treated or control groups, close supervision of
the sessions in the chamber, with detailed evaluations during, and immedi-
ately on completion, of the course of treatment. For the first time in the long
history of multiple sclerosis, a treatment had shown benefit to patients with
chronic disease. But the results were not received well by neurologists and
their disinterest was transmitted to patients. This was a betrayal of trust; after
all, which patient could countenance that a successful treatment would 7oz be
endorsed by their physician?

The patients had first been matched in pairs according to their disabilities
and the duration of their symptoms, before being randomly allocated to either
the treated, or the control group. All had moderate disability, and all had been
suffering from multiple sclerosis for and average of at least five years; the aver-
age disease duration was, in fact, greater than 10 years. Assessments were done
blind to the allocation of the patients immediately before, during and imme-
diately on completion of the month of treatment. Follow up was then under-
taken monthly and the code was not broken until more than 18 months after
the completion of the study (personal communication, the late Dr. Fischer).
The results at the end of the month were #nequivocally in favour of the treated
group (p< 0.0001). Each nervous system function was independently scored,
and again, with the exception of mobility, there were high levels of significance
in each category in favour of the hyperbaric oxygen-treated patients. At the end
of ayear of follow up, the patients in the hyperbaric group had significantly less
deterioration than the control group, (p< 0.0008), despite no further treatment
being given. If this had been a drug trial, the share price of the drug company
involved would have soared and it would have been rigorously marketed.

The cover of the issue of the New England Journal of Medicine (INEJM) pro-
vides a remarkable insight into the influence of fashion in medicine and the
intransigence of its practitioners. The journal featured two articles on the treat-
ment of multiple sclerosis, the first by Hauser et al.,"” the second the study by
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Multiple Sclerosis and the Ingelfinger Rule... 217

Figure 17.2:
Redrawn from the front cover of the NEJM (1982;386:180-186).

Fischer et al.,” and they were followed by two editotials. The paper by Hauser et
al. from Harvard Medical School in Boston was, therefore, given precedence in
the journal as shown in Figure 17.2.

The first paper on intensive immunosuppression gave the results of a three
arm study comparing the use of the immunosuppressive drug cyclophospha-
mide with and without adreno-cortical hormone (ACTH) and a technique of
plasma exchange known as plasmapheresis. The investigators in this study were
not blinded; it was impossible because of the obvious side effects, nor did the
study have a control group. In contrast, the report by Fischer et al. was a ran-
domised, placebo-controlled, double-blind trial which, for the first time in the
history of multiple sclerosis, provided unequivocal evidence of benefit to patients
with established, chronic disease. But reading the two editorials in the NE/M
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commenting on these studies, readers could be forgiven for missing this crucial
point. The editorial” entitled “Treatment of Multiple Sclerosis,” was invited
from a neurologist, the late Dr. Dale E. McFarlin. The second® was contributed
by the deputy editor of the journal at the time, Dr. Marcia Angell. It refers to
the NE/M Inglefinger Rule, invoked to prevent the results of a study accepted
by the journal being published elsewhere.

McFarlin first reviewed the current status of trials in the treatment of
patients with multiple sclerosis, observing that ACTH is the only agent to
have demonstrated a favourable effect under controlled conditions in the
acute disease, by reducing the duration of symptoms of patients with the eye
condition known as optic neuritis. Discussing the trial methods necessary,
McFarlin then stated:

1t is obvionsly essential to have control groups of patients who are matched for
age, sex, type of disease, and clinical conrse. Patients in various groups should be
evaluated by the same methods, preferably by examiners who are unaware of the
treatment being given.

Despite this stricture he states, disarmingly and incorrectly that:

In both studies, efforts were made to follow the guidelines for valid clinical trials
mentioned above. Patients were matched and randomized, criteria were established,
and both short term and long term (one year) evaluations were conducted.

The fact that the Boston trial comparing cyclophosphamide, ACTH, and
plasmapheresis did #of use a control group was ignored; again the negative
bias is blindingly obvious. In contrast, the hyperbaric study was not only con-
trolled, it used double-blinding and the patients were matched in pairs before
being randomised to either the treated or the control group. Matching is criti-
cally important because of the enormous variation, not only in the severity of
the sclerosis, but also because of the duration of the disease in the multiple
areas affected. A patient, who may have had leg weakness from spinal cord
disease ten years before a course of treatment, will be much less likely to im-
prove than a patient who developed the same symptoms ten days before. The
enormous variations in multiple sclerosis were acknowledged by Dr. George
Schumacher in 1974,! who went as far as stating that there are 1,457 forms
of the disease! We are all different when we are healthy and we become even
more different after suffering the ravages of disease.

McFarlin raised questions about the lack of placebo effect in the
hyperbaric oxygen therapy study but could not, of course, do so in telation to
the trial of immune suppression, because a placebo treatment had not been
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used. He then asks in relation to the hyperbaric oxygen treatment:

What of the other findings? Five of seventeen did maintain some improvement for
one year. 1he restoration of bladder control and the disappearance of nystagnus
each for varying periods cannot be ignored.

Why would any doctor want to ignore positive results? Unfortunately, this is
precisely what has happened; they have been ignored. But he selected only
two of many features recorded as improving in the study, and certainly did
not emphasise the fact that just 30 hours of oxygen breathing at twice at-
mospheric pressure, spread over one month, reduced the rate of deteriora-
tion in the group receiving hyperbaric oxygenation for a further 12 months.
Despite this omission, McFarlin stated that he found the differences be-
tween the groups in the immune suppression study convincing, Statistics are
usually only applied in placebo controlled studies but, despite this, statis-
tics were compiled just as if there was a control group, and the figures look
deceptively impressive. McFarlin then questions the clinical implications of
the results from the two studies, as if the benefits and side effects were actu-
ally comparable, using emotive language:

These are preliminary reports of experimental treatments that should be studied

Surther. What do these reports mean for the future? Should all patients with
multiple sclerosis be treated with hyperbaric oxygen, cyclophosphamide, or both.
Absolutely not! These are preliminary reports of experimental treatments that
should be studied further.

There really could be no greater contrast between two agents; oxygen,
is the substance most essential to human life, but cyclophosphamide is a
highly toxic man-made drug which has no counterpart in living organisms.
Patients did indeed worsen in the cyclophosphamide study, but no patient
was recorded as worsening at the end of the course of hyperbaric oxygen
treatment. Nevertheless, McFarlin denigrated the proven improvement de-
rived from oxygen treatment, stressing the cost and complications of us-
ing the equipment needed to use hyperbaric conditions. He even warns of
side-effects not seen in any patient in the study; they relate to the very high
oxygen pressures in divers. The balance is redressed only slightly by the
admission that there are indeed risks associated with the use of cyclophos-
phamide. Nevertheless, incredibly, the authors of the immunosuppression
study were allowed to claim, under the subtitle “Complications and toxicity
of therapy,” that:

. . . there were no major complications in any of the treatment groups.
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The patients given cyclophosphamide suffered the indignity of losing all their
hair and bouts of severe vomiting, which are both well-recognized side ef-
fects of the drug. In fact, several of the patients in the three groups in this
study worsened considerably. Even more importantly, patients given cyclo-
phosphamide have been found to suffer a reduction of brain volume, which
is thought to be due to a direct toxic effect of the drug. Other, more long-
term risks include inflammation of the bladder wall, bladder cancer, and leu-
kaemia. Astonishingly, McFatlin placed oxygen and cyclophosphamide in the
same category of risk, stating that he regarded both treatments as “expeti-
mental”:

Woe be it unto the physician who fails to explain that these approaches are
experimental and that they entail risks.

So a safe and effective treatment, which simply uses more oxygen, is rated as
being as dangerous as the administration of a highly toxic poison. This is a
travesty and yet another example of the influence of pseudoscience and fash-
ion. The only positive comment from McFatlin about the hyperbaric oxygen
treatment was the improvement in patients’ bladder function but, strangely, it
is not propetly aligned to it in the text:

Quantitative assessment of bladder function is indicated because improvement in
the latter was a major finding in the current report.

Dr. Mcfarlin’s editorial then discussed at length the need for con-
trols and double-blind techniques for trials in multiple sclerosis stating
categorically that no trial should be accepted for publication if it does not con-
form to this standard. But he makes no comment about the failure of the
Boston group to apply this gold standard to the immune suppression study.
Using his criteria, it should not have been published. In contrast, there is
the absurd allegation that minor temporary changes in vision experienced
by some patients in the oxygen study may have compromised the blinding
of the investigators. Some patients given cyclophosphamide suffered from
disabling bleeding from the bladder; ironically, oxygen under hyperbar-
ic conditions is an effective treatment of this condition.?? In contrast, the
dosage of oxygen administered in the trial by Fischer et al. does not car-
ty any significant risk, indeed patients are safer inside the chamber than they
are outside! The only side effects encountered with the treatment when it
is properly administered are not from the oxygen, they are from the change
in pressure and involve the ears and, very rarely, the sinuses.

None of the treatments used in the immune suppression study, which carry
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very significant risks, have subsequently been shown to be of any value in treat-
ing multiple sclerosis patients, and there is now considerable evidence that they
make patients worse. Certainly, in the case of cyclophosphamide, the results
of further studies indicated that patients with chronic progtessive disease were
worse at the end of two years of treatment than if they had not had any treat-
ment at all.” The obsession with immune suppression was cleatly evident in the
UK in a British Medical Research Council trial based in London, which used the
drug azathioprine (Imuran). The preliminary results of the study, published in
the Lancet in 1980* reported that two of the immune suppressed patients had
died from a well-known complication of this approach—infection; they died
of pneumonia. However, in the final report in the journal published two years
later,” the patients were actually included in the statistical table of the results
having been given a disability score; they had been classified with a Kurtzke dis-
ability rating of 9, which is dead. The desperation of the authors to confirm the
validity of immune suppression for multiple sclerosis patients is all too obvious
in their discussion of the results.

Despite being out with the normal limits of statistical significance our results
suggest that the principle of immunosuppression is valid.

In other words the results were ot statistically significant. Reading this
paper no one should doubt the coercion still exerted by the myopic fads and
fashions of medicine.

The trial of hyperbaric oxygen treatment in New York had followed pub-
lic pressure on the US National MS Society generated by the work of Richard
Neubauer. As already discussed, the New York University results were pre-
sented by Dr. Fischer to a meeting of hyperbaric physicians in Long Beach
in the summer of 1982 and, not surprisingly, the news that they were positive
soon spread, although the author has been unable to trace any press coverage.
The patients, however, were desperate to have them published and voiced
their concerns. In the second editorial in the NEJM entitled “The Inglefinger
Rule,” the deputy editor, Angell, wrote;

Even before this paper was submitted to us, both the anthors and the Journal’s
editors began to receive pressure from a number of sources to publish the mann-
script rapidly and to release the details of the study to the news media.

She went further, stating that:

.. . the article in question deals with the use of hyperbaric oxygen in the treatment
of multiple sclerosis. As Dr. McFarlin’s editorial makes clear, the data in this
study in no way indicate that this is a cure for multiple sclerosis.
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It is obvious that at the time the profession at large appeared to believe in a
cure for multiple sclerosis, but there are no illusions about the latest drugs,
for example, the beta interferons, being a cure. The article by Fischer and his
colleagues about what amounts to the use of just a little more oxygen was
subject to an extraordinary degree of scrutiny. According to Angell it was:

. reviewed by no fewer than five experts on multiple sclerosis, it was twice
reviewed by our statistical consultants, and it underwent two revisions, during
which the anthors were asked to supply additional information and further
analysis of the data.

No such rigour appears to have been encountered by the authors of the paper
on the immune suppressive therapies, despite their well-known dangers and
they have all proved to be ineffective. Dr. Angell, later appointed editor of
the journal, subsequently wrote a controversial exposé of the pharmaceutical
industry.

The publication of the results of the first clearly successful treatment
for multiple sclerosis patients received very little publicity and there was no
correspondence published by the NE/M. The trial which had cost $250,000
was not actually completed as it was funded to continue the follow-up for a
total of three years. No further studies were commissioned by the National
MS Society of America. By June 1983, by order of the administration of New
York University Medical Centre, the hyperbaric chamber was removed from
the building and all work on the treatment of multiple sclerosis ceased. Figure
17.3 reproduces the letter sent by Dr. Fischer to Dr. Neubauer in 1983. When
the author visited Dr. Fischer in September 1982, the chamber was rusting in
the parking lot; it was obviously too dangerous to leave it in the building,

Further trials were sponsored by the MS Society in the UK and were un-
dertaken in London® and Newecastle. The London study was reported as neg-
ative by the authors, but, nevertheless, showed positive results, especially in
bladder function. Measurements of bladder volume, (cystometry) were made
which confirmed a similar study in the US.*” Some sensory functions also
improved to a level that was statistically significant in the oxygen group. The
Newcastle study was the only one of the two that was actually completed, and
it demonstrated improvement in bladder and bowel control.®® At the end of
the year of follow up, after just 20 sessions in the first month, it was found
that there was less deterioration in the oxygen treated group from just 20 ses-
sions.”” However, the treatment was pootly supervised; the techniques used
caused many cases of ear pain with one patient even suffering a ruptured ear
drum. The reports, which are discussed in more detail in the next chapter,
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BOGUSLAY H. FISCHER, M. D.
HEW YORK UNIVERSITY MEDICAL CENTER
400 CABT 34T STREET
HEW YORK. HEW YORK 10018

Dr. Richard A. Neubauer
Ocean Medical Center
4001 COeean Drive
Lauderdale-by-the-Sca
Florida 33308

New Yorlk, S-31-=83

by edministrative decision of the New York University Medical
Center the Hyperbarie Oxygen Facility has been dismantled.

It is with deepest regret to inform you that at this Center
all furthsr research concerning the use of hyperbaric oxygen
in the treatment of multiple sclerosis has been discontinued
for an indefinite period of tima.

truly yours

o e Lk
Doguslav H. Fischer, M.D.
Asst. Professor of Clinical Meurology

Figure 17.3:
Letter from Dr. B.H. Fischer to Dr. R.A. Neubauer regarding the
closure of the chamber at NYU.
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were also clearly biased towards a negative result which, because the use of
“controlled” trials is to avoid bias, is cruelly ironic. There can be no doubt
that, as Schumacher! stated:

Far more realistic as an indicator of therapentic effect than the lessening
of symptoms or signs is the halting of progression of neurological deficit.
The sole criterion of efficacy should be the prevention of downbhill progression or
recurrent exacerbations.

Much new information has been discovered to confirm the use of
hyperbaric oxygen treatment since the trials of the 1980s; scientists have
detailed the key role of oxygen in the control of inflammation, although
this is not quite how it is usually stated. Their emphasis has been on study-
ing the involvement of lack of oxygen in inflammation, rather than the
importance of using oxygen as a treatment. The key protein involved, hy-
poxia-inducible factor 1 alpha, has already been discussed in Chapter 1.
There has been increasing interest in the phenomenon of inflammation
generally, and this is certainly true in relation to multiple sclerosis. There
is also much less emphasis on the use of immune suppression in the dis-
ease and mote on the control of inflammation. In the UK, research into
multiple sclerosis in the National Hospital for Neurology and Neurosuz-
gery in London is based in a new department of neuroinflammation, and
its head, Professor Kenneth Smith, is not a neurologist; he is a biological
scientist. He now leads a team that is again researching the use of oxy-
gen under hyperbaric conditions in the animal model EAE, beginning,
inexplicably, with studies to establish its safety.

Inflammation has long been recognised as a central feature of a host of
diseases and always complicates injury. The migration of white blood cells
from the circulating blood into the nervous system across the blood-brain
barrier of the veins is the key to the control of infection in the brain. For this
reason, the venous barrier is less secutre and it is no coincidence that the areas
affected in multiple sclerosis surround veins, just as they do in divers who
suffer from decompression sickness. As discussed in Chapter 8, the tesearch
from the University of Pennsylvania demonstrating the role of white blood
cells in decompression sickness has provided further evidence for the validity
of the compatison of decompression sickness to multiple sclerosis, both in
its causation and its treatment.” The need for hyperbaric conditions to pro-
vide the additional oxygen in treatment can now be explained and it is not a
matter of biological plausibility or clinical opinion, it is physics and based on
measurement.
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In the 1960s, when interest in the clinical use of hyperbaric oxygen treat-
ment was of interest to senior figures in medicine and surgery, Sir Charles
Illingworth’s group in the University of Glasgow conducted the defin-
ing experiments presented eatlier in which the oxygen levels in the arteries
and veins of the brain were measured. The experiments were undertaken
in the large hyperbaric surgical operating room on the roof of the West-
ern Infirmary.” The details bear repetition; anaesthetised animals were used
and measurements taken, first breathing air and then 100% oxygen at not-
mal atmospheric pressure, 1 ATA. Finally, measurements were repeated at
twice atmospheric pressure, 2 ATA. As expected, the level of oxygen in
the arteries was about 100 mm Hg with the animals breathing air and rose
to about 500 mm Hg breathing 100% oxygen at normal atmospheric pres-
sure because, of course an increase from 20-100% is multiplying by five.
At 2 ATA it was over 1000 mm Hg, that is, 10 times the level breathing air.
This means the concentration gradient for the transfer of oxygen from blood to
cells was 10 times greater. What would not, however, be as obvious is that the
increase in the concentration of oxygen measured in the blood leaving in the
vezns of the brain was modest; from 40 mm Hg breathing air at 1 ATA to only
70 mm Hg breathing 100% oxygen at 2 ATA.

So what is the explanation for this effect? It is simply due to the poor
solubility of oxygen in water, the additional dissolved oxygen in the plasma is used
before oxygen is detached from the molecules of haemoglobin carried by red
blood cells. What physics would not predict is that from normally breathing
air to breathing pure oxygen in the chamber, the blood flow through the brain
fell by a truly enormous 20%. To increase the delivery of oxygen to the tis-
sues whilst reducing blood flow is unique to oxygen administration and can
never be achieved by a drug, The reduction in blood flow is associated with a
reduction of the diameter of blood vessels, because this is how blood flow
is controlled and leakage from veins is largely related to their diameter and
porosity. Note that the 20% reduction of blood flow through the brain also
reflects a 20% reduction in the output of blood from the heart, again illustrat-
ing the central importance of oxygen to the control of the circulation.

Fortunately, the professional disinterest that followed the publication of
the controlled trials of oxygen treatment did not end the matter, at least in the
UK and Ireland, where the patients’ interest in oxygen treatment continued
to grow. A detailed new study using two years of follow up was undertaken in
the MS Therapy Centre in Glasgow,* ironically a stone’s throw from the site
of the dismantled chamber at the Western Infirmary. Now, after more than
30 years, thousands of patients in the UK and Ireland continue to provide
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their own hyperbaric oxygen treatment in dedicated community-based charity
centres. In fact, their right to do so is now enshrined in UK legislation. Con-
trol of the most powerful treatment in medicine has gone from a sceptical
medical profession into the hands of patients. The next chapter covers their
remarkable story.
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CHAPTER 18

The UK Multiple Sclerosis Therapy
Centres: Self-Help in Action

The MS National Therapy Centres have pioneered the use of low pressure
barochambers in the community and this simple treatment has given
improved quality of life for thousands of patients.

The late Right Hon. Lord Whaddon, 2003

In the autumn of 1981, patients who had taken part in a small study in
Dundee based on the publications of Dr. Richard Neubauer'? and monitored
by a local neurologist, decided that they wanted to continue their treatment.
They formed a “self-help” group and, being keen to be involved with an ex-
isting charity, they approached the committee of an organisation called Ac-
tion and Research into Multiple Sclerosis (ARMS) in London. It had been
formed in 1974 by MS Society members who had been concerned that not
enough was being done to address the practical day-to-day needs of sufferers,
or encourage some of the less mainstream research. A number of discussion
groups had formed around the country to look at the evidence of improve-
ment from graded exercises with physiotherapy and the low fat diet pioneered
in Canada by the distinguished neurologist Dr. Roy Swank. In the summer of
1982, the Dundee patients called a public meeting which was attended by John
Simkins from the ARMS management committee, and it was agreed that the
patients could form a group to be known as Friends of ARMS. A chamber
was purchased and operations began in August 1982 in an industrial unit in
Scotland, in Peddie Street, Dundee. The street, which would have been known
to Haldane, is close to the University and city centre. The chamber had been
built during WW?2 for the Institute of Aviation Medicine in Farnborough to
study altitude sickness, providing an interesting link to an eatlier theme in this
book. After demobilisation from the Institute, it had been acquired by a diving
contractor and used offshore in the gas fields of the southern North Sea and
finally on a diving contract at an oil terminal in Milford Haven, before being
“retired” to a farm in Bedfordshire.

A pilot study of the first 30 patients attending the centre was undertaken
and all were assessed by the same neurologist, Dr. Duncan Davidson. The
results, published in 1984,” cleatly confirmed the findings of the New York
University trial by Fischer et al.* The neurologist questioned how patients who
would benefit significantly from the treatment could be selected, as it was like-
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ly to be expensive in the NHS. This would obviously mean the unacceptable
exclusion of many patients and the charity centres had shown that the treat-
ment could be provided at minimal cost. Following press publicity over the
following year, several hundred patients attended the centre to have the rec-
ommended twenty sessions. Many travelled long distances, some from as far
as Brazil, Australia, and Canada. When they saw the simplicity of the chamber
and its operation in Dundee, not surprisingly, some patients decided to acquire
their own chambers and start their own centres. This initiative was not wel-
comed by other Multiple Sclerosis organisations and one even issued a press
release, alleging a fire risk. Fortunately, most of the newspapers made enquiries
cleatly suspecting that it was scaremongering; all but one decided not to pub-
lish the release. More oxygen is only a risk if there is a fire, but a fire cannot
be started without a source of ignition and, of course, a fuel to complete the
“fire triangle.” No lighters, matches, or other sources of ignition are now al-
lowed to be used in pressure chambers, although many years ago the Royal
Navy allowed smoking in diving decompression chambers. It was stopped
after a serious incident when a fire was caused by a diver who spilled petrol
from a cigarette lighter. It is important to recognise that the cabins of aircraft
pose a similar risk—being confined spaces, and there is the added complica-
tion that occupants obviously cannot be evacuated at altitude. Many passen-
gers have died in aircraft fires but, thankfully, there is now an almost total ban
on smoking in commercial aircraft. Smoking is also banned in public build-
ings in many countries, which must have significantly reduced the number of
deaths from fires.

The professional response to the double-blind controlled study pub-
lished in the New England Jonrnal of Medicine reporting the benefit from hypet-
baric oxygen treatment in patients with multiple sclerosis was almost univer-
sally negative. This was graphically illustrated when the chairman of the UK
MS Society medical advisory committee was interviewed for the Medicine Now
programme on BBC Radio 4 in 1983 by the reporter Geoff Watts. Strong
support was voiced for the paper reporting the Boston study of immune sup-
pression,’ despite its lack of success, impetfect trial design, and the dreadful
side effects of cyclophosphamide. It was “felt” that the way forward in the
treatment of multiple sclerosis was sure to be improvement of immune-sup-
pressing drug regimes, despite their well-documented dangers. In fact, 7one of
the immunosuppressive drugs trialled from the 1960s to the 1980s remain in
use today, at least not in the US or the UK.

Following the publication of the successful trial and the interest gener-
ated among patients, the UK MS Society funded the two studies, one in New-
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castle upon Tyne, where there was already a multiple occupancy hyperbaric
chamber in the Royal Victoria Infirmary, and one in London. The London
study® used two single person oxygen chambers. One was based at Whipps
Cross Hospital in North London, and the other at St. Thomas’ Hospital. The
methodology was poor in both studies; patients were not matched in pairs to
be randomised, nor did they use a proper chamber control with a “placebo”
gas as Fischer et al. had done in New York. Both studies also used much more
disabled patients, with an average disease duration of 12 years, not 10.

The Newcastle group released a preliminary report which was published
in the Lancet on February 9, 1985.7 It was clear that there were setious prob-
lems with the techniques used. In an attempt to secure “blinding,” the inves-
tigators had simulated the increase in pressutre for the “placebo” group by
using the noise of compressed air for 10 minutes without actually pressuris-
ing the chamber. The patients in the treated group were pressurised to 2 ATA
in the same time of 10 minutes, regardless of whether or not they were able
to clear their ears. This led to 19 patients suffering severe trauma to the ear
drum; in fact the drum was actually ruptured in one patient. Apart from caus-
ing the patients severe distress, which may have contributed to worsening of
their illness, the pain prevented “blinding” of the physicians involved in their
assessments. Their bias against the treatment became all too obvious with the
publication of the paper, when the authors derided their own cleatly positive
results. The patients were not examined immediately before, during and on
completion of the treatment, which was the meticulous routine that had been
used in the New York trial. It was also clear that the Newcastle study report
was hurriedly submitted to the Lancet in what certainly appeared to be an at-
tempt to stifle the growth of the self-help movement, which aimed to provide
hyperbaric oxygen treatment in community based centres. Despite being a
preliminary report and showing that there were positive effects, especially, on
bladder and bowel control, regrettably, the Lancet allowed the authors to actu-
ally include a conclusion:

The short term results of this trial do not support the claims made for hyperbaric
oxcygen in the management of multiple sclerosis.

In fact, Fischer and his colleagues in New York had not made any such
“claims,” they had made two very logical recommendations; that long-term
studies should be undertaken and, crucially, that further studies of the treat-
ment should be of patients with acute attacks and relapses.

Unfortunately, in contrast to lack of coverage of the positive report by
Fischer et al. in the US, which almost unreported by the press, the Lancet pa-
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per was given wide publicity through a release by Associated Press. This was
probably instigated by the New York trial funding agency, whose chairman
had already indicated his opposition to the treatment. It would need some
investigative journalism to discover the background to this press release; the
details were carried by the Houston Post on Sunday February 17, 1985.

BOSTON (AP) — A major new study contradicts the findings of a widely
publicised report two years ago that sparked a burst of demand among multiple
sclerosis victims for an expensive and controversial form of treatment... In the
United States, the study’s results were embraced by experts who had already
donbted the worth of oxygen treatment.

Although the article did acknowledge “modest improvements in bladder
control,” it tellingly reveals the relief felt by doctors that the trial was, alleg-
edly, negative. The results of the NEJM study by Fischer et al. were certainly
not “widely publicised” and it is a sad reflection on experts that they admit to
embracing a negative result. One professor of neurology, who is still active in
Houston, actually stated in an unguarded moment, “unfortunately we cannot
yet say that hyperbaric oxygen treatment is of no value.” It is not surprising
that the Associated Press release had a major impact in the US; after all it was
doctors who were saying that the treatment was ineffective and most patients
must trust that their doctors will not deny them a treatment that has shown
benefit. The author commented in a letter to the Lancet about the Newcastle
study in June 1985,° that this must be the first time in the history of medicine
that doctors undertaking a trial have denied their own positive findings.

The Newecastle trial had been funded to allow the patients to be followed
for a year after the completion of the 20 sessions, although they were not
allowed any further treatment. The authors published their final report in
another journal, the Journal of Neurology, Neurosurgery and Psychiatry two years
later.? It indicated that the benefit to bladder and bowel function which, it
must be remembered was from just 30 hours of hyperbaric oxygen treatment,
actually lasted for six months. Also, it was found that patients in the treated
group had less deterioration in balance evident at one year. With obvious re-
luctance, the authors actually called for further studies, but with no press release
of the conclusions of the final report, it went unnoticed. One other study was
undertaken in Italy and again it found evidence of benefit using tests of nerve
conduction.'” However, the funding body, the MS Society in the UK, has con-
tinued to tell patients that this and other trials have shown that giving oxygen
is of no benefit (“Fresh Air Relief for MS Patients,” Daily Express, January 7,
2014). Fortunately, matters have begun to change, evident from the funding
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of the animal disease. It is notable that, as in the case of the patients involved
in the studies at Duke University, some of the Newcastle patients continued
treatment in the chamber in the University of Newcastle for many years until
it was eventually closed (personal communications, Professor Peter Bennett,
late of Duke University, North Carolina, and Mr. John Cook, formetly hyper-
baric technician in the University of Newcastle).

The results of the trials conducted at Whipps Cross and St. Thomas’
Hospitals in London were published together in the British Medical Journal on
February 8, 1986.° Howevet, the journal editors actually allowed the authors
to withhold the patient data. With the exception of results from a sub group
of patients with severe bladder dysfunction, just tables of statistical data were
published. This is unprecedented and reprehensible, because it does not allow
the results to be analysed independently. The authors argued that the positive
results, which were statistically significant, were simply due to chance, despite
their use of controls. Patients with severe bladder problems were selected
for study from the patients attending St. Thomas’ Hospital. Tests of blad-
der function were conducted in nine of the multiple sclerosis patients who
received oxygen under hyperbaric conditions and 11 controls who received
hyperbaric air. The paper states:

In the group given hyperbaric oxygenation, bladder capacity increased in five
patients and was unchanged in four; in the group given air it improved in one,
was unchanged in nine and was worse in one.

It is obvious that this is, indeed, a positive effect, especially important
in view of the deliberate choice of patients with the most severe bladder
problems. However, the statistical analysis used by the authors only allowed
for patients remaining the same or improving, not for them getting worse.
The statistical probability value published (p<<0.07) was said to only indicate
“a trend in favour of the group given hyperbaric oxygen” which is consistent
with the negative tone of the paper. However, if a statistical test is used that
allows for the possibility of deterioration, the result is statistically significant
(p<0.05). Again the doctors demonstrated their bias by playing down their
own results, just as those responsible for the Newcastle study had done. It is
clear that if these papers were read, even by open-minded neurologists, they
would dismiss oxygen being used as a treatment. Another study of bladder
function with positive results had also been reported from a group in New
Otleans."

Several other studies were undertaken in other countries which deliber-
ately chose patients with chronically stable, long-term disease and, not surpris-
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ingly, they again showed little or no benefit. This raises the question; why was
the trial by Fischer et al. so different? The reason is simple; the patients in the
New York study were examined on the day they started treatment, then each
week during the treatment, and on the day they actually completed the 20
sessions, when the benefits were most obvious. The improvements were also
carefully monitored at follow up examinations done at six months and one
year. By the end of the year, some of the improvements had disappeared,
but the major finding, as it was in the Newcastle study, was /ss deterioration in
the treated group and it was still statistically significant at the end of the year
of follow up. However, some of the patients attending the centre in Dundee
soon found that if their benefits started to regress, a single treatment would
often restore them and so they started to use the treatment regularly, as many
of Dr. Neubauer’s patients had done in the 1970s. Their expectations had
changed from cute to managing the disease. MRI can be used to follow the
results of treatment. The author was involved with Professor John Mallard
in Aberdeen, the co-inventor of the technology, in scanning a patient before
and after a session of hyperbaric oxygen treatment. Although the resolution
of the water-cooled magnet machine was not optimal, it demonstrated im-
provement.'” This approach was continued by Dr. Neubauer with Dt. Rob-
ert Kagan in 1984 using an imager with a superconducting magnet. The im-
ages in Figure 18.1 show a baseline scan in a 58-year-old man who was told
he was suffering from multiple sclerosis four years before the treatment. The

second image is one hour after the session of hyperbaric oxygen treatment
in a Vickers monoplace chamber at 1.5 ATA, and the third on completion of
20 sessions at the same pressure. His hand co-ordination, walking, and fatigue
all improved.

Figure 18.1
Improvement (arrowed) in cerebellar lesions with HBOT in a 58-year-old man.
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Figure 18.2:
Results of hyperbaric oxygen treatment on bladder function in patients with chronic
progressive disease.

In 1985 the chairman of the Glasgow self-help centre, Dr. Colin Webster,
himself a patient, raised funding for a detailed study of 128 patients, which
again confirmed the benefit of continuing treatment. The publication,'* which
was discussed in the Lancer in 1989," allowed a compatison between patients
who were able to continue treatment and those who were not. Figure 18.2
shows the detetioration over two years in bladder function in patients with pro-
gressive multiple sclerosis who were not able to continue treatment.
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The trials had found unequivocal evidence of benefit from hyperbaric
oxygen treatment in patients with multiple areas of sclerosis, despite disabili-
ties having been present for many yeats. In fact, they had to have clear, objec-
tive evidence of disability, and symptoms that were constant on neurological
examination to be included in the studies. Inevitably, these patients are the
least likely to benefit. It is obvious that oxygen treatment should be used for
acute conditions, not for disabilities that have developed over many years.
Imagine telling a diver who has lost the use of his legs surfacing after a dive
that his treatment must be postponed for ten years, to ensure that it is only
given when spontaneous improvement is unlikely!

At the time of all this activity in the 1980s, the crude advertising
slogan being used to raise money for research into multiple sclerosis in the
UK was; “give us the money and we will find the cure.” One doctor, him-
self a sufferer, actually complained to the MS Society about the grim black
and white advertisements. As usual, the campaign gave the mistaken impres-
sion that there will, eventually, be a drug, a magic bullet, to cure the scars
of multiple sclerosis. Today, there is much less emphasis on cure; agencies
like the National Health Service only talk about “disease management.”
This is largely because the drugs for long-term use to manage the symptoms
of multiple sclerosis are heavily marketed by drug companies. As many of
the patients who have accessed hyperbatic oxygen treatment have found,
regular treatment is also required with these drugs, in fact, they must be pre-
scribed for the life of the patient. The need for continued treatment is be-
cause of the persistence of the blood-brain batrier dysfunction and chronic
inflammation. These aspects of the disease are, at last, receiving research
funding. A programme in the seties 7he Material World, broadcast on April
17, 2008 on BBC Radio 4, highlighted the stark contrast in the approach
taken by a neurologist and a biologist to the importance of the blood-brain
barrier. The neurologist wanted to find a way of breaking the barrier down
to allow drugs to access the brain, whilst the scientist emphasised the critical
importance of maintaining the protection it affords, to ensure the continued
health of the brain.

It is clear today that, despite the use of controlled studies and the adop-
tion of evidence-based practice, doctors are still very prone to bias. In the
UK, NICE, the National Institute for Clinical Excellence was set up to evalu-
ate treatment as objectively as possible. NICE is a “quango,” that is, a quasi
autonomous government organisation. To be politically correct, it has added
the word “Health” to its title to indicate a broadening of its scope, but the
acronym NICE remains resolutely in use. Why has it been necessary to cre-
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ate this very expensive organisation? It is because there are many powerful
speciality groups in medicine representing the professional interests of their
members. The formation of NICE confirms that because each speciality
fights for its share of the “cake” and cannot be relied on to provide unbiased
opinions about medical practice. However, the principal function of NICE is
to produce national clinical guidelines for NHS management in primary and
secondary care, through consultation with “stakeholders.” Experts are invited
to contribute and interested parties can apply to be included in the stakeholder
groups. Not surprisingly, the drug industry has been strongly represented in
the debate about the treatment of multiple sclerosis, because the potential for
profit generated by long-term treatment in such a common and chronic dis-
ease is truly enormous. The guidelines for the management of multiple scle-
rosis, published by NICE in November 2003, state that hyperbaric oxygen
treatment should only be used in the NHS for patients with multiple sclerosis

NICE Multiple Sclerosis — National Clinical Guidelines for NHS
Management in Primary and Secondary Care, March 2003

Hyperbaric oxygen

A systematic review (Level 1a) and one additional RCT (Level 1 b) met inclusion
criteria. The review included 14 RCTs but the results were restricted to eight studies
which were judged to be of reasonable quality. The review reported that only one of
eight trials reported results in_favour of hyperbaric oxygen therapy, the others found
10 clear positive effects. Side effects were generally minor with ear and visual problems
predominating. The additional RCT, which was of good guality, reported a positive
effect of treatment for all five ontcomes investigated and reported only minor adverse
events associated with treatment.

The agents listed by NICE that should not be used, or only used in
controlled studies is as follows:

¢ Cyclophosphamide

e Anti-viral agents (e.g acyclovir, tuberculin)
e Clabribine

¢ Linomide

e Hyperbaric oxygen therapy

¢ Whole body irradiation using radioactivity

¢ Injections of myelin basic protein (any type)

¢ A wide range of oral drugs (see evidence statements)

Figure 18.3:
Excerpt from the 2003 NICE guideline for the use of hyperbaric oxygen treatment in MS.
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in the context of clinical trials. By this time the charity centres had completed
more than 20 years of successful operation. The guidelines are based on the last
draft of the consultation document reproduced in Figure 18.3. Note the gram-
matically incorrect use of the term “hyperbaric oxygen,” instead of hyperbaric
oxygenation.

So, again, the substance wniversally accepted as being essential to life,
is ranked alongside poisons like cyclophosphamide and whole-body radioac-
tive irradiation with its well-known dangers. The recommendation of NICE
was that within the NHS the use of hyperbaric oxygen treatment should be
restricted to randomized controlled trials. It is true, as stated, that only one
of the three studies publicised reported benefit, but all three actually found
benefit. No representative from the MS Therapy Centres using hyperbaric
treatment had been present at the stakeholder meeting, nor were any of the
authors of the UK studies present; normally, doctors want to “talk up” their
findings. The press have recently discovered that the common practice for
doctors to allow drug company marketing people to “ghost write” their pa-
pers; a chilling example of “the ghost in the machine.”

The NICE report about hyperbaric oxygen treatment comments that
“side effects were generally minor.”” The use of the word “generally,” of
course, implies that there were more serious problems, which is patently not
true. Contrast this with the deaths of two out of just twenty patients from
the drug azathioprine (Imuran) in the UK Medical Research Council funded
study'*and the dreadful side effects of intravenous cyclophosphamide,' both
discussed in Chapter 17. Fortunately, with no evidence of benefit, NICE has
included cyclophosphamide in the list of agents that the NHS should #o7 use.
The reader may remember the same ritual denial in the late Dr. Dale McFar-
lin’s editorial from the New England Journal of Medicine'® quoted to in Chapter
17; “Woe be it unto the physician who fails to explain that these approaches
are experimental and that they entail risks.”

There is actually no particular clinical expertise in an organisation like
NICE; reviews are based on the published research of specialists with all
bias that this often involves. The review about hyperbaric oxygen treatment
used by NICE as their main source of information was a paper by two Dutch
public health specialists, Drs. Kleijnen and Knipschild, which was published
in 1995 in the journal Acta Neurologica Scandinavia.'” Most of the trials of hy-
perbaric oxygen treatment had been completed by 1987 and this Dutch re-
view was apparently provoked by multiple sclerosis patients in Holland still
demanding the treatment from the health services in Holland. Again, these
authors did not have any experience of hyperbaric oxygen treatment; they
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are simply involved in epidemiological and statistical studies. However, it is
important to note that this paper actually discusses the importance of the
various oxygen dosages used in the studies and the only trial in which the
oxygen “dosage” the patients achieved was actually measured was the meticu-
lous study undertaken at New York University.* It was shown that, at a con-
stant pressure of 2 ATA, the blood oxygen tension varied from 860 mm Hg,
(equivalent to 1.11 ATA), to a maximum value of 1,140 mm Hg (equivalent
to 1.59 ATA). However, just a single measurement was made in each patient dur-
ing the twenty sessions of their treatment. From a scientific standpoint the
variation seems unacceptable, but the problem pales into insignificance when
compared to the variation in blood levels of drugs taken by mouth. Figure
10.1 in Chapter 10 shows that the plasma concentrations of a drug taken by
mouth may vary between patients by over 700%!

The author does not disagree with the NICE statement that hyperbaric
oxygen treatment should not be provided for chronic multiple sclerosis pa-
tients in NHS hospitals; not because it would not be helpful, but because it
would simply be impossible to provide the level of service needed at rea-
sonable cost. The charity centres have shown that it is far better for such
patients to organize their own treatment; as recent events in a health author-
ity in England have shown, the NHS is far from perfect in managing pa-
tients with chronic disease. The MS Therapy centre in Dundee, is not the
largest of the 65 charity centres, but it treats an average of 160 patients a
week. Evening sessions are provided Monday to Friday and three sessions
on Saturday mornings. For this standard of care to be provided in the NHS
would be inordinately expensive. Patients in the charity also have the free-
dom to organize and book their own treatment when they feel they need it,
without having to convince a doctor! Actually, there are no tests that doc-
tors can use to determine if a patient feels fatigued; a very common symp-
tom in multiple sclerosis. The centres also organise other important services,
like physiotherapy, which, despite lacking of evidence from controlled trials,
are essential for many patients to maintain their mobility.

The drugs currently used for the management of multiple sclerosis
are three forms of beta interferon (Avonex, Betaseron and Rebif) and gla-
timer acetate, whose trade name is Copaxone. The marketing of these
drugs was based on the reduction of attacks in patients with relapsing re-
mitting multiple sclerosis. The reduction in their frequency was said to be
from three to two over a two-year period."” NICE opposed the introduc-
tion of these disease modifying drugs (DMDs) in the UK on the grounds
of cost effectiveness, as the prevention of one attack in two years would
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cost about £20,000. Lobbying by MS groups led to the creation of a “risk
shating” scheme in which the government agreed to bear the cost of the
drugs prescribed, provided the drug companies agreed to reduce their cost
if effectiveness judged in two yearly assessments was less than the drug
companies claimed. Although the scheme was started in 2002, it proved to
be very much more difficult to monitor, mainly because of disagreements
about the methods used, and it was heavily criticized.”” The first assessments
were not published until 2009 in the British Medical Journal® The results indi-
cated that the patients were actually worse than if they had not received any
treatment at all based on historical controls.”’ The controversy extended to
the use of the disability assessment derived from the much-derided Kurtzke
disability scale. It says much about the quality of multiple sclerosis research
that more than 140 years after the comprehensive description of the disease
by Charcot, the methods used to assess patients, to quote Professor George
Ebers,” “are not fit for purpose.” He goes on to point out in his analysis of
the results of the risk sharing scheme, that the use of MRI of the brain to de-
termine disease activity does 7ot predict the progression of disability. Unfor-
tunately, the reason is rather obvious, disability in multiple sclerosis patients is
mainly related to areas of damage in the spinal cord, which is rarely included
in MRI studies. The resolution of the spinal cord using MRI is poor because
it is surrounded by liquid, and small areas of damage, for example to the long
nerve fibres controlling muscles, readily cause weakness or paralysis.

Of the five commentators invited by the British Medical Journal, only one
defended the risk sharing scheme, Professor Alistair Compston,” although
he admitted that disease progression was not only worse than predicted,
it was worse than in the untreated control group and well above the 20%
tolerance for price changes. He pointed out that the funding had provided
more dedicated nurses and, in fairness, disclosed that his department is in-
volved in drug trials. The composition of the scientific advisory committee
has rightly been criticised; far from being “independent,” the drug compa-
nies were represented on the committee and it is actually admitted that they
“gave permission” for its publication. Little doubt why the drug industries
association office in London is in Whitehall opposite the Department of
Health building. Astonishingly, in view of the greater deterioration of the
patients being given the drugs when compared to the natural course of the
disease, the Department of Health has indicated that it is still determined
to continue the exercise. Neatly half a billion pounds has been spent on the
scheme, despite the evidence indicating that the drugs are actually making pa-
tients worse. They were licensed for 20 years in 2002. The Multiple Sclerosis

318 ~ Oxygen and the Brain: The Journey of Our Lifetime

Society in the UK, which campaigned hard for the drugs to be made available,
has withdrawn its support for the scheme.

A second consequence of the disease management approach has been
the reluctant approval by NICE of the drug natalizumab (Tysabti) which
is a monoclonal antibody. It was withdrawn in the US in 2005 when it was
found to be associated with progressive multifocal leucoencephalopa-
thy, (PML) which is a chronic viral disease of the brain that is often fatal.
However, after intense lobbying by the manufacturers the drug was rein-
troduced a year later, although restricted to severely-affected patients. The
drug reduces the body’s defences against the common “JC” polyomavirus
responsible for PML, which was named after first the patient in whom the
disease was identified, John Cunningham. In 2009, 24 patients had already
developed the disease. This risk is common to other monoclonal antibodies
because they suppress the immune system by removing lymphocytes from
the circulation compromising resistance to infection. Howevet, it is a particu-
lar problem in patients with multiple sclerosis, because of the damage present
to the blood-brain barrier. The risk of PML increases with time, doubling
from one per thousand in the first year, to two per thousand in the second.
The dangers in pregnancy ate so great that women must not conceive for
at least one year affer the last dose of the drug. If monoclonal antibodies are
stopped and the immune system begins to recover—which takes months—
the patient risks another serious complication, immune reconstitution inflam-
matory syndrome (IRIS). This may also occur after the withdrawal of other
drugs that suppress the immune system. There are times when Einstein’s
quotation from 1917 seems appropriate: “Our entire much-praised techno-
logical progtess and civilisation generally could be compared to an axe in the
hand of a pathological madman.”

On October 29, 2009 the results of a study of another drug in this
class, rituximab (Rituxan), in patients with primary-progressive multiple
sclerosis were published in the Annals of Neurology.** This drug also did not
slow disease progression when compared with an inactive placebo. Howev-
er, MRI had “suggested” some benefit in younger patients based on regular
monitoring. However, as pointed out by Dr. Ebers, the problem is that the
level of disease activity in the brain followed by MRI does 7o? correlate with
the progression of disability in patients with multiple sclerosis. This is es-
pecially the case when sight is affected by damage to the optic nerve. It also
applies to the spinal cord and it is not difficult to see why; it weighs a mere
50 grams in contrast to the 1,350 grams of a typical human brain. So not
only are the clinical measures used to assess patients not fit for purpose, the
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use of MRI does not predict disability. But the failure of drugs highlights
that the key problem in multiple sclerosis is not auto-immunity it is znflam-
mation. What is clearly needed for the treatment of patients is an agent that
reduces inflammation, but does not compromise the immune system; we
have already found it; it is axygen.

The contrast of drug therapies with the use of oxygen in treatment
could not be more dramatic. After more than 30 years, no patient attending
the UK charity centres has developed the deterioration seen after a coutse of
the drugs used to suppress the immune system. As oxygen is essential to the
activity of the body’s defences and central to the control of microbial infec-
tions this should not be a surprise. The Department of Health in the UK has
acknowledged the excellence of the community-based MS Therapy Centres,
through the Healthcare Commission, now renamed the Care Quality Com-
mission. It is important for NICE to endorse the provision of this treatment
in the community as, after controlled studies and more than 30 years of expeti-
ence by unbiased patients, it is certainly evidence-based. Successive govern-
ments in the UK have endorsed the concept of the expert patient. This now
proven model can be adopted in other countries, although the continuing
controversy generated by simply providing a little more oxygen with a modest
increase in pressure is still astonishing. The response of many doctors asked
about the use of oxygen for patients with multiple sclerosis is still, “There is
no evidence that it works . . . and trials have not shown any benefit.” It, of
course, refers to oxygen and the statement is therefore absurd; the oxygen
used in a chamber is no different to that in the air we breathe. This is, in fact,
where it comes from; so-called “medical” oxygen is made by liquefying air.
Remission is critically dependent on the level of oxygen in affected areas of
the brain and obviously cannot take place in the absence of sufficient oxygen.
It is difficult for patients to refute apparently authoritative opinions from
doctors, but the facts are there for those prepared to study them.

A review of the controlled trials of the use of hyperbatic treatment was
submitted to an organisation called the Cochrane Collaboration; named af-
ter a public health doctor, Dr. Archie Cochrane. It collates evidence of the
effectiveness of treatments. Cochrane actually ran into problems with his
own methods in supporting the drug Atromid; despite seemingly adequate
controlled trials, long-term studies showed it was ineffectivel A drug-based
approach was used in a Cochrane review of the hyperbaric oxygen treat-
ment trials in multiple sclerosis patients, undertaken by a group in Australia.
It gave equal credence to the trials, when even a cursory examination of the
methods used shows that they were gravely flawed. This is very misguided;
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the only propetly undertaken study was the one undertaken in New York
University* and it is certainly not invalidated by the pootly-conducted and
biased studies that followed.

In the late 1990s the charity centres came under scrutiny with the forma-
tion of the National Care Standards Commission, which was rebranded under
the title of the “Healthcare Commission” in 2001. This is another quango,
which has been renamed, yet again, under the more “PC” title of the Care
Quality Commission. The body was originally formed to enforce the require-
ments of the Private and Voluntary Healthcare Regulations 1999, and the Care
Standards Act of 2000. It brought the use of hyperbaric oxygen treatment in
England and Wales into the category of a “prescribed technique.” Fortunately,
after representations from the charity, it defined three types of chamber. The
simple chambers used in the community centres were classified as “Category
3” and they ate now called barochambers. They are only capable of being pres-
surised to twice atmospheric pressure, (2 ATA), leaving the term “hyperbaric”
to be applied to chambers used for diving and intensive care as Categories 1
and 2. In 2003, a code of construction and working practice for low-pressure
barochambers, based on the standards used for aircraft, was accepted by the
UK government.”® A letter from the late Lord Whadden, an industtial chem-
ist, who was a patient at one of the MS Therapy Centres, and formetly a pilot,
introduced the standard. It was the result of detailed consultations with the
Healthcare Commission, the Health and Safety Executive, and the UK Fire
Services. It is now backed by over 30 years of safe operation and well over
2.8 million sessions have been completed without a significant incident. As
already discussed, aircraft are pressure vessels for human occupancy which
are also equipped with oxygen breathing apparatus. Being aligned to aircraft,
the standards for their construction and operation are, of course, accepted by
every country in the world. The pressure vessels were termed barochambers
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Figure 18.4:
The Act of Parliament by which MS Therapy Centres were deregulated.
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Figure 18.5

The MS Therapy Centres of the UK and
Republic of Ireland with inset the chamber in
Gibraltar.

to escape from any connection to diving; the complex high pressure facilities
needed for divers certainly require the expert supervision of professionals.
In 2008, the use of hyperbaric oxygen treatment in MS Therapy Centres was
formally deregulated by Act of Patliament (Figure 18.4).

Despite sporadic opposition, the patient-led hyperbatic movement con-
tinues to grow after more than 30 years and the map (Figure 18.5) shows the
locations of the 64 centres in the UK, Ireland, and Gibraltar.

Fischer and his colleagues in their New England Journal of Medicine paper
called for studies of the treatment of acute attacks typical of multiple scle-
rosis and long-term follow up of patients with chronic disease. No formal
studies of acute attacks have been done but the latter has been undertaken
within the UK charity centres. A cohort of 705 patients has been followed
over 15 years and the results published in the Znternational Journal of Neurgpro-
tection and Neuroregeneration.® Attempts to have the paper published in many
journals were rebuffed because historical controls were used, although this
approach was, of course, accepted for the UK risk sharing drug scheme. The
reduction of the number of relapses made by oxygen treatment was reported
by Dr. Raphael Pallotta as long ago as 1980.” Both groups of his patients had
undertaken an initial course of 20 sessions, but of the 22 patients, half did
not continue and they had a greatly increased relapse rate (Figure 18.6).

The initiative to provide chambers in a community setting has required
a truly enormous effort by patients, their loved ones and carers. It has pro-
vided an impressive body of evidence over the last 30 years and the benefits
from using oxygen in treatment have been established beyond doubt. The
provision of pressure chambers in the community has destroyed claims that
the equipment must be run by expert teams with the patients supervised by
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Figure 18.6:
Results of study of HBOT on yearly MS relapse rate by Professor Rafael Pallotta.
Controls show an increased relapse rate (upper line).
The relapse rate falls in patients using HBOT (lower line).

Figure 18.7:
A typical MS Centre barochamber.

highly qualified doctors which would result in the treatment being withheld
from needy patients with chronic disease. The charity sessions are supervised
by lay workers and volunteers who are, of course, trained to an appropriate
level. The safety of these chambers, which are used by sick and disabled pa-
tients, can only be described as legendary. The engineering of the equipment
is the prime determinant of safety and the facilities are very simple. In more
than 30 years of operation, there has not been a significant incident.

Early in the development of this patient-led movement, it was attacked by
a Glasgow neurosurgeon, who was quoted in an editorial in the British Med:-
cal Journal in 1985.% He referred to the use of the chambers for multiple scle-
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Figure 18.8:

The MS Therapy Centre in
Bedford, England.
(Courtesy of Mrs.Valerie
Woods.)

rosis patients as an example of the “inappropriate use of high technology.”
The high technology myth is still perpetuated in the US, where the author has
seen a bill for $3,588 sent to an insurer from a Miami hospital for a singl ses-
sion of hyperbaric oxygen treatment in a multi-person chamber. The patient
was being treated for a simple pressure sore. The insurers would in all likeli-
hood not have actually reimbursed this cost and probably paid out only half
of the amount demanded. This still generates a massive profit as the treatment
can be provided for about $50 an hour, even in a hospital-based, single pet-
son chamber.” However, it is usual for hyperbaric centres to charge $50 per
patient per session just for physician supervision, despite patients being safer
inside a chamber breathing oxygen than outside breathing air! The Food and
Drug Administration in the US (FDA) has been convinced that hyperbaric
chambers and hyperbaric treatment must be highly regulated and inspected,
an attitude obviously promoted by the owners of expensive hyperbaric facili-
ties, and by many of the doctors involved. The attitude of the FDA, or at least
advisers, to oxygen beggars belief. In an article on an FDA site, posted in 2002,
advisers even warn of the risk of breathing oxygen for even a few minutes
in an oxygen bar.”

The MS Therapy Centres are represented by a small central organ-
isation which has a website www.msntc.org and a support line run by the
Hyperbaric Oxygen Treatment Trust. Nevertheless, when patients join a
centre they join others in the group to provide their own treatment, which
is the basis of the self-help concept. The shared experience is invaluable to
many patients who experience the nightmare and isolation waiting for the
so-called diagnosis, to be labelled as having multiple sclerosis. The story of
one patient, reluctant to take the drugs offered who found one of the MS
Therapy centres on the Internet, shows how patients should use the treat-
ment to manage their disease.

324 ~ Oxygen and the Brain: The Journey of Our Lifetime

In 2001, when the patient was 48, he had what was said to be bis first attack of
multiple sclerosis, although he recognised that all may not have been well for some
years as he occasionally had problems controlling his bladder and curious episodes
in which bis scalp itched. The attack in 2001 began when be became aware of
some deafness in his right ear and then the right hand side of bis face drooped.
The deafness worsened and he developed vertigo, finding that when be moved his
head quickly be wonld fall to bis left side. At the time he was a farmer in Kent
and during lambing he found he could not pick a lamb up withont falling over.

He suspected that he had a brain tumonr and bis family doctor organised an
urgent private consultation with a neurologist. An MRI was arranged and
revealed a number of unidentified bright objects which be was told were areas of
inflammation in the brain. When he asked the neurologist what had cansed them,
he was told that they conld be due to “a virus” and there was a 70% chance of
them bappening again. Later be asked to see the letter written to bis family doctor
and read the word “demyelinating.” He found that sometimes when be closed
his eyes it was “like watching a firework display.” He went on the Internet and
became concerned that be had multiple sclerosis. With the finance for a move to
a property in Scotland being organised, it was a worrying time. However, on a
second visit to the neurologist he asked if he bad MS and was told that it was
“categorically not MS.” The nenrologist referred to the areas found on MRI
as “holes in the brain” which led the patient to question if he actually had
Mad Cow disease — new variant Creutzfeld Jacob disease or CJD. The doctor
produced some scans of a patient with CJD to show that it was quite different.
The patient was obviously relieved to be told that be did not have a brain tumonr.
He told the specialist that he was moving to Scotland and that he would be under
the care of a teaching hospital.

Arrangements for the move to Scotland progressed and be found that his symptoms
steadily improved. Over the next five years he only suffered occasional problems,
such as some difficulty focusing which prevented bim seeing objects clearly. At
times be also felt a band developing across bis chest, like wearing a seat belt and,
again, bis scalp itched. Both bladder and bowel control at times were difficult and
caused him some embarrassment.

In 2002, the patient made a long trip from Scotland to the Midlands and on
his return be bad to stop close to home because of extreme fatigne and bis eyes
Jfelt very beavy. He was able to eventually complete the journey, but the following
morning he woke with double vision and he was unable to drive. He was still
suffering from severe fatigne and his feet had become numb as if enclosed in
bubble wrap. When matters did not improve e went to see bis family doctor and
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was referred to a neurologist who arranged his admission to bospital. A lumbar
puncture was undertaken. Later at an outpatient appointment be asked the
consultant why he had been admitted explaining that he only had double vision.
The reply was “it is to be excpected when you have MS.” For the patient this came
as a bolt from the blue. His specialist wanted to start a conrse of steroids and
then beta interferon but, after reading about the side effects, the patient was very
reluctant to embark on drug therapy. He was already on daily drugs for arthritis
and a bowel complaint.

Searching again on the Internet, putting “MS” into a search engine, he found
entries describing a charity using hyperbaric oxygen treatment. He realised there
were centres using the treatment in Scotland and one was only a few miles away.
After calling the centre and speaking to the nurse be arranged to attend for a
course of treatment. He recalls feeling hesitant when he arrived at the centre; “it
was nerve wracking standing at the door.” However, that soon passed once inside
when he was made welcome. After the first session in the chamber he felt less
fatigued and after completing five sessions he skept through the night for the first
time in years. He had grown used to getting up to visit the bathroom three or four
times a night. Over the course of 20 sessions, his double vision and the numbness
in his feet disappeared. However, one year after his initial conrse of 20 sessions
he found the double vision returning. Sensibly, he had five consecutive sessions in
the chamber and recovered.

He now attends the centre once a week or sometimes more if e feels “under the
weather.” At Christmas 2009, he developed a cold and did not have treatment
Jor three weeks. His bladder problem returned and he again found he had to get
up three to four times a night. After three sessions on consecutive days his bladder
control was restored.

The use of drugs in managing the disease of patients with multiple scle-
rosis will never be satisfactory as they cannot address the fundamental prob-
lems—damage to the blood-brain barrier, inflammation, and lack of oxygen.
However, the key to using oxygen effectively must be for the eergency treat-
ment of the first symptoms to prevent progression to sclerosis; it certainly
makes no sense to withhold giving more oxygen whilst waiting for “objec-
tive” evidence of disability and MRI evidence of scarring, The professional
actions necessary are discussed in the last chapter. Nevertheless, for those
patients who already have multiple areas of sclerosis, the object of treatment
must be to maintain remission and reduce the unfortunate deterioration that
occurs with advancing years.

For the first time in the long history of multiple sclerosis, a safe, effective
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treatment based on sound science is available for patients, and it is supported
by the most thorough trial ever undertaken in the history of medicine.’ The
basis of the control of the inflammation is now understood; oxygen controls
the genes involved. Moreover, oxygen is also the on/y agent that has proved
successful in the treatment of both the putative animal model and patients.
For any treatment to produce improvement in chronically ill patients with dis-
ease durations of years, verges on the miraculous. It only needs a moment’s
reflection to recognise that to be truly successful oxygen should be used at the
beginning, not at the end of the disease, especially when the organ involved
is the brain. A high level of oxygen used within hours of the first symptoms
developing may offer the prospect of a cure, at least for that attack, although,
of course, it cannot prevent others. We already know that the oxygen level in
air is often sufficient and so the question raised is: What is the appropriate
dose of oxygen?

It is ironic that patients with acute symptoms were excluded from the
“controlled” trials, because the benefits would have been not only immedi-
ate, but also very obvious. So what remains to be done are studies of oxygen
treatment for patients with the first symptoms, to prevent disability, because
this may even produce a cure by restoring the integrity of the blood-brain
barrier, just as it has done in divers for over a hundred years. Such patients
cannot by definition have multiple sclerosis, because that label requires more
than one attack. It is also most important to recognise that the dose of addi-
tional oxygen needed may not actually require a chamber; a mask delivering
100% oxygen at the ambient atmospheric pressure may well be sufficient,
and the use of MRI with spectroscopy can easily allow this to be studied 7
real time.

The disease that underlies multiple sclerosis is characterised by damage
evident on MRI that, as we have already seen, is far from being specific to the
disease and may even be caused by tiny bubbles in compressed air workers
and divers. But the same changes have also been shown to occur following
head injury, and the next chapter discusses the importance of using oxygen
treatment for such patients.
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CHAPTER 19

Head Injuries—the Curse of
Life in the Fast Lane

The decrease in mortality and improved outcome for patients with severe
traumatic brain injury over the past 25 years can be attributed to the
approach of squeezing oxygenated blood through a swollen brain.

Jamshid Ghajar. Lancet, September 9, 2000.

On a quiet Saturday morning on the 8th of January 2011 in Tucson, Ari-
zona, a US congresswoman was meeting the people in the parking lot of a
Safeway supermarket. It was not safe; a 22-year-old man shot her through the
head with a2 9 mm Glock pistol. In just 20 seconds he proceeded to kill six
people, including a little girl just nine yeats old. It seemed for a time that the
congresswoman would join the long list of US political assassinations, and,
indeed, her astronaut husband was told she had died. Despite being shot at
point blank range, she survived to undergo surgery and was on an opetating
table in just 38 minutes. With the eyes of the world focussed on Tucson it
would be expected that the latest techniques would be used to save her life,
and so it proved; the surgeons removed a large piece of the bone from the left
side of her skull. Following well-established practice, a tube was inserted into
the brain to drain away excess fluid, and the skin flap was replaced. It was not
long before she delighted everyone by regaining consciousness, and a helmet
was fitted to protect the brain. And there is a reason for including her story.

On the 26th of January, the congresswoman actually used a hyperbat-
ic chamber equipped with an oxygen breathing system; she was flown 900
miles to Houston in a private jet, and admitted to the Memorial Hermann-
Texas Medical Center. The journey was to allow her to be close to the John-
son Space Center, where her husband was training to command the space
shuttle Endeavonr on its final mission. The Hermann hospital group has a
large hyperbaric chamber, but it is only used to treat wounds in the skin,
not for wounds of the brain. Ironically, the shuttle had a hyperbaric oxygen
chamber because, as discussed, astronauts risk “the bends” when they de-
compress to undertake EVA —extra vehicular activity. But would hyperbaric
oxygen treatment have helped the congresswoman? Before discussing the
controversies raised by this crucial question, it is important to understand
the scale of the problem of brain trauma.
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Wortldwide, at least 1 million people die each year from a head injury, and
head injuries are the leading cause of death and disability in young people in
the Western world. Most are “closed” head injuries from motor vehicle ac-
cidents. In the US, with a population of around 275 million, about 1.7 million
people have a serious head injury each year. Of these, over 50,000 die and
80,000 survive with very severe neurological problems. Many patients remain
in persistent coma for years at prodigious cost to their families and to society.
Over 275,000 brain-injured patients in the US require hospital admission each
yeat, and over 3 million are left needing help with daily tasks. It is common
for head injuries without loss of consciousness to be dismissed as mild con-
cussion, but many such patients often have subtle neurological problems that
are difficult to detect. They may be all too obvious to the patient and their
relatives, but are almost invariably denied compensation, largely because our
assessment of brain injury is grossly inadequate. The financial cost to society
of head injuries, and the human cost to individuals and families are incal-
culable. Obviously, prevention will always be better than cure, but there are
many difficulties; even imposing road speed limits is unpopulat, and they are
often ignored. However, lower speeds reduce the risk of an impact and give
more time for avoidance. For car occupants, seat belts and airbags, together
with major advances in safety engineering, have greatly reduced the number
of casualties, but pedestrians lack such protection and it is only in the last few
years that vehicle design has improved to reduce their risk of injury.

We have always been liable to head injury from falls and falling objects
and when man started to ride animals, like camels and hotses, both the height
of the rider from the ground, and the velocity of movement greatly increased
the risk of impacts to the brain. With the development of even faster me-
chanical transport, like the train and the car, impact levels increased again,
and the numbers at risk has been increasing yeat on year; car ownership in
China alone is increasing by thousands every day. Reducing speed lowers the
forces involved, and will inevitably contribute to reducing accidental injury
both to passengers and innocent bystanders. The skull provides only limited
protection against weapons; even a stone from a sling may prove fatal, but
modern munitions often have devastating effects, as the event in Tucson has
shown. Curiously, the skull is also a liability because the brain is subjected to
internal compression and decompression forces from a violent impact, and it
can oscillate and rotate within the bony cavity.

If the skull is fractured, arteries and tissues within the skull may be torn
and the brain may be lacerated by fragments of bone. Objects, like a bullet,
that penetrate the skull destroy brain tissue causing bleeding, and severely
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head-injured patients often have damage simply incompatible with survival.
In fact, about two thirds of patients with open skull fracture and direct in-
jury to the brain die. In closed head injury, the shearing forces resulting from
the impact may cause internal tearing, swelling and bleeding, In patients with
lesser degrees of head trauma, it is the brain swelling and the damage which
develops affer the injury that is responsible for much of the residual physical
and, unfortunately mental disability.

Head injury may also result in prolonged coma, which places enormous
demands on relatives and society. Sometimes patients awake after many years:
A patient, who made wotld headlines in 2003 was in coma for weeks and then
in a minimally conscious state, unable to speak, for 19 years. He woke up and
asked his mother for a soda. Detailed studies of the brain fibre damage were
published in 2005." Another patient also received extensive press coverage; on
June 3, 2007, the UK newspaper the Sunday Télegraph (wwwi.telegraph.co.uk/
news) reported the case of a Polish man who was struck by a train in 1988 dut-
ing the Communist era, who woke also after 19 years in coma. He was quoted as
saying: “What amazes me today is all these people who walk around with their
mobiles and never stop moaning. I've got nothing to complain about.”

The spectacular advances made by brain imaging unfortunately contrast
with the lack of progress made in treating head injury. In 2004 the front cover
of the Lancet carried a stark message:

The administration of corticosteroids to brain-injured patients has seemingly
caused more than 10,000 deaths during the 1980s and earlier.

Comment: Lancet 2004;364:12.

A report of a 32-year-old patient with a traumatic brain injury, in 2012
(Figure 19.1), used MR imaging to show the loss of nerve fibres deriving
from the motor cortex.” The same technology was used to provide the im-
age on the book cover. The green shows the normal concentration of nerve
fibres which control movement and pass down in the areas known as the “in-
ternal capsules” in the mid-brain. These ateas are supplied by “end” arteries
that do not connect to other arteries which accounts for their vulnerability in
conditions in cerebral palsy, multiple sclerosis and strokes.

Surgeons will always be faced with the need to help patients with head
injuries resulting from a wide variety of causes, and neurosurgery will con-
tinue to be technically and emotionally demanding; indeed it is a speciality
that deserves our respect. Currently, surgeons can either try to control brain
swelling with drugs, or remove a substantial amount of the skull to allow it to
swell unhindered. Most drugs act by reducing blood flow, inevitably, reduc-
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Figure 19.1:
The nerve fibres on the damaged side shown in red are clearly reduced when compared to
those in the opposite hemisphere in green. (Courtesy of Prof. W. Scheinder.)

ing oxygen delivery. In the quotation at the head of this chapter’ Dr. Ghajar
refers to “squeezing oxygenated blood through a swollen brain.” This may
seem to be advocating the use of a pressure chamber to increase the dose of
oxygen,; sadly, this is not the case.

Perhaps it will not come as a surprise that using oxygen as a treatment
for head-injured patients is controversial, and it reflects the desperate need
to teach the science involved in our medical schools. But it is a terrifying
indictment of the medical industry that doctors actually cannot agree on the
level of oxygen to give head-injured patients. In 2008, a National Institute of
Health public access paper “Hyperoxia — Good or Bad for the Injured Brain,”
discussed some of the factors involved.* It was published in its final form in
Current Opinions in Critical Care.® Positron emission tomography (PET) was
used in head-injured patients and the author indicated that:

“... direct measurement of the ability of the brain to utilized oxygen indicates
that hyperoxia does not increase oxygen untilization.”

The incorrect inference is that giving more oxygen is, therefore, not
beneficial in head-injured patients. The spectre of oxygen toxicity at normal
atmospheric pressure is also raised, despite the fact that oxygen delivered un-
der hyperbaric conditions has been shown to improve outcome in acute head
injury.® The term “hyperoxia,” is also not defined, but can refer to a raised level
of oxygen in blvod, or in the #ssues. The focus is simply on the role of oxygen
in metabolism, and not on the powerful physiological mechanisms, especially
the control of blood flow by oxygen,” and the immense complexities of gene
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regulation by the gas.® It is also clear that the factors influencing oxygen trans-
port from blood to the tissues are not understood.

The three components which determine the outcome of head injury
after the initial mechanical trauma are obviously interlinked; they are brain
blood flow, the pressure in the skull associated with swelling, and the lack of
oxygen, that is, hypoxia. The principal reason for giving more oxygen is to
ensure that brain cells have enough to sutrvive, but it is also critically impor-
tant in the control of swelling. However, it is the flow of blood that produces
brain swelling, when water from plasma leaks into the tissues, because of an
increase in the permeability of blood vessels, that is, the blood-brain bartier.
If tissues become waterlogged, oxygen transport into the cells is reduced,
simply because the gas is pootly soluble in water. The lack of oxygen induces
low-grade inflammation which, as will be discussed later, may continue long
after the patient has apparently recovered. So the “key to the doot” in treat-
ment is to find a way to reduce blood flow whilst zucreasing the delivery of oxy-
gen to the tissues and the on/y agent that can achieve this is oxygen itself.

As an impact to the head often causes damage to the brain from the me-
chanical forces involved, the prevention of accidents should be our greatest
priority. However, it is also important to introduce measures to reduce the
risk of an impact, hence the use of seat belts and airbags. Medical atten-
tion must be focussed on the prevention of the secondary damage, which
may take place over many hours after head injury. It would appear that the
lack of oxygen itself is not responsible for the damage, and it is here that
the importance of the Dutch post-mortem studies published in the Lancet,
and discussed in Chapter 2 is clear. A brief reminder of the details of this
extraordinary research will be helpful; the brains were removed eight hours
after death under normal post-mortem conditions and tests were undertaken
with slices of brain tissue that were provided with oxygen and glucose. It was
shown that the nerve cells were still alive by the progression of a tracer. There
is, in fact, no obvious reason why a brain cell should need more oxygen than
a skin cell to remain viable, although brain cells obviously need significantly
more to function, that is, to generate nerve impulses. The brain cells in the
Dutch experiments were kept alive for up to 18 hours. It must be stressed
that this does 7o mean the continuation of consciousness; the cells would
not have been capable of functioning; they were “not dead but sleeping.”
Nevertheless, this study has shown beyond any shadow of doubt that brain
tissue will survive the arrest of blood flow for many hours, and that only very
low levels of oxygen and glucose are needed to preserve the viability of nerve
cells. And, to state the obvious; there can be no doubt about the extent of the
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head injury in this study; the brain had been removed from the skull.

What then is responsible for secondary brain damage? At least three
mechanisms are involved. The first is bleeding, the second is leakage of pro-
teins from blood, and the third invasion of the area by white blood cells.
Bleeding occurs when red blood cells pass from damaged blood vessels into
the substance of the brain. Their membranes then rupture releasing haemo-
globin, which is broken down in the tissues, releasing free iron. This generates
highly toxic hydroxyl radicals by the Fenton reaction, and damage to the walls
of blood vessels gpens the blood-brain barrier, causing severe inflammation and
tissue destruction. The leakage of water, proteins and other toxic molecules
from blood, causes further brain swelling by osmotic forces. The proteins es-
caping into brain tissue also trigger the complement cascade of inflammatory
proteins. Finally, the lack of oxygen in the tissues attracts neutrophils—the
white blood cells programmed to fight infection, which release free radicals.'
Swelling is a severe threat to the brain, because the pressure in the head rises,
and the tissues have only one place to go—to squeeze down through the large
hole in the base of the skull, the foramen magnum. However, before this hap-
pens, a potentially catastrophic reduction of blood flow will have occurred
with increased pressure within the skull. This rise in the internal pressute in
the skull reduces the blood pressure difference needed to maintain blood
flow. In fact, the pressure in the head may eventually rise to equal the blood
pressure, stopping blood flow altogether. As already discussed many times in
this book, it is still not recognised in medicine that swelling inevitably reduces
oxygen delivery causing tissue hypoxia. This urgently needs to be acknowl-
edged and taught as a “principle of disease.”

In the 1970s, the invention of X-ray computed tomography (CT) re-
vealed the gross changes in the brain that may follow head injuty, but can-
not be seen on an ordinary X-radiograph of the skull. CT is still in com-
mon use because it can readily show bleeding and has the advantage of
taking only a few minutes to image the head. In the early 1980s, the first
magnetic resonance imagers came into use alongside CT scanners and they
soon showed that even in so-called “mild” head injuties, where the patient
is said to be concussed and consciousness is not lost, there may be signifi-
cant swelling and brain damage. Figure 19.2 shows the CT image and the
MRI of a 36-year-old man published in the Annals of Neurology in 1984."
He was clubbed across the back of the head and briefly lost his speech, but
did not lose consciousness. Following admission to a New York hospital,
he was combative, had loss of memory for events around the time of the
assault, and continued to suffer from a severe headache. On the third day
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Figure 19.2
CT and MRI of a patient who had been struck on the head. The CT is normal but the MRI
(right) shows the oedema — arrows. (Courtesy of Annals of Neurology.)

post-injury, he was imaged with X-ray CT which showed a haitline fracture,
but no brain swelling. A new MR imager had just been installed and his scan
showed tissue selling in several areas of the brain. The patient would be
described as having “mild” concussion as there was no loss of conscious-
ness, but it is clear that the forces of compression and decompression in the
skull had opened the blood-brain barrier to cause the swelling.

The clear white areas shown on MRI at the rear and the front of the brain
(arrowed) are due to an increase in the tissue water content. They were caused
by the brain bouncing back and forward in the skull. The brain also rotated,
as the area on one side—also arrowed, is swollen. Again because of the poor
solubility of oxygen in water this means that the brain cells in the area will be
hypoxic and giving more oxygen constricts blood vessels reducing their leak-
age “buying” time for the extra tissue fluid to resolve.

It is important at this juncture to point out that using hyperbaric
oxygen treatment does not replace other management strategies in head inju-
ry, for example, the need for surgery. However, every possible drug treatment
has been tried to improve outcome; steroids are still used largely because they
proved successful over 40 years ago in reducing the swelling around brain
tumours. But more than 16 clinical trials of patients with head injury have
shown that steroids are not effective, either in reducing death, or disability.
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Similar reservations apply to the intravenous injection of mannitol, a complex
sugar to draw water from the tissues back into the blood using osmosis. Its
action cannot be confined to the brain and it may have adverse effects. The
depressing situation was summed up by an article in the Archives of Neurology
in 2001" entitled “Neutroprotection and Traumatic Brain Injury; the Search
Continues”: Nothing has changed and will not until the importance of oxy-
gen is discovered.

It is also important to note that patients with head trauma often have
other injuries, for example, injuries to the chest, and so may not breathe prop-
erly. There may also be associated injury to the capillaries of the lungs due to
embolism by clot and bone marrow entering the circulation from fractures.
Their blood may then contain considerably less oxygen than normal. As al-
ready discussed, when fat embolises the brain it damages the lining of the
blood vessels and opens the blood-brain barrier which, if it persists, may leave
telltale UBOs on MRIs in the central white matter of the brain, pathologically
identical to those found in multiple sclerosis. There is no doubt that the brain
swelling in head injury relates to breakdown of the blood-brain bartier and
Chapter 13 highlighted an MRI study of contact sports where the high preva-
lence of UBOs are likely to be the result of minor head trauma.”

The routine management of severe head injury introduces many
problems; the key reason for an “endotracheal” tube, to be inserted in
the throat is to prevent regurgitated material, or spasm from blocking the
airway. However it requires a patient to be sedated, otherwise they will
resist, often violently. The sedation must be continued once the tube is
in place, which makes the assessment of the degree of brain injury from
the level of consciousness impossible. A very frank statement about this
approach was made by Dr. Mervyn Singer in an interview with Dan Jones
in the New Scientist in 2010."* It was prompted by a study of the outcomes
of amputation in soldiers who fought at Trafalgar and in the American
War of Independence;"® “We haven’t evolved to cope with being sedated,
put on a ventilator, and pumped full of drugs.” He is right.

There can be no doubt that maintaining the airway is important; it is
not surprising that there is good evidence that it reduces mortality in head-
injured patients. However, to be attached to a ventilator—a breathing
machine adversely changes the dynamics of breathing. In normal
breathing, the pressure inside the thorax falls below the surrounding air
pressure, and atmospheric pressure is responsible for forcing gas into the
lungs. The sedation of a patient means that positive pressure must be used
to expand and ventilate the lungs. This increases the resistance to blood
returning in the veins to the heart which, of course, includes the veins
draining blood from the brain. Ventilation, therefore, despite improving
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the oxygenation of a patient, may actually worsen brain swelling. Itis also
common for an increased breathing rate to be used to reduce the level of
carbon dioxide in the blood. This is because carbon dioxide dilates the
blood vessels of the brain and so “washing out” carbon dioxide results
in their constriction. Unfortunately, it also causes the blood to become
more alkaline, and oxygenated haemoglobin is less able to release its
oxygen into the plasma. Together with the reduction of blood flow by
vessel constriction and the change in the dynamics of oxygenation, over-
ventilation may actually reduce the level of oxygen reaching the tissues
of the brain. Unfortunately, there are also the mechanical problems that
cause damage inctreasingly recognised as “ventilator lung”'® Nevet-
theless, the use of hyperventilation is rarely questioned, largely because
it is considered that there is no alternative. The author has had consid-
erable experience of treating moribund patients in chambers who, despite
having few reflexes, continue to breathe. The additional oxygen breathed
in a chamber gives an enormous safety margin—the underwater breath-
hold world record is held by Peter Colat who, at the age of 38 and after
10 minutes of putre oxygen breathing, achieved a time of 19 minutes 21
seconds—and still, of course, was conscious.

A depressingly long list of drugs has been researched for head-injured
patients, but not one has been found to be effective in controlling brain
swelling. Cooling, an old remedy used for soft tissue injury, which has
been investigated for brain injury in the newborn, is also being trialled
in traumatic brain injury. Everyone knows that the pain and swelling of
a sprained ankle is reduced by an ice pack; it works because cold causes
blood vessels to constrict reducing their leakage and this interrupts the
complex cascade of events associated with inflammation. Cooling the
skull has the added benefit of reducing the brain’s demand for oxygen.
Another recent technique which was used for the US congresswoman is
removal of part of the skull to allow the brain to swell. A tube known as
a shunt is often placed in one of the fluid cavities—the lateral ventricles
of the brain, and passed under the skin down into the abdomen to relieve
pressure by draining excess fluid—cerebrospinal fluid. Both are drastic
measures which, unfortunately, expose the patient to the risk of infection.
Both interventions contrast starkly using the non-invasive use of the high

levels of oxygen possible with a modest increase in pressure.

If current neurosurgical practice is to be changed to include hyperbaric
oxygen treatment, it is necessary to present the evidence for its use in head
injury. It has a surprisingly long history; neurosurgeons became interested
in the use of hyperbaric oxygen treatment in the halcyon days of hyperbaric
medicine in the 1960s when the technique was being used for cardiac surgery.
The central figure in the story is Dr. Michael Sukoff, who began working with
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Dr. Julius Jacobson, a surgeon who had been the driving force behind the
acquisition of a large hyperbaric operating theatre in New York’s Mount Sinai
Hospital. It eventually ceased to be used for hyperbaric treatment and when
the author visited the unit in 1982 it had become Dr. Jacobson’s office. It was
dismantled and removed from the building in the 1990s. Dr. Sukoff began
with experimental models in which balloons or psyllium seeds were implanted
into the brains of animals to induce swelling."” The results of hyperbaric oxy-
gen treatment were very positive; oxygen was shown to be able to reduce the
swelling and improve outcomes.

Unfortunately by the 1970s, enthusiasm in New York and the other active
centre in Glasgow had waned, and the units fell into disuse. Several centres
in Europe, however, continued to study using hyperbaric oxygen treatment in
head-injured patients; Professor Holbach’s group in the University of Bonn'®
and addressed the key issue of the correct oxygen dose, as had Dr. Ingevar
catlier in Stockholm."” Unfortunately, this eatly pioneering work failed to es-
tablish the use of hyperbaric oxygen treatment in head injury and the research
momentum fell away. By this time the large and expensive hyperbaric oper-
ating theatres had also fallen out of favour for cardiac operations, and the
already muted enthusiasm of surgeons for what was regarded as an expensive
and inconvenient technology, evaporated. No attempt had been made to in-
corporate the importance of pressure into teaching in medical schools and
free radical research was gaining momentum, spurred on by research into
rejection mechanisms in transplant surgery.

Michael Sukoff left New York for neurosurgical practice in the sunny
climes of California, settling in Santa Ana and he installed a single person
chamber in his unit. The chamber, made by Sechrist Industries, uses a clear
plastic cylinder and was based on the design pioneered by the Vickers com-
pany in the UK in the 1960s. However, Sechrist engineered a suitable ventila-
tor for use in their chamber and Dr. Sukoff developed techniques to allow
the procedures normally used in an intensive care setting to be used. Togeth-
er with an anaesthetic colleague, Dr. R.E. Ragatz, Dr. Sukoff published their
experience of using hyperbaric oxygen treatment in severely head-injured
patients in the prestigious journal Newrosurgery in 1982.° They used a pres-
sure transducer to measure the internal pressure in the head and were able
to observe the effect of giving oxygen actually in real time in 50 patients
with serious head injury. As the chamber pressure increased to twice normal
atmospheric pressure (2 ATA) with the patient breathing pure oxygen, the
pressure within the skull reduced dramatically within minutes and treatments
lasted 45 minutes. It was found necessary to repeat the treatment until the
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pressure stabilised. Not surprisingly, it was found that if the injury was too
severe there was less response, or no response at all. A typical response is
shown in Table 19.1.

Table 19.1
Treatment 1 Intra-cranial pressure (mm Hg)
Immediately before HBOT 19
During session in chamber 3
1 hour post treatment 4
4 hours post treatment 4

Dr. Sukoff continued to use hyperbaric treatment and present the data
at conferences. In 1995 he was invited to address a meeting of physicians in-
volved in hyperbaric medicine, which the author attended in Columbia, South
Carolina. He expressed his extreme frustration at their failure, and that of the
medical community in general, to use this simple and safe intervention for
head-injured patients. Again, the absurd demand from sceptics and detractors
is for controlled studies to be undertaken; objective and sezentific, measure-
ments are dismissed in favour of statistical data from a group of patients,
with the many confounding variables this inevitably involves. The experimen-
tal studies already referred to in Chapter 8, in which oxygen measuring elec-
trodes were inserted into the tissue of the spinal cord,” had already shown as
long ago as 1972 that, not surprisingly, tissue oxygen levels rise when the con-
centration of oxygen breathed is increased under hyperbaric conditions. The
injury to the spinal cord was produced by the impact of a weight dropped on
the exposed tissue and the results can readily be extrapolated to brain injury.
Indeed, #his one study answers all the questions and objections raised about us-
ing hyperbaric oxygen treatment for patients with head injutry.

Not all the patients treated by Sukoff and Ragatz responded and here it
is necessary to state an obvious but neglected principle. Although we use the
one label, “head injury,” for all affected patients, the extent of the damage
to the brain can vary greatly, even when the symptoms and signs may appear
to be much the same. A scale was developed by neurosurgeons in Glasgow
in the 1960s, known as the Glasgow Coma Score, to try to grade the dam-
age. The severity of head injury is assessed by the allocation of points based
on three parameters, speech, movement, and eye opening, but it is a crude
tool that can record only gross changes. In Dr. Sukoff’s study, hyperbaric
oxygen treatment reduced the measured pressure in the head, that is, the in-
tracranial pressure. Predictably, the effect was less and not petsistent, or even
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non-existent, in the patients with the most severe head injury. This should
be expected, but it certainly does not counter the value of treatment for less
severely-affected patients. To actually reduce the swelling affecting the brain
and at the same time improve the delivery of oxygen is the Holy Grail still
being sought by those caring for head-injured patients. What is needed is an
apparent impossibility; a way of zucreasing oxygen delivery whilst reducing blood
flow. There is only one agent that can achieve this objective, oxygen itself, and
the futile search for an alternative will continue until the importance of value
of pressure to oxygen delivery is understood.

It was the data produced in the hyperbaric chamber installed by Sir
Charles Illingworth in Glasgow, already detailed in Chapters 10 and 17,
that first demonstrated the unique ability of oxygen to reduce blood flow
through the brain and simultaneously improve oxygen transport.”’ The
first author of the paper, the late Dr. Ivan Jacobson, who was known to
this author, became a neurosurgeon and practiced in Dundee. Close to the
end of his career he expressed great interest in using hyperbaric oxygen
treatment for head-injured patients. In the Glasgow research, the effect of
breathing normal air was compared to breathing oxygen at double atmo-
spheric pressure, 2 ATA, which of course, requires a chamber. It was found
that at 2 ATA the blood flow through the brain reduced by 20% with, of
course, the concentration gradient for the delivery of oxygen to the tis-
sues increasing tenfold. The values were halved breathing 100% oxygen at
normal atmospheric pressure which is important because it will never be
possible to have hyperbaric chambers in every location they may be needed.
It is comparatively simple to provide equipment to give the patient 100%
oxygen at the scene of injury. As we have seen, Haldane had developed the
necessary equipment in WW1?* and it is notable that the distinguished re-
spiratory physiatrist, Dr. John Nunn, endorsed the importance of 100% at
normal atmosphetic pressure in a letter to the British Medical Journalin 1994.
However, this was simply based on the arterial values achieved, whereas it is
the venous values that are so important. This is a critical aspect of the physi-
ology of oxygen which must be restated at this juncture; the leakage in head
injury is mostly from the veins within brain tissue that are the capacity vessels
and so, despite the tenfold increase in the oxygen concentration in the arter-
ies at 2 ATA breathing 100% oxygen, there is only an increase of 1.5 times
in the blood in the veins draining the brain. Increasing the oxygen percent-
age breathed at normal atmospheric pressure induces vasoconstriction with
little increase in the dissolved oxygen concentration. This is why hyperbaric
conditions are needed and are so critical, because they are essential to correct

340 ~ Oxygen and the Brain: The Journey of Our Lifetime

lack of oxygen in the tissues and constrict the leaky blood vessels at the
venous end of the microcirculation whilst significantly increasing the plasma
concentration. As we have seen in Dr. Zamboni’s experimental studies of re-
perfusion injury, a reduced level of oxygen in tissue and veins is responsible
for the attraction of white blood cells."” However, even when breathing
100% oxygen at twice normal atmospheric pressure at sea level, the increase
in the oxygen tension in blood flowing through the veins of the brain is still
very modest; from about 50 mm Hg to 70 mm Hg is an increase of just
40%.

After the publication of the supetb study by Drs. Sukoff and Ragatz,’
which was given six pages in the journal Newrosurgery, a group headed by the
neurosurgeon Gaylan Rockswold in Minneapolis began a painstaking long-
term trial of hyperbaric oxygen treatment for patients with acute head in-
jury.* Their final report was published in the Journal of Neurosurgeryin 1992.
They also used single person chambers, and to fulfil the criteria required for
advocates of evidence-based medicine, the trial included a control group. In
all, 168 patients were recruited over nine years, half receiving oxygen under
hyperbaric conditions; 1.5 ATA for an hour every eight hours, whilst patients
in the other half of the study received standard care. The reason for the
choice of this low oxygen pressure was not given. Hyperbatic treatment was
continued until the patients were awake, or declared brain dead, resulting in
an average of 21 sessions being used. This study was extraordinarily demand-
ing and, although the dedication of the investigators was beyond doubt, it
was fundamentally flawed. The protocol probibited the use of hyperbaric oxy-
gen treatment in the first six hours following injury because, it was argued,
that patients may improve spontaneously during this time. The time was also
needed to allow the comprehensive evaluation of each patient to allow prop-
er randomisation to the two groups. The patients, therefore, were denied the
benefit of eatly treatment on so-called “scientific” grounds, when it is univer-
sally acknowledged that the window of opportunity for effective treatment
of the brain is /ess than _four hours. In fact, it is recorded in the paper that one
patient had their first treatment 34 hours post-injury, and so would be likely to
be in a much worse state than those patients treated eatlier. So by its very de-
sign, this study was unlikely to show much benefit, especially as the patients
were selected on the grounds that their head injury was severe.

Unfortunately, the trial was also very unsatisfactory for another reason;
the failure to use #ympanotomy in the first 38 patients allocated to the hyperbaric
treatment group. This is simply the creation a hole in the ear drum and is es-
sential in unconscious patients to allow equalisation of pressure in the middle
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ear cavity to prevent pain and rupture of the ear drum during compression.
It had been noted eatly in the study that some patients occasionally showed a
rapid increase in pulse rate and blood pressure during the pressurisation and
it was eventually realised that they were suffering ear pain. Semiconscious
patients cannot assist in clearing their ears, nor can they complain about ear
pain, so tympanotomy should have been routinely used for every patient. The
authors analysed the results of oxygen treatment in last 46 patients affer the
introduction of routine tympanotomy and found the results were very much
better. The need for the ear drum to be punctured in unconscious patients
was highlighted as long ago in 1974 by the journalist, Vance Trimble, in his
excellent book 7he Uncertain Miracle: Hyperbaric Oxygenation.

Despite the delay in treatment and other problems in the Minneapolis
study, the mortality rate in the hyperbaric group was 4ba/f that of the con-
trol group but then, incredibly, it was stated that “hyperbaric oxygen treat-
ment did not increase the number of patients in the favourable outcome
categories.” To a casual reader, it would seem that there was no difference
in outcome between the treated and control groups when, in fact, the mor-
tality had been halved. This sentence in the paper guaranteed that it had no
impact on neurosurgical practice, and it remains for us to speculate if the
referees of the paper were responsible for its inclusion. The authors actually
meant that there was no difference in the neurological status of the survivors
in both groups. It should also be noted that four patients were included in the
results of the treated group who did not receive any hyperbaric treatment.
The inclusion of these patients was on the basis of a piece of statistical non-
sense called zntention to treat, said by statisticians to be necessary to avoid bias
on the part of investigators. Sadly the bias in this publication appeats to be
against the positive results. Not surprisingly, the inclusion of these patients
reduced the statistical difference between the treated and control groups, fur-
ther diluting the impact of the study.

This was not the first such study undertaken; the neurosurgical team led
by Professor Holbach in the University of Bonn had done it all before, and
found even greater benefit from hyperbaric oxygen treatment.” In total, 49
of 99 head-injured patients were treated and the mortality in this group was
33%, whereas the mortality in the 50 patients in their control group was 74%.
However, these researchers found that the outcomes in the oxygen group
with continued treatment were zuch better than the controls with 33% making
a good recovery compared to 6% of the controls.

Strangely, the group in Minneapolis still do not seem to be convinced
that hyperbaric oxygen treatment is beneficial; a second study is comparing
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oxygen used with and without an increase in pressure, in other words with
and without a chamber. Unfortunately, again it appears that no patient will be
treated in the critical first hours following injury and so studies of hyperbaric
oxygen treatment for head-injured patients tragically continue, with patients
still unable to benefit from oxygen treatment even at normal pressure, let
alone under hyperbaric conditions.

But, there is change in the air; in December 2011, a group of lawyers
in San Francisco, Walkup, Melodia, Kelly, and Schoenberger, who specialise
in claims for brain and spinal injury, issued a press release covering a study
which highlighted lack of oxygen as being a critical factor in recovery. This
is hardly surprising and accords with the quotation that heads this chapter.
Curiously, the release did not cite a reference for the study; it only indicated
that it was from a group in the University of Pennsylvania.

Research Uncovers Critical Factor in Traumatic Brain Injury Recovery

New medical research finds brain oxygenation is key indicator for recovery of patients
suffering traumatic brain injury

Press release service provided by http://www.24-7pressrelease.com

When a patient is admitted to the hospital for a traumatic brain injury,
medical staff members monitor intracranial pressute (pressure which builds
up in the brain from trauma infarction, swelling or bleeding into the brain)
and blood flow to the brain.

Too much pressure or too little blood flow may be a sign that additional
treatment is needed or that the patient is in danger. Swelling can prevent
normal oxygenation by restricting blood flow. As a result, the volume of well-
oxygenated blood is decreased.

Now, researchers at the University of Pennsylvania Medical Center have
published new findings related to brain oxygenation that call into question
old treatment assumptions.

“Cerebral hypoxia” is the medical term for reduced oxygen supply to the
brain. The longer a person’s brain is without adequate oxygen, the more cell
death occurs, ultimately leading to the death of the injured person.

The study followed 103 patients with traumatic brain injury who were
monitored for all three factors. The researchers then looked at the
relationships between each of the measurements and the health outcome
of the patient. A poor outcome was severe disability, vegetative state
or death.
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High intracranial pressure had previously been regarded as the most
significant predictor of a poor outcome, but the study found that 81
percent of patients with high pressure but no hypoxia had good outcomes.
Only 46 percent of patients with both high intracranial pressure and hypoxia
had good outcomes.

Blood flow to the brain (cerebral perfusion pressure) was not an adequate
indicator of oxygen getting to the brain. Some patients had good oxygen
levels, but reduced blood flow. And currently recommended levels of blood
flow were not always sufficient to avoid hypoxia and injury.

The greater the drop in oxygenation and the longer the patient went
without sufficient oxygen, the worse the outcome. The researchers found
that patients with a poor outcome experienced an average of eight (8)
hours of reduced oxygen levels, while those with good outcomes experi-
enced just under two (2) hours of hypoxia. (For each hour a patient suffers
reduced oxygen levels, the risk of severe damage or death increases by
11 percent.)

The research supports a recent change in the medical guidelines for treating
brain-injured patients with TBI. Medical staff should now monitor patients
with severe head injury for brain oxygenation during the intensive care
period.

The study referred to by the lawyers had also been published in the jour-
nal Neurosurgery in November 2011% and came from the departments of neu-
rosurgery, neurology, radiology, anaesthesiology, and intensive care of the
University of Pennsylvania. The lengthy title was “Brain Hypoxia is Associ-
ated with Short-Term Outcome After Severe Head Injury Independently of
Intracranial Hypertension and Low Cetebral Perfusion Pressure.” The phrase
“associated with short term outcome” is meaningless, simply because a word
was omitted—poor. The title wording was taken from the conclusions of the
abstract, where the word poor is included. Translated from the jargon, the
message of the paper is that lack of oxygen in the tissues of the brain after
head injury is associated with poor recovery. This is hardly surprising, but it
is claimed that lack of oxygen, hypoxia, was a predictive factor, independent of
both blood flow and the pressure in the cranium. However, this is misleading
because it is painfully obvious that oxygen can only be delivered by blood
flow, and blood cannot flow into the brain if the pressure in the cranium is
too high.

As the 2011 press release states, the University of Pennsylvania study re-
viewed the outcome of 103 patients who had suffered severe head trauma and
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had their brain oxygen levels monitored. The hypothesis being “tested” was
that lack of oxygen in the brain is associated with worse short term outcome
and, not surprisingly, it was found to be true. Despite the publicity given to
this latest research, the finding that lack of oxygen is associated with a poor
outcome has been known since the late 1990s. The brain is, of course, in a
box which begs the question: How were oxygen levels measured deep in the
tissues? What follows makes rather uncomfortable reading, but it is now an
accepted protocol and, in the US, is rezmbursable. Probes atre surgically inserted
at the bedside through a hole drilled through the patient’s forehead. This inva-
sive procedure will itself cause brain damage and is associated with significant
bleeding in 1% of patients. Figure 19.4 shows the CT of a head-injured patient
with the oxygen sensor (arrowed) inserted close to the area of damage and a
pressure catheter some distance away close to the tip of the left lateral ventricle.
A section of the skull bone has been removed to allow the brain to swell.

Figure 19.4:

CT of the head of a brain-injured
patient showing where the bone
has been removed on the right
side. The oxygen (A) and pressure
(B) probes are arrowed.

The stated justification for inserting the probes in the 2011 paper is that
they allow a “diagnosis” of hypoxia, which can then direct the patient’s treat-
ment; “Efforts to Maintain Adequate Interstitial Partial Pressure of Oxygen in
Brain Tissue may Play an Important Part in the Management of Severe Trau-
matic Brain Injury.” A paragraph is included on the management of brain oxy-
gen, which mentions increasing the level of oxygen administered to the patient
to a heady 60% as one of the strategies for improving tissue oxygenation; an-
other is, mistakenly, the use of hyperventilation. The lawyers in San Francisco
do not seem to have noticed that several of the authors had contributed to a
similar publication on monitoring brain oxygenation in the Journal of Neuro-
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surgery”’ in 2010. This paper includes a table of therapies used to treat com-
promised brain oxygen and, curiously, mentions increasing the oxygen level
to 100%, albeit only transiently and as a “challenge”; it is not clear what this
actually means. Again, adjusting the settings of the ventilator is recommended
“to improve oxygenation” and the target haemoglobin saturation at just 93%,
regarded as acceptable in head-injured patients, represents an oxygen tension
of only 70 mm Hg. The normal arterial tension is 100 mm Hg and so a value
of 70 mm Hg means that there is a very significant reduction in the gradient
available to transport oxygen into the tissues. Reference 53 in this second paper
refers to research on tissue hypoxia in traumatic brain injury published in the
same journal in 2004,® which clearly demonstrated that 700% oxygen inmproves
outeomee in severe head injury. Astonishingly, this paper was not even discussed,
despite the obvious relevance of the findings. A total of 52 patients were
given 100% oxygen for 24 hours starting within six hours post-injury, with
the results compared to a closely matched group of historical controls. Many
measurements were made of biochemical changes and the benefit of giv-
ing the patients more oxygen was clearly demonstrated. No side effects were
reported, but the authors did not suggest actually implementing the use of
100% oxygen; in line with the fashion of the day, they called for a prospective
randomized controlled trial. It is, nevertheless, clear that there is a growing
acceptance, at least by neurosurgeons, that restoring tissue oxygen levels is
critical and, surprisingly, a value is even suggested in the 2004 paper for the
minimum oxygen concentration necessary for cell survival.

The move to measure tissue oxygen levels in the brain actually dates
from the 1990s and was a European initiative. One of the first reports
showed, predictably, that both an increase in pressure in the skull, and a
decrease in blood flow, caused the tissue oxygen level in the brain to fall.
A clear relationship between the risk of brain-injured patients dying and
lack of oxygen in brain tissue was well established from measurements in
studies published by 1998,” but others had also shown that some of the pro-
cedures used actually risked reducing oxygen levels in the brain. None of the
papers mention baromelric pressure in relation to brain oxygenation, or refer-
ence the many papers on hyperbaric oxygen treatment already discussed; it
is as if they did not exist. Unfortunately, the body which oversees hyperbaric
oxygen treatment in the US, at least in relation to reimbursement, the Under-
sea and Hyperbaric Medical Society (UHMS), still refers to the use of hyper-
baric oxygen treatment in head injury as off label!

The UHMS, originally called the Undersea Medical Society, was founded
in 1974 to supportt research into deep diving. It was renamed the Undersea
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and Hyperbaric Medical Society in 1987 to attract physicians involved in hy-
perbaric oxygen treatment, as funding for deep diving research was declining
dramatically. No other medical group in the US had become involved in hy-
perbaric medicine, and so the list of conditions developed by the committees
responsible for hyperbaric oxygen treatment in the society has become by de-
fault the “approved” list reimbursed by US insurers. However, acute cerebral
oedema, that is, acute brain swelling, which was endorsed in the early Hyper-
baric Oxygen Treatment Committee Reports of the UMS, was dropped and
emphasis changed to the less controversial treatment of problem wounds.
There were, however, a few doctors who refused to accept this stance, who
believed that wounds in the brain could indeed be helped. Dr. Edgar End had
begun to treat stroke and dementia patients in Milwaukee in the 1950s, and
mentored the late Dr. Richard Neubauer, who pioneered the use of hyper-
baric oxygen treatment in patients with multiple sclerosis in the US. In 1990,
Dr. Neubauer and colleagues had a seminal letter published in the Lancet en-
titled “Enhancing Idling Neurons.”" It described the use of SPECT—single
photon emission computed tomography, which images blood flow, to dem-
onstrate dormant brain tissue in a stroke patient, cells that are “not dead but
sleeping.” The patient was 60 years old and had suffered the stroke 14 years
earlier. With a course of treatment she became able to look after herself after
years in institutional care. In 1995, Dr. Neubauer resigned from the UHMS
over the failure to endorse the use of hyperbaric oxygen treatment for neu-
rological indications and took the far-sighted step of founding the American
College of Hyperbaric Medicine.

The second US pioneer is a much younger man, Dr. Paul Harch. Working
in New Otleans, he gained experience of diving medicine working with Dr.
Keith van Meter in the support of commercial diving operations in the Gulf
of Mexico. Dr. Harch started using SPECT imaging to follow the effects of
hyperbaric oxygen treatment for commercial divers who had residual damage
to the brain after diving accidents. He had access to the latest 3-D head scan-
ner manufactured by the Picker Company and had been located in the West
Jefferson Medical Center. The divers often had long courses of treatment and
so it was unfortunately implied by some in the UHMS that Dr. Harch was
profiteering, despite the reimbursement charges for the imaging and treat-
ment going to the institutions involved. The divers were often involved in
litigation and the evidence from imaging challenged the views of expert wit-
nesses. It is notable that there have been only two prior investigations of div-
ers following neurological decompression sickness. One was undertaken in
the University of Texas Medical Branch in Galveston,” and the other—one
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of the very few clinical reports ever published by the US Navy.”? Both found
clear evidence of residual damage.

Dr. Harch also treated non-diving patients and used long coutses of
treatment, for example for survivors of carbon monoxide poisoning, Again
he followed the improvement with hyperbaric treatment using SPECT imag-
ing of the brain to provide objective evidence of benefit. In 1997, he was
summarily called to a tribunal by the UHMS after a complaint from a com-
mittee member. After a two hour long hearing, it was accepted that his re-
search was not experimentation, was propetly conducted, and had generated
unique data. He was asked, as one of 26 invited experts, to give a presentation
at the 45th UHMS Workshop on the Treatment of Decompression Illness on
August, 1995, in Palm Beach, Florida. It was, nevertheless, clear that his work
dismayed some members of the Hyperbaric Oxygen Committee; using low
pressures was cleatly viewed as an implied criticism of US Navy procedures,
which use very high oxygen pressutes, despite the recognition that high oxy-
gen pressures can actually be harmful. In fact, as was discussed in Chapter
8, a warning about the detetioration of neurological symptoms from using
oxygen at the very high pressure of 2.8 ATA, has been included in every issue
of the US Navy Diving Manual published since 1970, although no explanation
has ever been offered for the phenomenon. Unfortunately, today some of
the younger military diving medical officers with little hands-on experience
actually deny that the US Navy treatment tables using oxygen at 2.8 ATA
may cause deterioration. The investigations by Dr. Harch also opened an old
wound; they endorsed the work of Dr. Neubauer, and several long-standing
committee members had criticized Dr. Neubauer’s use of hyperbaric oxygen
treatment for patients with chronic neurological conditions, especially for
patients with multiple sclerosis. Also, operating in a free-standing clinic, he
provided treatment at a fraction of the cost levied by most US hospital -based
facilities and often did not charge patients.

Despite the evidence that Dr. Harch had catrefully documented both by
clinical examination and SPECT imaging, his findings were still resisted and,
faced with continued attacks from the UHMS executive board, he resigned
from membership of the society. Courageously, he continued work in the
field, following the clinical improvement from hyperbaric oxygen treatment
using SPECT and extending his studies to patients with the residual effects
of traumatic brain injury. In 1999, Dr. Harch gave a presentation at a hy-
perbaric meeting held in Columbia, South Carolina, which included brain
SPECT images of a 29-year-old female patient he treated in 1994. This au-
thor still remembers the impact of these extraordinary images. The patient
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had attempted suicide by shooting herself in the right temple and underwent
three surgical procedures in her first week in hospital. The first was to clean
the wound, the second to remove the bullet, and the third to place a shunt,
that is, a valve and tubing, to relieve a build-up of pressure in her brain. She
was eventually discharged, profoundly disabled, after three weeks in intensive
care. Many years later her physician recommended hyperbaric treatment to
her desperate family and she duly underwent a course of hyperbatic oxygen
treatment with Dr. Harch in New Orleans. SPECT scans were undertaken
before, during, and after the course of treatment. The images are reproduced
below and show the dramatic improvement, despite the lapse of six and a
half years.

Pre-treatment scan 6.5 years post-injury. Scan post 80 hourly HBO treatments.

Figure 19.5:
SPECT images of a patient with a gunshot wound pre and post treatment.
(Courtesy of Dr. Paul Harch.)

SPECT scans image blood flow, not the actual tissues, and so the absence
of an area on a scan means that there is little or no blood flow, although not
necessatily loss of tissue. There is obviously a threshold of blood flow below
which the tissue cannot be visualized using SPECT. Given the trauma associ-
ated with the entry of the bullet, there must have been considerable loss of
tissue but, nevertheless, it can be seen that after the course of treatment the
blood flow has increased in the margins of the wound and the rest of the
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brain. Although the 3-D reconstructions are very striking the really important
information is in the cross sections on the right hand side (Figure 19.6) which
show that blood flow through the whole brain is greatly improved, as it was
in the patient described from the paper published by Dr. Neubauer and col-

leagues in the Lancet 10 years after a stroke.™

Figure 19.6:
Sagittal SPECT images before (left) and after treatment. (Courtesy of Dr. Paul Harch.)

Professional and independent assessment of Dr. Harch’s patient indi-
cated that there was a generalized reduction in spasticity, with improvement
in both trunk control and left hand function. The patient reported that the
severity and frequency of her headaches had greatly reduced; her speech
and sleep was markedly improved. The improvement of movement of her
left arm and hand, together with the resumption of normal bowel action,
greatly added to her quality of life. The benefit was sustained, despite the
delay to treatment. The inescapable logic must, of course, be to use this im-
mensely powerful agent sooner rather than later. Astonishingly, the reason
for the improvement demonstrated by SPECT in this patient can actually
be explained by the results of an autopsy undertaken in the 1934.%

In 1934, Dr. Cyril Courville, a distinguished pathologist, and a colleague,
Dr. T.S. Kimball, examined the brain of a 57-year-old patient who died in the
Los Angeles County Emergency Hospital from lobar pneumonia. The man
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had been shot in the head 22 years before whilst hunting, and the bullet had
not been removed. Their detailed account occupies 11 pages of the journal
Archives of Pathology. One paragraph uniquely confirms the persistence of re-
coverable brain tissue.

HISTOLOGIC OBSERVATIONS IN A CASE OF OLD
GUNSHOT WOUND OF THE BRAIN

CYRIL B. COURVILLE, MD
and
T.S. KIMBALL, MD

It is natural to assume at the outset that a wound of the brain would
become quiescent, as is the case of other wounds of other tissues.
This study seems to indicate that this is not the case for after an interval
of 22 years, the processes of disintegration, of phagocytosis and probably
also of repair were still taking place . . . nerve cells persist in the margins
of wounds of the brain for many years.

The petsistence of nerve cells indicates that the oxygen present in the
cerebrospinal fluid bathing the cells was enough to maintain their viability de-
spite the passage of 22 years, which reflects the very high level of blood flow
to the brain. More than 70 years after this paper was published, the sequence
of SPECT images undertaken by Dr. Harch revealed the same findings in a
living patient and, crucially, they have demonstrated how oxygen treatment
can improve recovery, despite long intervals. The explanation is simple; at
no time in normal life can we have a greater oxygen pressure than about 100
mm Hg from breathing air, and this applies from birth to the grave. However,
this value may simply not be enough to allow the oxygen level in an injured
tissue to approach the value needed for recovery. Increasing the oxygen con-
centration, in this case six and a half years after the injury, revived tissue that
was “not dead but sleeping” to initiate a more complete recovery. A similar
case report was published in 2009 and the paper and images can be viewed
online.” Dr. Harch and his colleague, Dr. Keith van Metet, have done many
animal studies of oxygen treatment, and the latest to be published used an
animal model of chronic brain injury.” It showed unequivocal benefit from
hyperbaric oxygen treatment under the most carefully controlled conditions,
and received very positive press coverage.
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A change is now evident in the position of the UHMS, and this has much
to do with the appointment of Dr. George Mychaskiw as editor-in-chief of
Undersea and Hyperbaric Medicine.® In 2009, the journal published a remarkable
account of two USAF special forces soldiers injured by roadside improvised
explosive device (IED) when driving a truck in Iraq in 2008.” There was
no direct impact to the head and no loss of consciousness, but they were
both dazed and suffered tinnitus. They were given drug treatment for head-
ache and light duties. Two weeks post-incident they returned to full duties. A
week later, both airmen reported the return of headache, but drug treatment
was ineffective. They developed sleep disorders, became quick to become
angty, and reported that they stayed angry from trivial provocations for sev-
eral hours. The also reported that their attention spans had shortened, that
they were forgetful, and had inappropriate fatigue. Beginning insidiously at
three weeks post-injury, the symptoms progressed for about two months and
thereafter remained constant. The soldiers were flown(!) back to their home
base in the US and attended a clinic for investigations still complaining of the
same symptoms. A neurological examination was, predictably, normal, as was
a CT scan and other investigations. To be accepted into the special forces, the
soldiers were required to pass tests which included reaction time, procedural
reaction time, code substitution learning, code substitution, delayed, mathe-
matical processing, and matching-to-sample tests. It was decided to repeat the
tests, now six months post-injury. Both men showed significant decrements
from their pre-injury scores and were still having difficulties at work.

Hyperbaric oxygen treatment was then undertaken in a private Florida
clinic at 1.5 ATA for one hour a day, five days a week. Despite the lapse of
eight months, improvement was rapid. One airman reported that his head-
aches stopped by the fifth treatment and did not return. He also found that
he was able to sleep seven to eight hours per night uninterrupted. The sec-
ond airman reported a reduction in the severity of his headaches; they lasted
only one to two hours instead of eight to 10 hours. He was also able to sleep
eight to nine hours per night uninterrupted. Both reported that they felt more
mentally alert and were less forgetful, although they still did not feel com-
pletely normal. The airman who was less affected, having been further from
the blast, felt that his symptoms had resolved. Repeat testing confirmed the
improvement, the scores having returned to the baseline values and he re-
turned to full duties. Although his colleague reported much improvement,
he had lingering irritability and forgetfulness, and the decrements in his test
scores returned. He was treated with a second course of hyperbaric treatment
and the tests showed improvement at, or exceeding his pre-injury scores, and
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he reported feeling much better. It is the opinion of the author that such case
reports with their corroborating measurements provide all the evidence need-
ed to introduce the use of oxygen treatment especially when it is recognized
that there is no other treatment for mild traumatic brain injury. Patients are
“managed,” which is “watch and pray,” with rest, mental exercises, and drugs
for the relief of symptoms. Although recovery normally takes three to 12
months, patients with persisting symptoms at one year rarely recover. Impor-
tantly, patients who have suffered mild traumatic brain injury are at increased
risk if they have a second injury. This is termed the second impact syndrome.
Leaving aside the suffering of patients, the costs of caring for patients with
traumatic brain injury ate truly astronomic.

It seems unlikely that medical officers in the USAF will agree that mild
traumatic brain injury should be treated with more oxygen. A new study un-
dertaken at Brooks Air Force base claims to have shown that hyperbaric treat-
ment does not benefit such patients.”® The study used as controls patients
who breathed compressed air in a chamber at 1.3 ATA, whilst the test group
were given hyperbatic oxygen treatment on a wound healing protocol at 2.4
ATA, which studies have shown is too high a dose. Both groups were, there-
fore, treated under hyperbaric conditions but, despite alleging that hyperbaric
treatment is not beneficial in chronic head-injured patients, it is, nevertheless
stated that “both groups improved significantly.”

The similatity of the USAF results to the Canadian study of hyperbaric
treatment for brain damaged children, published in the Lancet in 2001, is star-
tling.”” This study also found benefit from both oxygen at 1.75 ATA and hy-
petbaric air at 1.3 ATA. The Lancet refused to allow the use of compressed
air at 1.3 ATA to be called a sham, or a placebo. The children in both groups
were also described as having “significant benefit.” At 1.3 ATA the plasma
oxygen tension increases not by 27%, as claimed, but by 50%. This is because
the contribution of the partial pressures of carbon dioxide and water at al-
veolar level remain constant. Also, an abrupt increase in ambient pressure
also induces a net transfer of water from tissues to blood due to gas-induced
osmosis.* It has been known for over 100 years in compressed air work that
an increase of pressure to 1.3 ATA is often sufficient to treat decompression
sickness when it affects the nervous system.

However, the authors of the USAF head injury study actually admit that
their so-called “sham-controlled” group may have derived benefit, but then,
inexplicably, state “it seems very unlikely such a minimal dose of oxygen and
nitrogen could influence brain function favourably.” This is truly astonishing,
especially for physicians involved in aviation; pressurisation and oxygen are
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critical to aircraft operations. In Chapter 12, the USAF tests in a stripped
Liberator bomber at 35,000 feet using a pressure bag to save aircrew stricken
with neurological decompression sickness were highlighted.*! The pressure
increase in the bag that produced dramatic benefit was just 3 psig, that is 0.2
ATA. There has been little discussion in any of the clinical papers studying
brain injury that changing levels of oxygen regulate genes via the HIF protein
system and control inflammation. This provides a solid scientific basis for
using more oxygen; the dose from air is often simply not enough to ensure
recovery, as witnessed by the fact that many patients take years to recover
from traumatic brain injury, if they recover at all. Unfortunately, the authors
revealed their negative bias; alleging, despite its acceptance by neurologists,*
and demonstration by SPECT imaging, that the concept of the idling neuron
is “unproven.”

However, persistence of the effects of brain injury was demonstrated in
a unique study undertaken in New Zealand, published as long ago as 1980.%
Ten university students who had sustained a head injury between one and three

years previously, were matched with 10 students who had not had a head injury.

Careful measurements of vigilance and memory were made at sea level and
no differences were found between the two groups. However, when the tests
were repeated at a pressure equivalent to 12,350 feet altitude using a hypobaric
chamber, the post-head injury students were clearly less capable. This sug-
gests that a persistent reduction in blood flow post injury was present limiting
oxygen delivery and full recovery. We now know why—low blood flow is as-
sociated with chronic inflammation. Hyperbaric oxygen treatment attenuates
inflammation and stimulates the growth of new neurons and the blood ves-
sels they need.* But these patients ate at risk of setious detetioration if they
sustain another head injury and the associated brain swelling has been termed
“malignant.” It is known as the second impact syndrome.*

A case reportt in the Journal of Neurosurgery in January 2013* describes a
desperate sequence of events in a 17-year-old US high school football player.
He had a violent helmet to helmet contact which left him dazed, and told a
team mate that he “felt dizzy and could not see straight.” Although he contin-
ued to play for 15 minutes to the end of the game, he experienced the onset
of a persistent and severe headache. He was examined at a local hospital; no
abnormalities were found and a CT scan was normal. Five days after the im-
pact he was still complaining of a headache and he appeared to have difficulty
concentrating but, nevertheless, returned to practice football hitting drills. On
the fourth drill he was slow in getting up and several plays later he complained
of dizziness, and said he could not feel his legs. He lost consciousness upon
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leaving the field, and had a generalized seizure. On admission to the local
A & E department he was sedated and intubated. A CT scan showed brain
swelling and bleeding within the skull. He was flown to a tertiary care facility,
where his condition was managed with mannitol, drugs, and induced coma.
Despite developing kidney failure, ventilator pneumonia, and suffering a car-
diac arrest, he survived. The paper reports that after three years he had only
regained limited verbal, motor, and cognitive skills.

Over the last 50 years, researchers in many countties have studied hypoxia
in animal models and patients, and there is a veritable mountain of evidence
that bears silent witness to the fact that lack of oxygen is of primary impot-
tance in head-injured patients. Despite increasingly sophisticated techniques
to demonstrate the problem, some of which contribute further injury, there
is still no consensus on the level of oxygen needed when no one will deny
that there is no substitute and the fact that oxygen has actions beyond simple
metabolism is slowly dawning,*~* Pressure is building for action in the US
because of the long-term effects of blast trauma in military personnel.”” The
damage is, of course, associated with UBOs on MRI. An excellent crossover
study of the use of hyperbaric oxygen treatment which has demonstrated
amelioration of the chronic symptoms that commonly follow head injury has
now been published from Israel.”! What is now needed is political pressure to
ensure that oxygen treatment is made available and used; the dreadful prob-
lems posed by head injuries will not go away. The initiative can only be driven
by the public because the resistances raised by a sceptical medical profession
are not easily resolved, although they are emotional not scientific. Many of
the challenges faced in treating head-injured patients are also present in the
treatment of stroke and, as will be seen in the next chapter, with one excep-
tion, drugs have a similar record of failure.
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CHAPTER 20

Stroke and Hyperbaric
Oxygen Treatment

When we have a stroke, our brain is starved of oxygen, causing the
catastrophic death of nerve cells and leaving us paralysed and unable
to speak.

Colin Blakemore, neuroscientist quoted in the
Daily Telegraph, March 2010.

Before the advent of the railways and the roads needed for motor
vehicles, rivers were used for transporting goods and people. As we see all too
often today, river banks can fail and, although the damage may be contained,
flooding can blight the countryside. In contrast, a major obstruction to the
flow of a river can be disastrous and needs immediate action to restore the
flow of water. The hydraulic system of the body, the blood vessels and blood
they transport, is affected in similar ways. As we have seen in multiple sclero-
sis, the brain may be damaged by minor leakage; waterlogged tissues impede
the delivery of oxygen to cells and, if proteins and if white blood cells escape
through the wall of a blood vessel, they trigger damaging inflammation. The
blockage of an artery in the brain is a worst-case scenario and the symptoms
are usually called a stroke, emphasising that the symptoms may be sudden in
onset. As obstructing blood flow reduces, or may even prevent, the delivery
of vital oxygen to an area of the brain, the reader may feel that this is surely
one case where doctors will insist that patients are given oxygen treatment?
Not so0; oxygen administration has yet to be recommended for stroke and, in
fact, many doctors discourage it, claiming it would be harmful. This means,
of course, that they consider the dosage of oxygen we gain from air to be
optimal. A discussion of stroke brings together all the concepts introduced in
previous chapters, from the disruption of blood flow, to the complex genetic
changes that take place in cells deprived of oxygen.

The first event a patient is aware of in a stroke is due to lack of oxy-
gen because of a reduction of blood flow, and it causes the upregulation
of the hypoxia-inducible factor proteins already discussed. The hypoxia at-
tracts neutrophils to the affected area and, if the lack of oxygen is not re-
lieved, they release free radicals, damaging the walls of blood vessels. This
may lead to the most serious complication, bleeding into the tissues of the
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brain, and is known as a haemorrbagic stroke. The red blood cells are broken
down and the iron released from their haemoglobin generates the most toxic
of free radicals, the hydroxyl radical, causing the death of cells in the vicinity.
The brain is uniquely vulnerable to these events although, as we have seen,
they also take place in other organs of the body. Sometimes a tear can occur
in the wall of a small artery in the brain damaged by atheroma—the same dis-
ease that damages the coronary arteries, which is commonly, but not always,
associated with high blood pressure. In young people, a small bulge known
as a Berry aneurysm may also rupture. Tears lead to haemorrhage under the
delicate covering membrane of the brain known as the subarachnoid mem-
brane. There is usually a headache, but other symptoms range from minor
disturbances, such as pins and needles and numbness in limbs or the face,
to loss of consciousness and coma. The author has treated a diver, who suf-
fered a haemorrhage from a Berry aneurysm upon leaving the water, using
hyperbaric oxygenation. He was later transferred for neurosurgery and made
a remarkable recovery. The value of hyperbaric oxygenation in subarachnoid
haemorrhage has been demonstrated in animal models' and was successfully
used, with the improvements followed by imaging, in a 48-year-old patient.?
Stroke is an ill-defined lay term that has forced its way into general use
in medicine to describe a variety of neurological symptoms resulting from a
reduction of blood flow. It is usually to an area of the brain but, much less
commonly, may involve the spinal cord. The symptoms of a stroke are usu-
ally sudden in onset and the most easily recognised form involving the brain
is known as a hemiplegia. Half of the body, most commonly the left side,
develops weakness or paralysis and it may include the muscles of the face,
causing drooping of the mouth. The reduction of blood supply responsible
is usually the result of material obstructing flow along one of the middle
brain arteries supplying the motor cortex of the hemispheres or the nerve
fibre pathways passing through the centre of a hemisphere. This may be due
to the local accumulation of clot, known as thrombosis,? or to an embolism.
The term stroke may also be applied to areas of damage to structures in the
middle of the hemispheres of the brain and involve the basal ganglia and the
central white matter. The arteries supplying the brain stem, the rear of the
brain, and the cerebellum, which nestles above the nape of the neck, may also
suffer blockage and very rarely the spinal cord may be affected by a stroke. An
example, highlighted in Chapter 13, was due to fibrocartilagenous embolism.
The lack of oxygen from the reduction of blood flow may lead to disruption
of the blood-brain barrier.*> In both location and the extent of the tissue
destruction, the white matter damage is essentially the same as in the most
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severely affected areas in patients with multiple sclerosis. As discussed, the
passage of small emboli damage the blood-brain barrier directly and there
is increasing recognition that this mechanism undetlies the development of
dementia and Alzheimer’s disease in the eldetly.’

Strokes ate the scourge of the Western world and the UK NHS Informa-
tion Centre has reported that patients admitted to hospital with a stroke are
now more likely to die than those who suffer a heart attack. In England and
Wiales, about 53,000 patients die from a stroke each year, with over 450,000
surviving with severe disability. They need long-term care and the annual cost
is about £7 billion. Strokes most commonly affect older people who have
arteries affected by the fatty deposits known as atheroma, which are linked
to high saturated fat intake, obesity, diabetes, and lack of exercise. It is im-
portant, however, to note that strokes may still occur in the absence of these
risk factors. Stroke may also complicate cardiac surgery, often associated with
embolism;® cardiac surgery units should always have immediate access to a
hyperbaric chamber. It makes sense to treat patients routinely post-surgery,
not least because areas of the brain may suffer from low blood flow.”!” In the
elderly, the key process is atheroma with patchy damage to the surface lining
of arteries, which is cleatly caused by substances actually carried in blood; the
disease does not affect veins unless they are used to replace arteries, as they
are in coronary bypass surgery. The veins used in “bypass” surgery rapidly
assume the appearance of an artery; the muscle in the wall develops and they
become liable to arterial disease, which sometimes develops very rapidly. This
clearly shows the importance of the higher internal pressure present in arter-
ies to the development of atheroma, and high blood pressure is known to
be an important risk factor for the disease. Post-mortem information gained
from young US servicemen dying in Vietnam showed the presence of eatly
surface damage to arteries and subsequent studies established that the typi-
cal fatty streaks may form in very young children. Traditionally, fat, bouncy
babies have been regarded as a picture of health in the West, a legacy perhaps
from the days when infants died of malnutrition, as they are still prone to do
in many countries in the developing world.

The location of atheroma is determined by the hydraulic factors which in-
fluence blood flow in arteries. It is well known that shear forces are important
in their formation and the damage to the lining induces znflammation, again, by
attracting white blood cells which cause damage by releasing free radicals. The
damaged area then attracts the deposition of fat from the blood and the wall
slowly thickens with fibrous connective tissue—essentially the same process
that occurs over many years in multiple sclerosis. Later in life the hardening
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of the arteries, known as arteriosclerosis, is accompanied by the deposition of
calcium. Platelets carried in blood often stick to the areas, especially in the ar-
teries of the heart—the coronary arteries and it is termed coronary thrombo-
sis. This also occurs, although to lesser extent in the arteries in the brain. The
process may eventually block the flow of blood along an artery and, whilst
this may seem catastrophic, if it takes place very slowly, the body creates new
blood vessels to compensate for the reduction of blood flow. Again, this is
controlled by genes upregulated by the hypoxia-inducible factor proteins. The
same fatty deposits often occur in the carotid arteries in the neck and tiny
pieces may break off, forming emboli which may flow along the arteries sup-
plying the brain. Strokes may also occur when material breaks off damaged
heart valves and when clots form in the heart. This is most commonly associ-
ated with stagnation of blood in the left atrium in patients suffering from the
irregularity of contraction known as atrial fibrillation.

Strokes are rare in young people, but as we have seen in Chapter 13, if
the endplate of a vertebra is damaged, fibrocartilagenous material from the
centre of a spinal disc may enter the circulation and embolise the brain, or
spinal cord, causing a stroke, as it did in the 18-year-old gitl discussed eatlier,
who died in 1987." Fibrocartilagenous embolism must always be suspected
when a young person suffers a cardiac arrest, especially during sporting activ-
ity. The coronary arteries must be examined carefully at autopsy, otherwise
small emboli will not be detected. It is notable that this form of embolism is
not listed as a cause of sudden death (see www.suddendeath.org). Equally, it is
rarely mentioned as a cause of nervous system damage in man, although it is
well known in veterinary practice and affects a wide range of animals.

The route taken by emboli is determined by the hydraulic factors which
influence blood flow, especially the angles at which arteries branch and, of
course, their diameter. The size of emboli is also very important in determin-
ing the route taken. Reference has already been made in Chapter 15 to the
artery to the eye being a “preferred” pathway for very small emboli, which ac-
counts for the frequency with which the optic nerve is affected in optic neuritis
and in conditions as diverse as syphilis and fat embolism. Small emboli that
reach the brain can cause a wide variety of seemingly minor symptoms, from
weakness of a limb, to small changes in sensation, even, for example, paralysis
of just a thumb.'” Again, the middle cerebral arteties which supply key areas
in the brain hemispheres are preferred pathways for large emboli, not only in
man, but also in other mammals.’> Most of the arteries in the brain connect
with other arteries forming a supply ring which can minimize the effects of a
blockage as can be seen in Figure 20.1."
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Figure 20.1:

The anastomoses of the arteries of the brain. (From
Cerebrovascular Disease, courtesy of Dr. James Toole.)

The best known of the artery to artery connections in the brain is the
Circle of Willis, which connects the blood supply from the internal carotid
arteries to that derived from the basilar artery. Unfortunately, as discussed,
the lenticulostriatal arteries do not connect to other arteries and so are
known as end arteries. The areas of the mid-brain they supply are uniquely
vulnerable and include the internal capsules, where the fibres that control
movement pass from the nerve cells in the grey matter of the motor cor-
tex to the brain stem and onwards down the spinal cord. Damage to these
fibres means that the connection between the brain and limb muscles is im-
paired or lost and weakness or paralysis develops. Because the nerve fibres
crossover in the brain stem, it is the right hemisphere that controls the left
side of the body.

The blockage of blood flow in a brain artery causes a major problem if
the surrounding blood vessels cannot compensate for the reduction in blood
flow and flow must be restored to allow the transport of critical oxygen to
resume. As stroke is commonly associated with clotting, it makes sense to
use an agent to dissolve clots and, in fact, the only agents that are approved
for use in the treatment of stroke are “clot-busting” drugs, principally, tissue
plasminogen activator (tPA). To be propetly effective it must be used within
an hour of the onset of symptoms; after four hours, it is not beneficial and
increases the risk of bleeding. Its use is effectively restricted to just 5% of
stroke patients because of this complication. Curiously, seizures may precede
the onset of recovery during the administration of the clot-busting agent."
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Figure 20.2:
The lenticulostriatal arteries (highlighted) of one brain hemisphere.
(From Cerebrovascular Disease, courtesy of Dr. James Toole.).

The treatment of stroke is widely recognised to be unsatisfactory; in
2001, a commentary in the Lancer'® that followed the publication of yet an-
other failed drug study, referred to the “plethora of recent negative trials.”
There has been intense research over the last 50 years attempting to find a
drug that can protect the brain from oxygen deprivation in a stroke, but it
has failed. Faced with an aging population, those in government certainly
recognise the need to improve stroke treatment; the enormous costs involved
in caring for stroke patients are a major concern. In the West, of those who
survive to 85 years old, one in four will suffer a stroke.

In 2005, a report was published by the UK Department of Health' en-
titled Reducing Brain Damage: Faster Access to Stroke Care, in which it was
estimated that stroke costs society about £7 billion a year, with the direct
costs to the National Health Service being about £2.8 billion. The report
argued for specialized stroke units and faster access to appropriate medical
care, stressing that as a stroke must be regarded as a “brain attack” and em-
phasising the need for urgent treatment. For many years, a sense of nihilism
has accompanied the treatment of stroke, which has been reinforced by the
failure of most drug-based approaches. In Scotland, cards have now been
distributed by the charity, Chest, Heart & Stroke Scotland, advising of the
symptoms of stroke and the need to gain help by dialling the emergency
number, 999.
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Figure 20.3:
Alert cards issued in Scotland for the symptoms of stroke.

However, the emphasis in the 2005 UK report is not on treatment, but
simply on faster access to brain scanning. The first investigation recommend-
edis a CT scan in order to detect bleeding; if bleeding is present, the outlook is
grave and clot busters, the thrombolytic drugs discussed, are contra-indicated.
The implementation of CT scanning is said to reduce death and disability be-
cause it allows treatable complications to be identified not, of course because
it is itself a treatment. The UK target, announced in December 2007, was for
an MRI to be undertaken within 24 hours in patients with “minor” strokes. It
has been claimed that this will allow the prevention of 6,800 deaths a year in
the UK (Daily Télegraph, December 6, 2007). An investment of £100 million
was promised to provide the latest MRI technology by the last UK govern-
ment. The money has not been provided and a more recent press report sug-
gests that patients will only have access to MRI within a week of a stroke,
which renders the investigation academic. It is notable that the word oxygen
does not actually appear in the UK Department of Health report, despite the
universal recognition that strokes are associated with oxygen deptivation from
a reduction of blood flow. There can be little doubt that if a fraction of this
massive financial investment was directed to the provision of oxygen treat-
ment it would have a major impact in reducing deaths and disability. This in-
cludes the use of 100% oxygen at “normal,” that is, the prevailing atmospheric
pressure. There are many who would raise objections to confining a patient
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with an acute stroke in a hyperbaric chamber, butitis a place of safety for such
a patient. The use of MRI renders patients inaccessible but, nevertheless, it is
now common for it to be used for acutely ill patients. Ironically, the oxygen
level in the confined space of an MRI must be monitored because deaths have
occurred from asphyxia due to leakage of the liquid helium, used to cool the
magnet, into the area around a patient’s head.

The symptoms typical of a stroke are not always associated with block-
age of a major blood vessel in the brain; symptoms indistinguishable from
stroke may affect patients labelled as having multiple sclerosis—only the age
of the patient and a history of other symptoms allow it to be distinguished
from a stroke. One of the conditions that must be considered in patients
with both a stroke and the typical symptoms of multiple sclerosis is a dis-
ease associated with thrombosis known as the antiphospholipid syndrome.
It was discovered by Dr. Graham Hughes in the 1980s and so is often re-
ferred to as the Hughes syndrome.'® When it affects the nervous system it
mimics multiple sclerosis and so provides yet more confirmation that the
disease undetlying the formation of the areas of sclerosis starts in the blood
vessels. A hundred years before the antiphospholipid syndrome was discov-
ered, Ribbert, a German pathologist, had suggested that multiple sclerosis
was associated with thrombosis, after he had seen that the earliest damage
surrounded veins. Hughes syndrome is one cause of venous thrombosis,
although it may also cause arterial thrombosis and embolism. Optic neuritis
and paraplegia from damage to the spinal cord may also occur in Hughes
syndrome, just as they do in multiple sclerosis, almost certainly from tiny
emboli breaking off from an area of thrombosis. It is most important for
the diagnosis of Hughes syndrome to be made, because the condition can
be treated with aspirin and other drugs to prevent further attacks. However,
it is also clear from the localised brain swelling seen on MRI in patients with
the antiphospholipid syndrome, that the attacks are likely to respond to hy-
perbaric oxygen treatment.

But we now need to consider the sequence of events occurring when an
artery is partially or completely blocked reducing, or stopping, blood flow to
an area of the brain. If the blockage is short-lived and the symptoms resolve
in less than 24 hours, the event is termed a “transient ischaemic attack,” or
TIA. Again, the word “ischaemic” simply refers to a reduction of blood flow.
If the symptoms last longer than 24 hours, then the word fransient is cleatly
not appropriate, and the event is then classified as a stroke. The symptoms are
very variable and may include brief loss of consciousness, weakness, numb-
ness, vertigo, and even blindness in an eye. The 24-hour limit is entirely arbi-
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trary and certainly not based on any science. This is slowly being recognised
and there are calls for a new classification based on symptoms that last less
than one hout. Many MRI studies'”*' have followed events in TIAs, with one
patient imaged 11 minutes after displaying symptoms.” For many medical
professionals, the term TTA implies that, with the resolution of symptoms,
no damage has been sustained, but this may not be the case in at least half of
affected patients. There is another disturbing aspect; in some patients these
short-lived attacks may herald the onset of a major stroke. As in multiple
sclerosis patients, leakage from a disturbance of the blood-brain barrier also
occurs in stroke, with reduced oxygen availability.?* So there are very good
reasons for patients with transient attacks to have oxygen treatment to resolve
the symptoms, and for preventive measures to be used to reduce their risk of
a stroke.

Strokes are the equivalent in the brain of a heart attack and are some-
times referred to as a “brain attack.” Heart attacks may be rapidly fatal and
so the need for emergency treatment is all too obvious, and the same ut-
gency needs to be evident in the treatment of stroke. But, because of time
constraints, the treatment of stroke will never be entirely satisfactory and,
with proven links to high blood pressure and obesity, major public health
campaigns aimed at prevention are needed. About a third of patients with
stroke die and, sad though it is for the loved ones, this limits the human
effort expended and the costs involved to society. A third of patients will
eventually make a reasonable recovery and regain their independence. This
leaves the remaining third as survivors in need of constant care, often in an
institution. Given the treatment currently used, most of these patients will
never resume an independent life and the families and carers have to face the
heartbreak and hard work caused by their ongoing disability. With medical
advances being able to add years to life, but often not life to years, the hu-
man and financial costs are truly enormous and, with the population aging,
the costs ate getting ever greater. The eldetly are the group most affected by
strokes, although they also occur in younger people. In young stroke patients
it is important to investigate if there is a persisting hole in the heart, which
allows the trapping normally undertaken by the lungs to be bypassed. Such
a hole can now be closed without open heart surgery. Even a baby still in
the womb may suffer a stroke leading to cerebral palsy evident after birth,
although most strokes in the newborn are the result of a birth injury. If the
treatment of stroke could be improved with fewer patients suffering pro-
longed disability, much suffering could be avoided and enormous savings
made, but the record for drug interventions is dismal.
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In a 2010 article entitled “The Amazing Brain,” Richard Gray, scientific
correspondent of the Daily Telegraph, quotes from an interview with the dis-
tinguished Oxford neuroscientist, Professor Colin Blakemore. Blakemore
endorses the conventional view that recovery after a stroke is not due to the
formation of new brain cells but to “plasticity.” This popular, but curious
term, attributes the recovery, for example of the paralysis and loss of speech
typical of a stroke, to the function being taken over either by other areas of
the brain.

When we have a stroke, our brain is starved of oxygen, causing the catastrophic
death of those nerve cells and leaving us paralysed and unable to speak. Yet
within days, the same patients start to regain movement and the ability to speak.
This is not a sign of nerves coming back to life, but the brain rebuilding itself,
creating new nerve connections and bypassing the damaged areas.

An indication of the lack of awareness of the importance of oxygen is
evident in the superb Harveian Oration, “In Celebration of Cerebration,” de-
livered by Professor Blakemore at the Royal College of Physicians in London
on the 18th of October 2005. The details of the structure and function of
the brain is extraordinary, but oxygen is mentioned only once. There can be
no question, both from animal experiments and from human data, that the
mammalian brain can reprogram functions, indeed, so can the spinal cord.
For example, experimentally, when half the cord is cut transversely, that is, a
“hemi-section” of the cord, a state of spinal shock develops. This lasts for
several days, but over the following weeks, spinal cord function slowly recov-
ers, despite the cut area healing with scar tissue. This indicates that the nerve
impulses are crossing over to be transmitted on the opposite side of the spi-
nal cord, past the area of scar tissue. This type of recovery may also take place
in the brain. However, it is now well established that the adult human brain
contains stem sells capable of rebuilding the brain by forming new cells.”
Also, bone marrow stem cells can migrate into the brain* as they can into
the heart.”” However, attributing the rapid recovery in some stroke patients
to regrowth is problematic because of the time scale involved in new cell
formation, which is measured in weeks and months, not hours or days. Rapid
recovery seen is therefore due to the recovery of brain tissue containing cells
that are not dead, but immobilised, because of lack of sufficient oxygen. As
the water content of the tissues reduces when the swelling subsides, the oxy-
gen level rises and function may return. This is where oxygen treatment can
make a substantial difference to both the extent of permanent damage, and
to the speed of recovery.
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In stroke, in contrast to the leakage from veins that characterizes areas
affected in multiple sclerosis and head injury, blood flow is greatly reduced
or even stopped. The implications of this for the delivery of oxygen and
for attempts to use drugs in treatment are all too obvious; to reach the af-
fected area agents have to be transported in blood. Nevertheless, the tissue
surrounding the critically affected area of the brain cells may have enough
oxygen to survive, although not to function. Neurologists have termed this
tissue the “ischaemic penumbra” which, translated, means the low blood
flow surrounding area.”® Although some have stated that the time available
to rescue this tissue may be only a few hours, this is certainly incorrect;”
MRI has shown that some patients only deteriorate after a considerable de-
lay.*” And, as we have seen, imaging has shown the nerve cells in the penum-
bra may persist and be recoverable for many years.’!

When material stops in an artery it often provokes the local clotting,
known as thrombosis, and this is targeted by the drug treatment called throm-
bolysis, known in popular jargon as “clot busting.” It is obvious that, when an
artery is blocked, oxygen delivery is greatly reduced and so some brain cells
are likely to die. The key question posed is therefore: When do the nerve cells
actually die? This is of paramount importance because it determines the time
frame for treatment to benefit, and is often referred to as the “window of
opportunity.” In fact, the clot busting drugs used for the treatment of stroke
must be administered early; they are not effective after a delay of more than
about four hours.

Drug companies have spent billion over the last decades trying to find a
drug which will provide neuroprotection, that is, protection for nerve cells until
conditions in the brain improve. They have targeted the changes occurring
in strokes down to the molecules in the membranes of nerve cells, but have
failed spectacularly. The failure was highlichted in an editorial comment in the
Lancet in 2006 entitled “Neuroprotection: The End of an Era?” It featured a
drug developed by Astra Zeneca, code named NXY-059, described as a free-
radical trapping agent. The company announced that they were dropping the
drug from clinical development. It had shown promise in animal trials, but so
had, according to the Lancet article, some 114 other compounds which went
on to human studies and also failed. Astra Zeneca’s drug appeared to show
great promise for the treatment of stroke patients in the first clinical trial, but
it failed to live up to its promise. The results from a much longer and larger
trial, published nine years later,” showed that the optimism was ill-founded;
the group of patients on the drug actually fared worse than the group given
the placebo. The Lancet commentary pointed out that NXY-059 was one of
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over 1,000 compounds that have been tested on animal models, and then
added an extraordinary rider; “the stroke community needs to think long and
hard about whether these animal models are financially and ethically viable.”
They are right; after such a tortuous and prolonged effort, the cost of animal
testing has been truly enormous. It is difficult to compute a figure, but it must
certainly be billions of dollars. But “ethical viability” is a very curious expres-
sion and it is difficult to understand just what is meant. Surprisingly, it does
not seem to have been noticed by the animal rights activists; there can be no
doubt about the suffering involved in these experiments.

The failure of the drug raises an obvious question: What about those pa-
tients who worsened after being given one of the many drugs that have been
studied in the trials? They would, of course, have needed to give informed
consent, but some will have had their lives shortened. Unfortunately, this is by
no means a unique event in the pharmaceutical world; as mentioned in Chap-
ter 10, a drug initiative in the treatment of heart failure in the 1980s ended in
an even greater disaster. The failure of NXY-059 to gain approval prompted
representatives from Wyeth, a division of Pfizer, and Biotrofix Inc., a drug
testing company, to demand a change in the assessment of efficacy for drugs
developed for the treatment of stroke. In an article published in 2006 in the
Journal of Cerebral Blood Flow and Metabolism,* they appeared to criticise the
regulatory authorities for failing to approve the drug and called for more “ra-
tional patient selection.” So what did the editorial team of the Lancet feel is
the way forward in stroke treatment after stating that the failure of Astra
Zeneca’s NXY-059 signalled the end of drug initiatives? They suggested that
cooling the head may be valuable, and methods of controlling blood glucose
levels should be investigated. But there is still no mention of actually giving
patients oxygen; perhaps because the damage in stroke is due to lack of oxy-
gen, it seems just 00 obvious to give morel!

By 2001, over 5,000 patients had been included in studies of clot busting
agents and it had been shown that they are only effective in a limited number
of patients. The risks of these agents are the worsening of neurological defi-
cits, coma, and death. Unfortunately, it is not possible to identify patients who
can benefit prior to treatment, nor is it possible to predict those patients who
will suffer the dangerous complication of bleeding. The properties required
of a successful neuroprotectant”™ have been detailed: “It could extend the
period for salvage of potentially reversible ischaemic brain tissue, extend the
time window for thrombolytic therapy, and extend the window for throm-
bolysis in ‘reperfusion’ injury. Thrombolytic therapy could improve vessel
patency and allow larger amounts of a neuroprotectant to reach ischaemic
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tissue.” It is obvious that to produce benefit, any neuroprotective agent needs
access to the threatened brain tissue and this requires blood flow. In contrast
to the drugs trialled, oxygen is safe, easy to administer, and readily crosses
the blood-brain bartier. In a review of the use of high levels of oxygen as a
treatment for stroke in 2007, Dr. Aneesh Singal,” who is active in researching
oxygen treatment, disarmingly states:

Hyperoxia is an attractive acute stroke therapentic option becanse it has several
properties of an “ideal” nenroprotective agent. Unlike most pharmacentical
drugs it easily diffuses across the blood-brain barrier to reach target tissues, is
simple to administer, well tolerated, can be delivered in 100% concentrations
without significant side effects and theoretically can be combined with other acute
stroke treatments such as tissue plasminogen activator, t2A.

The word “hyperoxia” simply indicates a high level of oxygen but at not-
mal atmospheric pressure, that is, an increase dose of the same molecular
oxygen we gain from the air we breathe. It is perfectly obvious that oxygen is
the ideal neuroprotective agent, because it operates as such in all of us all of
the time, and we know the dire consequences that follow when it is absent.
Those in medicine must understand that we have an overriding duty to cor-
rect a deficiency of oxygen, just as we do in correcting dehydration or starva-
tion. We know it is necessary to act immediately when breathing ceases, but
have simply not recognised that if only a part of the brain suffers deprivation
of oxygen, the same responsibility and urgency applies.

To evaluate the use of oxygen in stroke patients it is necessary to return
to first principles. Apart from severe trauma, the worst case for the brain
occurs when blood flow ceases completely if the heart stops. In effect, car-
diac arrest can be viewed as causing a “global” stroke because it, obviously,
involves the whole brain. So, therefore, evidence detived from patients who
have suffered cardiac arrest can provide an invaluable guide to the factors
involved when a small area of the brain is deprived of blood flow. Tradi-
tional teaching reproduced in most medical textbooks is that, at normal body
temperature, the brain is irreversibly damaged if the stoppage of the heart is
longer than about four minutes. This figure dates from carefully controlled
experiments in dogs undertaken more than 25 years ago in the University of
Pennsylvania. Researchers found that it was not difficult to restart the heart
even 14 minutes after it had stopped. If it was restarted in less than five min-
utes, examination of the brain showed it to be undamaged. The animals were
observed for two to six hours after the heart was restarted and normal images
of the blood circulation through the brain were obtained. However, if there
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was a delay of more than five minutes in restarting the heart, it was found
that blood flow did not return in some areas of the brain, and it was termed
the no reflow phenomenon, that is, the no return of blood flow phenomenon.”
When the heart was restarted after 14 minutes and the animals examined af-
ter a lapse of four hours, multiple areas were found in the brain where blood
flow was reduced, or absent. The currently accepted figure of five minutes
of cardiac arrest without brain damage relates to patients who have a normal
body temperature; it has been well established that this five minute cut off
certainly does not apply in hypothermia, as was cleatly demonstrated in the
carly days of cardiac surgery. Not surprisingly, this is because chilling greatly
reduces the demand of the tissues of the brain for oxygen. In 1977, 20 year
old Jean Jawbone was revived by a cardiac team at Health Services Center in
Winnipeg, Manitoba, after a cardiac arrest lasting three hours forty minutes.

To put this in context, we must return to the astonishing experiments
already discussed in Chapter 2 from the research letter published by the
Lancet in 1998 entitled “Recovery of Axonal Transport in Dead Neurons.”
They showed without question that the nerve cells were still alive after
eight hours, and they could be kept functioning for up to 18 hours, provid-
ing oxygen and glucose were available. At the time the heart stops, there is
usually a good deal of oxygen present in the brain. This was demonstrated
in a study published in 1996 in which near infrared rays were beamed into
the brain at a routine post-mortem examination to allow the oxygen satu-
ration of the haemoglobin present to be measured.” Six of eighteen bod-
ies examined had oxygen levels above the lowest values found in conscions healthy
adults. The studies illustrate why, after a sudden cardiac arrest, cardiac
massage alone is as effective, indeed probably more effective if only one
person is involved, than when it is combined with mouth to mouth
resuscitation. This was shown by a large study in the city of Seattle,” which
has promoted the responsible policy of training all adults to be competent
in cardiopulmonary resuscitation. It is clear that, in the short-term, it is just
necessary to keep blood circulating through the brain until the heart can be
defibrillated. Thereafter, like head-injured patients, the problem is controlling
the brain swelling caused by the lack of oxygen, and this is when hyperbaric
oxygen treatment can save lives and brains.

But does the survival of brain cells after cardiac arrest mean that patients
can be resuscitated eight hours after clinically verified death? It does NOT
and the evidence from the experimental studies published 30 years ago still
stands for normal methods of resuscitation. Howevetr, it raises the obvious
question—why not? The answer is that it relates to a sudden reduction of the
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level of oxygen and, paradoxically, the brain damage that renders recovery of
the brain impossible after eight hours actually occurs when the blood flow
that is so desperately needed returns, that is, reperfiusion injury, translated as
“injury due to the turn of blood flow.” The seminal research on the return of
blood flow to muscle by Dt. Zamboni and his colleagues*! has already been
discussed in detail in Chapter 9. It will be recalled that the damage occurs
because of free radical attack by white blood cells, triggered by a sudden fall
in the tissue oxygen level. Again, this is a principle of disease and is of the great-
est importance to any organ, when blood flow is stopped and then restarted.
This includes stoppage of blood flow in organs used in transplantation sut-
gery, or restarting the heart after a heart attack, which will be covered in the
next chapter.

Trials have now been undertaken to see if the benefit of giving clot-
busting drugs can be found when giving them as late as six hours post onset.
Unfortunately, they failed to show any benefit over placebo and haemorrhage
remains a significant risk. This highlights the well-recognised statement that
in stroke patients “time is brain”; it is alleged that for every minute of blood
flow reduction one million brain cells die, although this has not been verified.
It is, nevertheless, clear that if it were possible to supplement the benefit of
a clot-busting agent with a truly neuroprotective drug, especially one that
could reduce the risk of haemorrhage, it would be of enormous value. This
defines another Holy Grail for pharmaceutical companies but they have now
ended their neuroscience research; there is only one agent with a proven track
record in animal and human studies; it is oxygen. Nevertheless, physicians do
not give stroke patients more oxygen, even using the standard apparatus avail-
able on every hospital ward, and it is clear that most do not think of oxygen
as a neuroprotective agent. Raising the dissolved oxygen concentration in the
plasma protects blood vessels by reducing the activity of neutrophils and, as
a consequence, it lowers the risk of haemorrhage.

Two remarkable studies have confirmed that neutrophils are involved in
the tissue damage resulting from a stroke. Fifteen patients who had suffered
a stroke affecting the area supplied by a middle cerebral artery were inject-
ed with radioactively labelled neutrophils within 24 hours of the onset of
symptoms.*”* Single photon computed tomography (SPECT) demonstrated
that neutrophils accumulated in the affected area of the brain in nine of the
patients. Two patients died and confirmation of the presence of neutrophils
was obtained from sections of tissue obtained at post-mortem examination.
Further confirmation was produced by the same group using an advanced
form of positron emission tomography (PET) in four patients in three time
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petiods up to 30 days post stroke.” They were able to show that neutrophils
begin to be attracted to the damaged areas in the first 72 hours and further
activity extends to 30 days. However, it is obvious that blood flow is needed
for neutrophils to be carried to the site of the damage and reflow may take
place at varying times. The authors concluded:

Given the ongoing pancity of effective neuroprotective strategies in stroke, the
detection of miicroglial activity at later time points when patients present to
physicians may provide a target for novel therapeutic agents designed to linit late
neuronal damage and improve outcone.

So what studies have been done to see if giving more oxygen is of value
in stroke patients? Unfortunately, the story is the same as it is in most investi-
gations of oxygen treatment, with neither the timing nor the dosage propetly
regulated. For example, a study in Norway published in 1999*looked at the
use of supplemental oxygen for stroke patients. The description in brackets in
the summary of the paper was “oxygen at 100% atmospheres, 3 1/min.”” Such a
simple mistake leaps out of the page for those knowledgeable about the sub-
ject, but it is telling that it escaped the notice of the journal referees. In the fi-
nal paragraph of the paper it also refers to “breathing 100% oxygen through a
nasal catheter” as if the patients were actually getting 100% oxygen when, at a
flow rate of 3 litres a minute, the actual percentage passing down the airway into
the lungs is likely to have been no more than about 26%. In other words, a very
small increase over the oxygen percentage we normally breathe. Incredibly, no
measurements of oxygen levels were done, either of haemoglobin oxygen sat-
uration, or oxygen levels through the skin which can be measured using a trans-
cutaneous oxygen sensot. This method gives a reasonable guide to the oxygen
level in arterial blood. There is also no mention of the prevailing barometric
pressure although, as the patients would have been fairly close to sea level, at
least altitude would not have been a significant factor. Nevertheless, like Scot-
land, the barometric pressute at sea level in Norway varies by as much as 10%
because of the weather. Haemoglobin saturation is very easy to measure by a
simple finger-mounted oximeter (oxygen meter) and would have been a very
relevant observation, because it would have at least identified those patients
whose oxygen saturation was below 100%. This, of course, correlates with an
arterial concentration less than 100 mm Hg, However, following current fash-
ion the authors were not prepared to recommend giving supplemental oxygen
to stroke patients unless there is clear evidence that they are lacking oxygen i
the blood and given the poor methods used and the small number of patients
recruited, the study is simply not credible. A similarly defective study in heart
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attack patients, which was published in 1976, is often cited as a reason not
to give them oxygen.”” No measurements of oxygen levels were done and
the study does not warrant serious consideration. Despite this it is regulartly
cited as being a reason not to give supplemental oxygen to patients with heart
attacks. Despite all this, and in clear contrast to the stated results of the Not-
wegian study, it has been clearly shown that continuous supplemental oxygen
reduces the amount of brain damage in stroke patients.

A 2005 paper described benefit to stroke patients from oxygen at normal
atmospheric pressure, but again the time to treatment is simply recorded as
being given “less than 12 houts post-onset” and no details are recorded.*
Again, with the window of opportunity in acute stroke known to be no more
than four hours, the failure to treat within this time frame is a major concern.
A facemask was used for the treatment supplied with oxygen at 4 to 5 litres
a minute, but blood oxygen levels were measured in only two of the seven
patients who were both in the treated group. The values measured were 368
and 420 mm Hg, which is almost a 30% difference in the plasma oxygen con-
centration and, of course, must influence the outcome. Imagine a study of
the performance of a 440 volt electric motor in which a reduction of 52 volts
was simply ignored! The MRI scans showed that the higher levels of oxy-
gen were actually associated with less brain damage. Despite this, the authors
were very guarded about the value of supplemental oxygen for stroke, citing
the flawed Norwegian study discussed above. A very large number of animal
models of stroke have also shown benefits from the use of more oxygen,
both at normal atmospheric pressure and the benefit of the dose attainable
under hyperbaric conditions. Most studies have used rats which, with a brain
weight of only 2 grams, represent a “worst case” situation. One of the issues
sometimes queried is the use of hyperbaric oxygen treatment when stroke is
complicated by haemorrhage following the use of a clot-busting agent. This
has been answered: Hyperbaric oxygen treatment zs beneficial.

Several eatly studies of hyperbaric oxygen treatment in stroke pa-
tients in the 1960s and 70s showed that patients often improved whilst in
the chamber breathing oxygen, but, in most cases, the patients had only a
single treatment. Not surprisingly, the improvements usually disappeared
shortly after the session was completed. There was very limited understand-
ing of the biology of oxygen at the time, and no studies were undertaken
using a course of oxygen treatment to see if the improvements would pet-
sist. There were, however, notable exceptions to this approach. Dr. Edgar
End in Milwaukee General Hospital, who ratrely published his work, started
treating stroke patients in the 1940s and he had seen sustained improve-
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ment from courses of treatment. In 1980 he collaborated with Dr. Richard
Neubauer to publish the results from the treatment of 122 patients in the
journal Stroke, using what were regarded at the time as low oxygen pressures,
that is from 1.5 atmosphetes to 2 atmospheres absolute.”” This was a critical
move away from the much higher pressures used in diving which, as discussed
in Chapter 8 may be associated with convulsions. Dr. George Hart, a former
US Naval officer, who first reported his experience in using repeated treat-
ments for a stroke patient in 1971, continued to treat stroke patients at the
Memorial Medical Center in Long Beach California. In 2003, Drs. Hart and
Strauss reported that they had treated more than 80 stroke patients.”

A key issue is the dosage of oxygen used, and here it is necessaty to again
state the obvious; all patients with stroke already receive oxygen, that is, the
dose of oxygen that is delivered in the air they breathe. The eatly work on
organ transplantation showed that free radical damage occurred when blood
flow resumed in donor hearts in transplantation experiments. The animals
were breathing air and, therefore, this evidence indicates that the oxygen level
in ait is 7ot safe. In the 1970s a neurosurgical group in the University of Bonn
under Professor Holbach undertook a detailed study of the optimum level of
oxygen in the treatment of the injured brain.*® Their publication in 1979 was
the last in a series and reported that, in patients with chronic brain injury after
stroke and head injury, the optimum level of oxygen was 100% at 1.5 ATA.
This begs the question; would patients with long-term brain injuties benefit
from a course of treatment using 100% oxygen at normal atmospheric pres-
sure, for example, from giving them an hour morning and evening for two
weeks? The studies certainly need to be done.

The letter “Enhancing Idling Neurons,” which was published in the ZLancet
in 1990 by Drs. Neubauer, Gottlieb, and Kagan, was discussed in the last chap-
ter.! It described the benefit of a course of hyperbatic oxygen treatment to
60-year-old female patient who had suffered a stroke 14 years previously and
regained the ability to live independently. The improvements correlated with
rematkable changes evident on SPECT imaging undertaken before and after
treatment. The images identified still viable brain tissue in the area surrounding
the zone of tissue death. It is telling that the letter did not generate any corre-
spondence, but the concept has been confirmed by further imaging studies.™

More studies of the use of hyperbartic oxygen treatment have been pub-
lished but, unfortunately, no patient was treated in the “window of opportu-
nity,” that is, within four hours. In 2007, an issue of the journal Newurological
Research was dedicated to detailed papers on the use of oxygen treatment in
neurological conditions including stroke.” With drugs failing to show benefit,
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the need to focus efforts on oxygen, the only proven neuroprotective agent, is
all too apparent. A comprehensive study has recently been completed in the
Assat Harofeh Hyperbaric Centre, which is near Tel Aviv in Israel, and it has
now been published.”® SPECT imaging was used before and after treatment.
Figure 20.4 shows the 3-D brain images of a 72-year-old man who still had
right-sided weakness 34 months post stroke. Unable to hold either his right
arm or leg against gravity, he had little movement of the fingers of his right
hand and could only communicate with single words. A course of 40 sessions
of HBOT was undertaken at 100% oxygen by mask at 2 ATA for a total
chamber time of 90 minutes five days a week.

After treatment he was able to hold both his arm and leg up against grav-
ity, move his fingers, and complete sentences. The initial baseline 3-D SPECT
image of the brain shows a wide area of penumbral brain tissue (green re-
gions) around the stroke area (blue region), involving part of the left motor
cortex, correlating with his impairment of right leg and hand function. The
left cortex of the frontal lobes, and Broca’s area responsible for speech, also

shows improved blood flow, as do the areas in the mid-brain known as the
basal ganglia. The sessions took a total of 60 hours, that is, less than a week
of his life. The use of SPECT imaging provides spectacular evidence (pun
intended) of the importance of oxygen in recovering brain tissue that is not
dead, but sleeping.

Figure 20.4:

3-D SPECT images
of a 72-year-old man
shows improved brain
blood flow post 40
HBOT sessions.
(Courtesy of Dr.Shai
Efrati et al. Assaf
Harofeh Medical
Centre, Israel.)
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Figure 20.5:

Typical MRI of an elderly patient with
dementia showing enlargement of the
ventricles (red arrows) and multiple white
matter lesions (black arrows).

Most people think of a stroke as a paralysing illness, but the term stroke
is also used when there is damage to areas of the brain not associated with
the control of arm or leg function. For example, strokes may cause loss
of vision or balance, and personality changes, or even slight memory dis-
turbances only obvious to relatives. There may also be damage in the white
matter associated with the formation of UBOs on MRI. They are common
with advancing years and usually do not cause any signs, or even symptoms.
Figure 20.5 shows a typical MRI of an eldetly patient with enlargement of
the liquid-filled ventricles in each hemisphere and obvious bright areas in
the white matter (arrowed). They can only be distinguished from that of
advanced multiple sclerosis on the basis of the patient’s history. However,
there is also some thinning of the grey matter, which is more common in
older patients.®

Long before the introduction of brain imaging, Dr. Edgar End had
found benefit from hyperbaric oxygen treatment in a number of patients with
memory disturbances and dementia in the 1960s. A group in the State Uni-
versity of New York at Buffalo became interested and undertook a double-
blind, controlled crossover study using a battery of validated psychological
tests in 13 patients, with a mean age of 68. They were treated very intensively,
receiving two 90-minute sessions a day over 15 days at 2.5 ATA. Elaborate
blinding was used and the authors reported that the group receiving the high
level of oxygen on completing the treatment course showed uniform and
large improvements. The five control patients, who were all pressurised, but
given a lower oxygen content gas to produce normal oxygen levels in their
blood, did not improve. These patients were then given a course of hypet-
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baric oxygen treatment and showed the same degrees of improvement. The
authors commented that the treatment had allowed the patients to care for
themselves, often despite years of institutional care. They also pointed out
that their treatment protocol may not have been optimal and that lower pres-
sures may be equally effective. These very positive results merited detailed
publication in the New England Journal of Medicine in 1969." Given the cost of
institutional care, these results desperately need to be translated into practice
as many patients will be able to retain their independence. The cate in the
community model developed for multiple sclerosis patients in the UK can
provide an inexpensive way of adding life to the years that medical science
has made possible.

In the last few years, many experimental studies on the use of oxygen
in stroke have been published, and they have come from prestigious centres.
Unfortunately, it is often clear that the principles of treatment are simply not
understood. For example, the title of one paper begins: “Hyperbaric Oxygen
Reduces Tissue Hypoxia,” which translates from the medical jargon simply as
“a high level of oxygen can reduce lack of oxygen in the tissues.” This is equiva-
lent to stating that giving water reduces dehydration. Nevertheless, the paper
has addressed the issue of the dose of oxygen needed in stroke, albeit using
a rat model, and the changes induced in gene regulation were followed.” Al-
though well-conducted, the study had two important limitations that are com-
mon in small animal research; it will be recalled that the human brain weighs
1,350 grams, which is in stark contrast to the 2 grams of a typical rat brain.
Nevertheless, this at least means that the results can be a guide to the treatment
of the same weight of tissue in a human brain. Secondly, most human strokes are
suffered by the eldetly, whereas the rats used were eight to 10 weeks old and so
far from elderly. Although the method used to reduce blood flow is accepted
scientifically, it is only because it is a standardised technique; it certainly does
not reproduce the events responsible for human stroke; a carotid artery was
“obstructed,” rather than blocked, for 90 minutes, a 70% reduction of blood
flow verified using ultrasound. The symptoms that followed the release of
blood flow were studied, and the tissue changes were evaluated by MRI. It was
shown that giving oxygen during the time that blood flow was obstructed was benefi-
cial. The authors rightly point out the need to understand the “oxygen-sensitive
mechanisms” responsible for the brain damage caused by a stroke; this is hardly
surptising when the oxygen consumption of the brain is the highest consump-
tion of any organ. But it is truly astonishing that we remain unsure of such
basic facts in the twenty-first century, and illustrates the abject failure in medical
practice to grasp the unique importance of oxygen to recovery.
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The use of clot busting drugs has, not surprisingly, established that a
stroke must be treated as an emergency; action is needed in the first few hours,
especially when the symptoms are severe. The failure to treat eatly is the princi-
pal reason for the lack of benefit found in the controlled studies of hyperbaric
oxygen treatment in patients with acute stroke, as discussed eatlier. It is also
clear that many researchers, including many in the hyperbaric field, have yet
to appreciate the immense complexity of the physiological actions of oxygen.
It is astonishing that many disregard a major increase in the concentration of
oxygen breathed as, for example, from 2 to 3 atmospheres; both levels are sim-
ply referred to as “hyperbaric,” despite a vast increase in the number of oxygen
molecules dissolved in plasma at the higher pressure. Again, it is important
to draw attention to the use of the grammatically incorrect term “hyperbaric
oxygen” because it constantly reinforces this absurdity; the correct terms are
hyperbaric oxygenation and hyperbatic oxygen treatment.

It may be helpful here to return to the analogy used earlier of a blocked
river. Although a large volume of water is cleatly necessary to restart flow, it
risks damage from debris it carries downstream. Nevertheless, it is obvious
that restoring flow slowly with a trickle of water cannot be effective because,
without delivering a sufficient volume of water, the dependent ecosystem
will die. However, if flow is restored, people and animals can drink and water
will be available to irrigate parched fields allowing crops to grow. During the
period blood flow is obstructed in stroke patients, affected ateas of the brain
downstream accumulate an oxygen debt. Tissue swelling associated with the
lack of oxygen may prevent clot busting drugs from actually reaching the
area, and restricting the passage of red blood cells leaves only the oxygen de-
livered by plasma to meet the demand. Under hyperbaric conditions a much
larger number of oxygen molecules can be carried dissolved in plasma, but a
high pressure of oxygen must be breathed, simply because oxygen is pootly
soluble in water. This is not a matter of medical opinion; it is dictated by
science being defined by the gas laws. However, increasing the availability
of oxygen adds another critically important dimension not covered by the
simplistic analogy of a blocked river; oxygen is highly active physiologically
and this raises a key issue: The trickle of supplementary oxygen referred to
in mainstream medicine as “oxygen therapy” will actually cause constriction
of blood vessels and reduce blood flow, whilst failing to transport enough
dissolved oxygen to meet the need of the tissues. So the lesson is simple; the
more severe the deficiency of oxygen, the greater the oxygen pressure, that is,
the concentration a patient needs to breathe to correct it. This is just as when
a patient is bleeding; the greater the loss of blood, the more units need to be
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transfused. Moreover, the timing is critical; no one expects a blood transfu-
sion to be postponed for hours when a patient is bleeding to death.

The reader will recall the discussion in Chapter 9 of the research by Dr.
William Zamboni and his team," which was prompted by the success of
hyperbaric oxygen treatment for Jessica’s leg injury. The research provided
direct visual confirmation of the events that follow blockage of blood ves-
sels in the living animal, with the blood supply to the thigh muscle of a rat
stopped using a ligature, and then released after four hours. To be completely
successful hyperbatic oxygen treatment had to be given either during the last
hour of the stoppage of the blood flow, or within an hour of the release of
the ligature. Both timings were seen to prevent the neutrophil accumulation
that would have led to blockage of the circulation and death of the muscle.
Note that hyperbaric oxygenation was not, as claimed by the authors, #reating
reperfusion injury, it was actually preventing it.

Another seminal study of equal significance was published in 1995 from
the department of neurology in the Mayo Foundation.”” It was undertaken
by a group headed by Dr. Phillip A. Low, who established a research group
many years ago to investigate diseases of peripheral nerves, that is, disor-
ders of nerves in the limbs. They developed a rat model to study ischaemia
of the sciatic nerve in the leg by injecting micro-emboli, with an average
diameter of 14 microns into the supplying arteries. (Note, sometimes, em-
boli of this size may pass through the lung capillaries.) The group investi-
gated all the factors that have been highlighted in the text, from free radical
damage and reperfusion injury, to the protection afforded by hypothermia.
Three outcomes were found from the injection of the micro spheres which,
predictably, depended on the number of emboli injected: There was no dam-
age with the lowest dose of emboli used, an intermediate dose caused de-
generation of the nerve fibres, and the largest dose caused irreversible nerve
damage.

The researchers decided to see if hyperbaric oxygenation could salvage
the sciatic nerves of animals given the éntermediate dose of emboli, which they
referred to as “a moderate ischaemia model.” After the injection of the em-
boli, the animals were studied using sophisticated techniques to assess the
benefit of the hyperbaric oxygen treatment, including behavioural observa-
tions, measurement of nerve blood flow, and electrical studies of nerve con-
duction. Finally, nerves were examined microscopically to determine if there
were any pathological changes. The authors observed that increasing the oxy-
gen supply under hyperbaric conditions resulted in a dramatic improvement.
An intensive course of hyperbaric oxygen treatment was given at a pressure
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of 2.5 ATA for two hours a day over seven days. The benefit was confirmed
microscopically; there was little evidence of nerve damage.

It is at this point that the contrast between the experience of the very
small number of physicians in the world involved in diving, and the vast ma-
jority of doctors in mainstream medicine is all too obvious: The former are
familiar with pressure chambers and the technology needed, the latter are
not. Thousands of divers have been treated with hyperbaric oxygenation for
the neurological symptoms induced by bubbles in the circulation, which are
models for the damage associated with multiple sclerosis and stroke. Many
of these divers in offshore locations have treated by their colleagues without
most doctors being present. It has been assumed by doctors involved in hy-
perbaric medicine, despite clear evidence to the contrary, that the increased
pressure simply squashes and dissolves bubbles. That this misconception has
petsisted so long reflects the dominance of military institutions in the de-
velopment of treatment procedures in diving. Lowest common denomina-
tor “one size fits all” instructions obviously have to be issued for military
situations, because lay personnel and inexperienced doctors often must take
responsibility for emergency treatment. As discussed, the neurological symp-
toms caused by bubbles in the circulation range from a full-blown stroke,
when large bubbles enter blood through a torn lung, to numbness and pins
and needles from micro bubbles released from solution on decompression
reaching the spinal cord. The CT scan in Figure 20.6 of a 69-year-old patient,
who suffered a stroke from air embolism during a medical procedure, shows

Figure 20.6:
CT of air embolism; bubble in the right middle cerebral artery arrowed and the ischaemic
infarct of the right hemisphere. (Courtesy of the late Professor B.A. Hills.)
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a large bubble in the left middle cerebral artery (arrowed). Unfortunately, he
did not respond to treatment and the second image shows the damage to a
large area of the left hemisphere.

Treatment using high oxygen pressures was developed by the US Navy
physicians for both air embolism and decompression sickness in the 1960s
due to the failure of recompression using air.”’ In the US Navy Treatment
Table 6, oxygen is breathed by mask at 2.8 ATA for just 20 minutes before a
five minute break breathing air is used to avoid a convulsion. The cycle is then
repeated up to four times. The US Air Force has developed similar proce-
dures using the same high pressutre oxygen approach for treating aviators with
decompression sickness resulting from an ascent, that is, a decompression to
altitude.

There can be no question that procedures like the US Navy table 6, which
use oxygen at 2.8 ATA, have been largely successful in treating neurologi-
cal decompression sickness, although there may be subtle residua, detectable
only on psychometric testing.®’ Although this is acknowledged in the latest
editions of the US Nawy Diving Manual, the advice given is confusing; the
manual states that further treatment should be undertaken using either using
table 6 or a lower pressure of 2 ATA. However, there is another important
problem associated with the high oxygen pressure used in military procedures
that is rarely discussed, despite being included in the first US Navy Diving
Mannal to contain the oxygen tables in 1970; a very high level of oxygen may
actually cause deterioration of neurological symptoms. It will be remembered
that this was discussed in Chapter 8, and the reason is because patients re-
spond differently to high levels of oxygen and the effect can be seen simply
by looking in the eye; in some patients there is a very marked reduction of the
diameter of the arteries of the retina, in others remarkably little. It should not
surprise us that differences occur, because when breathing 100% oxygen at
2.8 ATA, the level of oxygen is 74 #imes the level breathed by those of us who
live at sea level. In fact, it is truly astonishing that the physiology of the body
can tolerate such high levels of oxygen. Nevertheless, it is clear that, once an
oxygen deficiency has been corrected, the oxygen level should be lowered so
that the constriction of the blood vessels does not limit the transport of oth-
er agents in blood vital for recovery. This approach is used in US Navy table
6; the sessions of oxygen breathing at 2.8 ATA are interrupted by breathing
chamber air because of the risk of a convulsion, and after three or four cycles
of oxygen breathing at 2.8 ATA, the oxygen pressure is reduced to 2 ATA.
However, in treating divers, there is concern that the gas which triggered the
symptoms may still be present, and so the problem may return. This fear is
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actually unfounded and it is time that the tables are reviewed, especially as the
physiology of oxygen is now better understood. Regardless, the timing of
the oxygen treatment is critical; “time is brain” and neurological symptoms
must be viewed as an emergency. In the trials of hyperbaric oxygen treatment
in stroke, the delay to treatment has often been many hours and by this time
high oxygen pressures are inappropriate. The treatment of patients with mul-
tiple sclerosis and mild traumatic brain injury over the last 40 years has con-
firmed beyond doubt the effectiveness of lower oxygen pressures than used
for divers. In general, the longer treatment is delayed the lower the oxygen
pressure that should be used and the latest imaging should be used to validate
the simplest and easiest intervention; giving 100% oxygen as an emergency
measure.

The latest development in the treatment of stroke—the insertion of
stents into diseased atteries, is not being pioneered by neurologists, but by
radiologists. The technology has transferred from cardiology, where it is used
for patients with narrowing of the coronary arteries. However, the arteries
of the brain have much thinner walls than those in the heart, which increases
the risk of a catastrophic tear with the insertion of a catheter. The use of
hyperbaric oxygenation has already been shown to be successful in reducing
the complications from the insertion of stents in the coronary arteties®” and
holds the same promise for the use of stents in stroke patients. This will be
covered in the next chapter, which discusses the use of hyperbaric oxygen
treatment for conditions other than those involving the brain. As will be seen,
the same principles apply although, in most cases, without quite the same
urgency.
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CHAPTER 21

Healing More than the Brain

Data, data everywhere, but no one stops to think.

With apologies to Samuel Taylor Coleridge, 1772-1834

It is common for physicians who use pressure chambers to be asked
if patients with a particular disease or injury will benefit from hyperbar-
ic oxygen treatment and to put this question in context, it is necessary to
return to first principles. We are a hydraulic machine with our trillions of
cells serviced by blood vessels and pumps—the heart being the primary
pump, but other muscles also pump blood when they contract. When dis-
ease or trauma damages tissue, the capillaries within the tissue are inevita-
bly also affected, reducing blood flow and, inevitably, the delivery of oxy-
gen. However, as we have seen, a modest fall in the tissue oxygen level is
needed because it signals the genes involved in three processes involved
in recovery. The overall process is called the inflammatory response and it un-
derpins tissue repair, both from injury and from infection. For healing to
take place, first the damaged cells of the tissue must be deconstructed and
the debris removed. This is undertaken by the same white cells, the macro-
phages which kill infecting microbes, and so involves the immune system.
The response to infecting organisms is for them to be identified as antigens,
the immune system then produces antibodies, which are able to attach to mi-
crobes—the antigens, and result in their destruction. However, when our
own cells are damaged, for example, by trauma, they must also be identified
as antigens and the necessary antibodies produced so that they can be re-
moved, or “deconstructed.” This is the auto-immune response and is essential
to healing. Secondly, new capillaries must be created, and, finally, new cells
must be produced. This mechanism, clearly vital for tissue repair, has yet to
be recognised by immunologists. Indeed, it has been stated' that any response
to a self-antigen is “inappropriate.”” However, chronic “auto-immune” disease
may follow the deposition of the “immune complexes” which are formed by
the union of antigens and antibodies. They are normally removed by phago-
cytes but when they adhere to the lining endothelium of capillaries and ve-
nules in excessive quantities, they reduce oxygen transport, creating a vicious
cycle by prolonging inflammation.

As already discussed, a small reduction in the oxygen is inevitable and
necessary for the activation of the HIF proteins but, if the reduction of the
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level of oxygen in a wound is too severe, healing stops. When this happens,
not only is there less energy available for repair, the persistence of hypoxia
and tissue swelling reduces oxygen transport even further, creating a vicious
cycle which continues the inflammation. The “end game” occurs when blood
flow stops altogether because, if oxygen cannot diffuse from adjacent areas
of tissue, cells will die. Healing then takes place slowly, by the formation of
a sear, as it does in the plaques of multiple sclerosis or following the death
of tissue in a stroke or a heart attack. Sometimes healing actually stops al-
together, and a chronic wound develops, as it may do in patients with leg
ulcers—the open sore being the ultimate proof that insufficient oxygen has
been available to allow normal recovery. Before this happens, it may be pos-
sible for healing to be restarted by giving more oxygen as a treatment but,
crucially, this depends on blood flow. The discovery of the regulation of the
genes involved in creating new blood vessels by oxygen has now completed
our understanding of the science involved.”

Eatlier chapters discussed the importance of these mechanisms to our
most vulnerable and sensitive tissues in the brain, but they apply regardless
of the organ involved, although, for most, the time scale is less critical. Sur-
prisingly some claim that “normal” wounds will not benefit from hyperbaric
oxygen treatment, but wounds, by definition, cannot be regarded as normal,
and it is simply impossible to know how low oxygen levels have fallen in
damaged tissues without invasive and expensive technology. So, for the most
part, we have to rely on the oxygen concentration in air. The question raised
is: Does hyperbaric oxygen therapy ensure the best healing, even when there
are no complications? The answer is a definite no! Although uncomplicated
wounds would undoubtedly heal faster, cleatly, for most of us, this would
not justify using hyperbaric treatment. Highly-paid sportsmen, however, have
found that it is worthwhile and top motorcyclists are regularly flown to the
Isle of Man Hyperbaric Facility for treatment. The centre, led by technolo-
gist David Downie M.B.E., has achieved widespread acceptance in treating
patients with problem wounds on the island over the last 25 years. Figure 21.1
shows the direction of changes in the oxygen levels that accompany simple
tissue damage. The formation of new capillaries improves oxygen delivery
allowing new cells to be formed and a return to the original status quo.

Ironically, this schematic is confirmed by studies of eatly and late areas
of damage in multiple sclerosis by the group in Sydney mentioned in Chapter
14.° The damage caused by toxic components of blood entering the brain
across a damaged blood-brain barrier triggers inflammation. The tissue dam-
age is then cleared by the macrophages of the immune system prior to the
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Figure 21.1:

Blood flow and oxygen changes in tissue recovery. Tissue deconstruction is the
auto-immune response to damage.

repair—as they state: “Macrophage activity is largely an innate scavenging
response to the presence of degenerate or dead myelin.”

It will be recalled that when giant insects inhabited our planet the oxygen
levels were much higher than they are today, perhaps as high as 35%. Research
into wound healing has shown this concentration would have positively in-
fluenced both the rafe at which wounds heal and, for ligaments and tendons,
the strength of the new connective tissue formed.* Many yeats ago the author
failed to interest a physician involved with Olympic athletes in hyperbaric ox-
ygen treatment, but now elite and highly motivated athletes are making their
own decisions from information they access on the Internet. They are using
both negative and positive pressure changes, sleeping in altitude tents to im-
prove aerobic fitness, and using hyperbatic oxygen treatment for injuries. The
author, with colleagues, undertook a study of hyperbatic oxygen treatment
at a Scottish football club in the late 1980s.° The schedule used was for the
player to be in the chamber within one hour of the injury breathing oxygen at
2 ATA for an hour, with two more treatments over the next 24 hours. Each of
20 players estimated the number of days it would take before they would be
able to resume full fitness training after sustaining common football injuries
such as muscle, tendon, and ligament tears. The club physiotherapist then did
an independent assessment and there was close agreement in their estimates.

Figure 21.2 shows the results with the time to returning to full fitness
training reduced from an estimated 210 days to 63 days. Despite the enor-
mous cost savings that halving recovery time would make in sports like pro-
fessional football, attempts by the manufacturers of the equipment to market
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the technology in the 1980s fell on deaf ears. Club managers generally rely on
the advice of their medical and paramedical advisors who, not having been
taught about hyperbaric oxygen treatment, usually dismiss it out-of-hand. It
needs a very robust management to insist that a treatment is used against
the advice of medical professionals, especially when they appear to take the
moral “high ground” by glibly citing lack of evidence from controlled trials.
As discussed in Chapter 10, controlled trials to prove the value of using #ore
oxygen to relieve /Jack of oxygen are absurd. To be fully effective in control-
ling the inflammation associated with reperfusion, the science cleatly dictates
that oxygen treatment must be used in the first hour after an injury.

The upper line A in Figure 21.3a shows normal healing and line B shows
how HBOT can reduce the time taken for a more serious tissue wound to
heal. If the damage to the blood supply of a tissue creates a more serious
deficiency of oxygen, recovery is further delayed perhaps for years—Figure
21.3b line C but HBOT can still improve healing. However, as shown by
line D, healing may fail altogether despite oxygen treatment because it cannot
elevate the tissue level above 25 mm Hg, Lesser oxygen availability may trig-
ger a slow secondary repair process over years to form a scar. An example is
the fracture of a femur which often tears the arteries supplying the bone: if
there is insufficient oxygen at the fracture site, it will not heal with new bone,
but with scar tissue. This non union results in a loss of stability and function.
So, whilst the mild hypoxia that always accompanies tissue damage is needed
to upregulate the necessary genes for healing to occur, anoxia may prevent
recovery and cause the death of cells.

Experiments on human volunteers have demonstrated the changes in
oxygen levels in the skin of the forearm during inflammation.® The injec-
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tion of tuberculin, which is used to induce immunity to tuberculosis, causes
the inflammation shown in Figure 21.4, with the classical signs of redness,
heat, and swelling with the volunteer, of course, experiencing the symptom
of pain!

Figure 21.4:
The left forearm after the injection of tuberculin.
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Figure 21.5:
Thermogram of the forearm before (PRE) at 24, 48, and 96 hours after a tuberculin
injection. (Courtesy of Dr. VA Spence.)

The area affected is often considerably larger than it appears visually and
this can be demonstrated using a heat sensitive camera, known as a thermo-
graph. Figure 21.5 shows four scans of the forearm of another subject, the first
before injection of tuberculin (PRE) and then after 24, 48, and 96 hours.

When inflammation is very intense the cells in the centre die and a black-
ened area forms with the later development of a scar. We now know that this
is due to the invasion of neutrophils signalled by the lack of oxygen to act as
if the tissue was infected. Figure 21.6 shows that the oxygen level measured
through the skin falls to zero after the injection, and it needed the subject to
breathe 100% oxygen at 2 ATA to elevate the level in the tissue.

320
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240 —

200 -+***+..... Control

S
PO, 140 - "
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Figure 21.6:
Graph of oxygen values on the injected (solid line) versus the non injected arm
(dotted line). (Courtesy of Dr. VA Spence.)
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This graph is important because it provides key evidence to support
breathing oxygen at an increased ambient pressure. The solid line, which is
the oxygen level at the injection site, begins at zero and rapidly rises when
100% oxygen was breathed, peaking at a value of about 280 mm Hg. In con-
trast, the dotted line shows the base tissue oxygen level in the normal arm at
45 mm Hg rising much more slowly to a peak at less than 200 mm Hg. The
value then starts to fall as the blood vessels constrict, because auto-regulation
reduces blood flow to normalise the oxygen levels in the tissue. This quota-
tion, from an unknown source, summatises the obvious; wound healing is
compromised when there is insufficient oxygen for normal metabolism.

An adequate supply of oxygen is of vital importance for healing wounds since
[fibroblasts require oxygen for energy production and collagen (connective tissue)
cannot be synthesised in the absence of molecular oxygen. Earlier work from this
laboratory demonstrated that hyperoxia shifts wound metabolism from anaerobic
towards aerobic glycolysis and thereby activates the citric acid cycle.

Nothing has changed, absolutely nothing, we have not found a substitute
for oxygen and no one, scientist or physician, can dispute the massive clinical
experience that severe tissue oxygen deficiency is associated with delayed or
failed recovery of wounds. Equally, in such patients the oxygen gained from
breathing air is simply not enough; they ate outside the envelope of recovery
and we can and must do better. It may be enough to use the equipment pio-
neetred by John Scott Haldane when he treated soldiers gassed at the front in
WW1, that is, baric oxygen treatment with 100% oxygen administered with-
out a pressure enclosute,” and this approach certainly needs to be explored.
Nevertheless, there are now probably well in excess of 100,000 papers on the
use of hyperbatic oxygen treatment dating back to the nineteenth centuty,
including, for those who still demand them, hundreds of controlled studies.

The first report of the use of oxygen under hyperbaric conditions
in treatment “Oxygen as an Antipyretic,” was published in the Lancet in
1887.% It gave details of a young man with both lungs affected by pneu-
monia, who was successfully treated by Dr. Don Francisco Valenzuela in
Madrid using putre oxygen in a chamber at a pressure of 997 mm Hg (1.3
ATA). It is difficult for us today to realise the terror that pneumonia held
for people before the introduction of antibiotics, as it was a major killer
of young people. The course of the illness was followed by monitoring
the temperature and breathing rate of the patient and they often reached
very high values. However, if they suddenly reduced it meant that “the cri-
sis” was over and the patient was very likely to survive. Valenzuela watched
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his young patient steadily improve with the oxygen treatment and the cri-
sis passed. Of course, if he had believed the allegation that oxygen is toxic
to the lungs, he would not have used hyperbaric oxygen treatment, and his
patient would have died.

Valenzuela had already investigated the effects of oxygen treatment un-
der hyperbaric conditions in rabbits, after deliberately infecting them with
bacteria. Astonishingly he used matched control animals treated with oxygen
at normal atmospheric pressure; the results of his investigations were un-
equivocal, the rabbits given hyperbaric oxygen treatment survived, whereas
the control animals died. These were almost certainly the first controlled
studies in the history of medicine and, although they rank alongside the re-
search of Pasteur, they are almost unknown. In the 1960s, a halcyon era for
hyperbaric oxygen treatment, the group in the University of Glasgow showed
that the treatment prolonged survival in mice with infection introduced into
the blood stream (septicaemia), paving the way for research into the antibiotic
actions of oxygen.’ They also showed that topically applied oxygen using an
enclosure, for example of a leg wound, in a chamber was effective. By this
time there were many reports of the successtul treatment of patients with gas
gangrene.” The organism responsible for this form of gangrene, Clostridium
perfringens is anaerobic and killed by exposure to oxygen. Its toxin is also neu-
tralised, but, unbelievably, there is no recommendation for this indication in
the draft of the latest UK guidelines for hyperbaric oxygen treatment.! There
are many other case reports of life-saving treatment of patients with other
anaerobic infections using hyperbatic oxygenation. Interestingly, none of the
post-war reports reference the work of Valenzuela, and it would be neatly a
hundred years later, in 1978, that the New England Journal of Medicine would
invite a scientist, Bernard Babior, to review in two detailed articles the key
role of oxygen as the antibiotic of the body.'*"

We now know how oxygen controls infection; white blood cells, the neu-
trophils, are attracted to a site of infection by a local reduction in the level
of oxygen and use oxygen to form free radicals to kill bacteria and viruses.
The neutrophils’ attraction is controlled by the hypoxia-inducible factor pro-
teins. Neutrophils either ingest the infecting agents to kill them inside their cell
membrane, or they may create an external web to entrap them.'*In both cases,
the neutrophils produce oxygen free radicals to complete microbial destruc-
tion. Oxygen is, of course, essential for the extraordinary mobility of neu-
trophils which allows them to invade infected tissues. But how many of our
medical students are taught that oxygen controls infection? Sadly, it is likely to
be very, very few, because their teachers do not know these facts. Faced with
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growing antibiotic resistance and the reluctance of the drug industry to invest
in this area when there are no obvious leads, we are faced with no alternative to
using oxygen in treatment, which simply extends the control of infection and
the envelope of healing. Hyperbaric oxygen treatment would revolutionise the
outcome in sepsis where neutrophil over-activity contributes to tissue damage
in multiple organ failure.”

Sepsis is the generalised inflammatory response of the body to infection
and may lead to the failure not just of tissues, but of whole organs including,
eventually, the brain. It is associated with a cascade of events accompanied by
a reduction of blood flow together with a reduction of oxygen transfer into
1 Despite all the inno-
vations introduced since the introduction of penicillin in WW?2, the mortality

the blood in the lungs because they too sustain damage.

rate of severe sepsis is still about 35%. The most usual cause of sepsis is bac-
terial infection and bacterial toxins cause profound effects on the circulation,
and even on the heart itself. Specific drugs have been developed to address
many components of the cascade, but they have had no effect on survival and
often damage the body’s own immune response, for example by reducing the
number of circulating lymphocytes. The blame has now been firmly placed on
neutrophils as the cause of the tissue damage; this is far from a new concept
and has been intensively researched.'” It is not difficult to see why, when neu-
trophils are able to cause damage to the nervous system of divers, activated
by nothing more sinister than tiny circulating bubbles." So, although neutro-
phils are critical to the control of infection, their actions need to be controlled
in sepsis to prevent failure of organs, especially the lungs. Drugs have failed
in this quest, but overwhelming evidence of benefit from hyperbaric oxygen
treatment has already been provided by its successtul use, from decompres-
sion sickness, to desperately ill patients with anaerobic bacterial infections suf-
fering from multi-organ failure.

Attempts to use 100% oxygen as a treatment at normal atmospheric pres-
sure were actually made before the turn of the last century, although the oxygen
was usually just wafted over the face of the patient—not a great deal different
to oxygen administration today. A distinguished physician and contemporary
of Haldane working in London, Leonard Hill, desctibed it as “futile.”" After
Haldane’s introduction of oxygen apparatus capable of delivering 100% oxy-
gen in the Great War, there was considerable interest in using oxygen treatment
at normal atmospheric pressure. Between the war years this was championed
by eminent physicians in America, the most notable being Drs. William Sta-
die” and Walter Boothby.?' Stadie had hospital rooms constructed to maintain
oxygen levels at about 50% for patients with pneumonia. There would appear
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to be only one paper referring to the use of a hyperbaric chamber for oxygen
treatment in the inter-war years; in the 1930s, Dr. A.O. de Almeida in Brazil
found that high levels of oxygen apparently cured patients suffering from lep-
rosy. The paper was published in a Brasilian journal® but, sadly, it is not avail-
able on the Internet. Also during the 1930s, Dr. Albert Behnke and colleagues
in the US Navy investigated the use of oxygen in decompression sickness and
he advocated the use of hyperbaric treatment in general medicine.” Another
development, actually during WW2 by another great pioneer, Dr. Edgar End,
was the introduction of hyperbaric oxygen treatment for carbon monoxide poi-
soning, after experiments in a chamber located in the basement of the County
Emergency Hospital in the centre of Milwaukee.* Carbon monoxide poison-
ing will be discussed in the final chapter. As outlined in Chapter 8, in 1965 Drs.
Goodman and Workman in the Experimental Diving Unit of the US Navy in
Washington Navy Yard unwittingly laid the foundations for the clinical use of
hyperbaric oxygen treatment with the procedures they developed for treating
gas embolism and decompression sickness.”” The physiological science that
underpins the success of these hyperbaric oxygen treatment tables has slowly
unfolded over the last 40 years, from the constriction of blood vessels, which
limits swelling, to the prevention of neutrophils sticking inside blood vessels
and causing reperfusion injury.

Clearly the importance of the heart is beyond question as cardiac arrest
ends life for us all; an event often devastating for loved ones and it terminates
the involvement of those in clinical medicine. Eatly in the 1920s the impot-
tance of oxygen to the function of the heart was beginning to be recognised,
although coronary artery heart disease was rare. The chest pain known as
angina, induced by exercise, is usually caused by insufficient blood flow in the
arteries of the heart. The link to oxygen deficiency was shown in elegant ex-
periments using an exercise treadmill; patients with a history of angina were
exercised on a treadmill until they developed chest pain. They were then given
a gas to breathe with an increased percentage of oxygen by mask and the
pain was relieved. The level of exercise was then increased and when the pain
returned it was again relieved by giving more oxygen. Today, angina is re-
garded as synonymous with restricted blood flow caused by narrowing of the
coronary arteries, but few now know that angina can occur when blood flow
increases in patients suffering from severe anaemia who exercise. Anaemia
occurs when the number of red blood cells in the circulation falls, reducing
the ability of blood to carry sufficient oxygen.

The heart as a blood pump requires its own blood flow, which is provided
through the left and right coronary arteries, and oxygen is at the top of the
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list of the substances it needs. In the years following the end of WW2, with
the pace of research gaining momentum, there was increasing recognition
of the central importance of oxygen to the heart. This culminated in some
astonishing experiments by a group based in the department of surgery of
the Johns Hopkins Hospital in Baltimore.” They were driven by the need to
preserve organs out of the body for transplantation and, astonishingly, they
used bubbles—bubbles of oxygen. The group, prompted by reports of ex-
periments in which both spinal cords and hearts had been maintained with
gaseous oxygen, built an apparatus to allow small bubbles of humidified gas
to be passed through the coronary arteries of the heart of dogs. It is truly
remarkable that it is, in fact, possible to pass bubbles freely through the coro-
nary arteries, but they succeeded with pressures similar to normal blood pres-
sures. A heart removed from an animal and placed in a bath of salt water will
continue to beat for as long as 10 minutes. However in these experiments,
instead of the heart beat stopping in 10 minutes, it continued to beat for
several hours—indeed, in one case, for eight hours. In the first hours of the
experiments, the contractions of the heart muscle were described as strong,
but then gradually faded. What is particularly remarkable is that it is clear that
bubbling gaseous oxygen through the heart does not transport any nutrients
and so the heart muscle must contain remarkable stores of energy. These
experiments have long since been forgotten, but the author recalls Professor
Sir Roy Calne, a liver transplant surgeon, mentioning in a public lecture at the
University of Dundee, that his team had found that bubbling gaseous oxygen
through a liver awaiting transplantation increased its survival. He said they
did not know why! However, organs including the liver are now being pre-
served by a smaller version of the complex heart-lung machines developed
for cardiac surgery. This is known as extra corporeal membrane oxygenation
(ECMO) and has also been used to revive patients after cardiac arrest.”’

A group in Long Beach, California studied the use of hyperbaric oxygen
treatment in heart attacks over a four-year period. Their paper, the “HOT MI
Pilot Study” (Hyperbaric Oxygen Treatment of Myocardial Infarction) was
publicised by a press release in 1997, after appearing in the American Heart
Journal® 1t is difficult to believe that 15 years have now passed without the
publication of any follow-up studies. As in stroke, the obstruction to flow
in the coronary arteries, whether due to thrombosis or embolism, often in-
volves clot formation and, again, when blood flow is obstructed, then so is
oxygen delivery. The injection of a clot-busting agent (recombinant tissue
plasminogen activator, *TPA) in heart attacks has been shown to improve
survival. Experiments using an animal model had shown the benefit of add-
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ing oxygen treatment to clot busting agents which prompted the trial in
patients. The researchers found that an enzyme marker of muscle damage
was reduced 35% by the use of hyperbaric oxygenation. Also, the time to
the resolution of pain, and the resolution of the electrical changes recorded
on ECG, was significantly reduced when compared to the control group.
There were no side effects and, in contrast to ECMO, hyperbaric oxygenation
is simple, safe and non-invasive.

Few today will be aware of an astonishing paper entitled “Coronary Heart
Disease” by Dr. Claude Beck, a surgeon who worked in Cleveland, Ohio. It
was published in the Awerican Journal of Surgery in 1958,” and predated the in-
troduction of closed chest massage for patients in cardiac arrest. From direct
observations of the heart in many animal experiments, he states the obvious;
a uniformly pink heart is electrically stable. But rather less obvious is that a
uniformly blue, or cyanosed heart is also electrically stable, and he gives the
reason; the heart muscle will not have been injured by a modest lowering of
the oxygen level. However, he found that the typical changes in the electro-
cardiogram from a heart attack, the “ST” segment of the record become
elevated or depressed, were produced by obstructing blood flow to a small
area of muscle, producing juxtaposition of pink and blue areas. Beck found
that these areas of pink and blue muscle were associated with the disturbance
of heart rhythm known as ventricular fibrillation. The muscles quiver, the
heart fails to pump blood, and death soon ensues. However, this can usually
be reversed by defibrillation, and automatic defibrillators are now being cited
in many public places. Readers of a robust disposition should read Beck’s
remarkable accounts of open chest massage and defibrillation in conscions pa-
tients. One patient, who was talking to the surgeon, who had his hand in
her chest massaging her heart through her open chest, was told that she was
to be subjected to an electric shock; she objected, saying that it implied she
was suffering from a psychiatric disordet! However, the observation that the
development of small areas of blue heart muscle is responsible for electrical
instability means that giving more oxygen, to render such blue areas pink, will
undoubtedly reduce the threat of fibrillation.

Researchers at Case Western Reserve University, the University Hospi-
tals of Cleveland, and Texas Tech University Health Science Center in Dallas
have investigated the use of hyperbaric oxygenation to improve the results
from stents inserted to relieve obstructions, which may close the coronary
arteries.”” Most stents are not placed by surgeons or cardiologists, but by an
emerging specialist group of radiologists, because they are experts at inter-
preting the images needed to guide the placement of the catheter. Stents are
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expandable metal cages encircling a balloon which are inserted into a coro-
nary artery using a catheter, usually passed up the femoral artery. Once in
place, the balloon is inflated expanding the metal cage which is left in place
when the catheter is withdrawn. It is truly astonishing that so few immediate
complications occur using this technology, because the inflation of the cath-
eter balloon actually blocks flow along the coronary artery. Unfortunately,
scarring is a late complication resulting from damage to the lining of the
coronary artery during the insertion of the catheter, and often causes the at-
tery to close again. If this occurs, it is usually in about eight months after the
insertion of the stent. The investigators reasoned that if hyperbaric oxygen
treatment could heal the “miniature wound,” it would stop the artery from
closing again. The study used just three sessions of hyperbaric oxygen treat-
ment in a monoplace chamber compressed with pure oxygen to just 2 ATA.
A total of 24 patients received oxygen treatment and 37 patients, who were
not treated, served as controls. The results fully justified the reasoning used
and the effort expended. The reduction of the risk of death from causes
related to the heart in the hyperbatic oxygen treated group was highly signifi-
cant with just one patient dying in the treated group in contrast to 13 in the
control group. Restenosis, that is, the closure of the stented coronary artery,
was also less, as was the recurrence of angina pain, all from just three hours
in which the patients simply reclined in a simple clear plastic cylinder breath-
ing oxygen. There were no side effects, and the reason for the benefit from
breathing oxygen? It is due to a reduction in neutrophils sticking to the lining
of the damaged artery, and so we again return to the experiments that fol-
lowed Jessica falling down the well in Texas. There is, of course, a significant
risk associated with the blockage of a coronary artery and it argues for the
routine use of hyperbaric oxygenation during the placement of stents. Pa-
tients are physically safe in a chamber and protected against the abnormalities
of heart rhythm breathing a high concentration of oxygen, which has been
dramatically demonstrated in newborn babies.

Beginning in the 1950s, many large, pressurised operating theatres were
installed in cities in Europe and the US. The first, in Amsterdam,” was fol-
lowed by one in Glasgow, and others in Durham, North Carolina, Boston,
Chicago, New Jersey, Seattle, Sydney Australia, Marseille, and Graz in Austtia.
Many others were built in the Soviet Union, China, and Japan—in the latter
a large, mobile operating theatre was even developed for trauma surgery. The
clinical experience gained in these facilities amply confirmed the value of
hyperbaric oxygenation in a wide variety of conditions, from using oxygen
delivered with, when compared to diving, a very modest increase in pressure.
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Perhaps the most dramatic experience came from the use of hyperbaric con-
ditions to allow the heart to be arrested to undertake surgery without causing
damage to the brain. In Amsterdam and Boston, this included operations on
children with congenital heart defects.

Operating on heart defects in children is an enormous challenge to
surgeons, not least because of the delicacy required, but also because small
changes that would be shrugged off by an adult often prove fatal to very
small infants. In the UK, the requirement for surgeons to publish the results
of such surgery has just been introduced, otherwise they will be named and
shamed. A 1965 paper published by the group in Boston™ dramatically illus-
trates the envelope of safety given by the additional oxygen possible by using a
chamber. The report details results in 107 babies with severe cardiac abnor-
malities operated on in the chamber in the Children’s Hospital Medical Center
at Harvard Medical School. Over the period from 1957 to 1962, before the
hyperbaric operating theatre was installed, of 130 operations conducted, 26
deaths occurred actually during the surgery, which is obviously an extremely
distressing event for all concerned. From 1963 to 1965, a total of 70 opera-
tions were undertaken in the chamber, with short periods at a pressure of 4
ATA. Deaths during the surgery were completely abolished. Overall, in the
petiod from 1957 to 1962, before the chamber came into use, there was a to-
tal of 60 deaths which followed 130 operations, whereas, of the 72 children in
the group who had hyperbaric oxygenation in the chamber, only 12 died. The
impressive results from Boston were noticed and the lead surgeon, Dr. Wil-
liam Bernhard, was invited to submit an article on hyperbaric oxygenation by
the New England Journal of Medicine. 1t was published in a section appropti-
ately headed “Medical Intelligence; Current Concepts.” Bernhard highlighted
his very positive expetience in patients with carbon monoxide poisoning and
gas gangrene, in addition to cardiac surgery, stating that; “logic dictates that
many pathologic processes characterised by diffuse hypoxia should be ben-
efited by hyperbaric oxygenation.”

We now know why abolishing lack of oxygen has many profound effects,
not least preventing death, but it is interesting to note the reaction of one
cardiac surgeon when the Boston results were presented at the American As-
sociation for Thoracic Surgery held in New Otleans in 1965. A surgeon from
Chicago, Dr. Thomas G. Baffes, said that they were also “very enthusiastic
about hyperbaric oxygenation.” However, he then surprisingly stated; “about
a year ago we decided to stop.” The reason given was that they went back to
the laboratory and tried to reduce it to controlled animal experiments. This
approach was, unfortunately, also adopted by the group under Sir Charles
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HMlingworth in Glasgow who, after having had positive clinical experience,
studied animal models of both heart attacks and strokes. Inevitably, healthy
young animals were used and techniques which certainly do not reproduce
the disease processes in man. The surgeon from Chicago revealingly stated,;
“Nevertheless, the medical implications of hyperbatic oxygenation are such
that it is difficult to abandon it.” Nevertheless, they 4id abandon it. Dr. Ivan
Brown, from the Duke University facility in Durham North Carolina, com-
mented that their results were not as impressive and he gave the reason: “We
have used hyperbaric surgery only for those infants that we feel would not
survive under normal atmospheric pressure.” It is painfully obvious that less
severely affected infants would clearly benefit. In the UK, a study of heart
attack patients in St. Thomas’ Hospital* showed, not sutptisingly, the same
benefit in patients in low cardiac output failure that had been so dramatically
shown in the patient treated in the chamber in the back of an ambulance by
Drs. Yacoub and Zeitlin in 1964.%

Although coronary artery stenting has reduced the need for coronary by-
pass surgery, bypass surgery is still necessary for some patients. The procedure
requires the chest to be opened and the heart must be stopped to allow the
vein used as the graft to be stitched across the blocked coronary attery. It
is now common for several grafts to be used, often in one operation. The
pumping action of the heart and the oxygenation of blood undertaken by the
lungs ate taken over by a heart-lung machine. Development of these machines
began in the 1960s and signalled the end of the use of the large hyperbaric
operating theatres for heart surgery. Unfortunately, abandoning hyperbaric
treatment was ill advised because, by 1963, it was recognised that open heart
surgery was associated with brain damage from embolism.”* Eventually the
same ultrasonic technology used to detect bubbles in divers also demonstrated
them in patients during cardiac surgery when they were on the heart-lung ma-
chine.®® CT scanning of children after heart surgery showed enlargement of
the liquid-filled cavities in the brain hemispheres.” It is most likely that this
was due to damage to the myelin sheaths which form the bulk of the white
matter. However, repeat scans showed that the changes reversed over a petiod
of months which is clear evidence of myelin regeneration in children.

There could not be more compelling proof of the importance of the
lungs in filtering the blood, or of the general failure to understand that small
emboli may cause brain damage, than the experience which followed the in-
troduction of heart-lung machines. The emboli found have included silicone
antifoam agents, p.v.c. from the tubing used in the pump,” fat, bone marrow,
and, inevitably, bubbles. This problem had very personal implications for the
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author after finding that his eldest son, Adrian, at just four months old, had a
hole in the septum in the heart that divides the atria. Fortunately, it was pos-
sible to postpone the heart surgery that was needed until he was 13 years old.
The Scottish centre for cardiac surgery was Glasgow Royal Infirmary but, al-
though the chamber installed by Sir Charles Illingworth in the nearby Western
Infirmary was still in place, it was no longer in use. The late Dr. Richard Neu-
bauer kindly introduced me to a wonderful surgeon, Dr. Salem Habal, who
then operated in Northridge Hospital in Fort Lauderdale, Florida, which had
a hyperbaric chamber. At a meeting in his office I explained the research on
micro-embolism and the blood-brain barrier undertaken with Professor Brian
Hills in the University Health Science Center in Houston," and that I could
not allow open heart surgery to be undertaken on my son without a hyperbaric
chamber available. He reassured me that he always used double filtration on
bypass and, to my surprise, printed out his operating results over the previous
three years. The operation was performed on a Tuesday morning in July 1986
by Dr. Habal, with Dr. Rocky Prakash responsible for the anaesthesia. The cate
from all the staff in Northridge Hospital was superb and we will never be able
to repay the kindness of Dr. Habal and Dr. Prakash. Adrian was discharged on
Saturday morning. After some hyperbatic oxygen treatment to ensure optimum
wound healing, the family was soon on holiday in the Florida Keys. He has not
looked back.

With the availability of MRI, it was inevitable that it would be used to
study the effects on the brain of patients undergoing heart surgery on bypass
and, in 1993, a remarkable report appeared in the Lancer.* Patients requiting
coronary artery bypass surgery were scanned in an MR imager before the op-
eration, and then, astonishingly, rescanned within 20 minutes of the operation
being completed. Damage was found in central areas of the brain. They were
rescanned at three months and it was found that the damage had persisted in
some of the patients. The study was soon discontinued. Given the extensive
literature on embolism, especially from bubbles, in heart surgery, the use of
hyperbaric oxygen treatment should be routine.

Faced with the hostility ditected at hyperbaric oxygen treatment from
the medical establishment in the 1960s and 70s, many of the doctors in-
volved withdrew to conventional careers rather than confront those in
powertul, well-organised, high-earning medical specialities like neurology,
neurosurgery, and cardiac surgery. Not surprisingly, most of the hyper-
baric community, especially in the US, has retreated to the security of run-
ning wound care programmes incorporating oxygen treatment—taking the
crumbs from the rich man’s table. However, some, like Dr. Paul Cianci, who
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retired as a Surgeon Captain in the US Navy, continued the development
of the treatment and has undertaken a superb review of its cost effective-
ness.” He has recently published a comprehensive review, with colleagues,
of the human and animal evidence supporting the use of hyperbaric oxygen
treatment in burns patients.* The results can be spectacular, as the images
reproduced below show, which are from his hyperbaric unit in San Pablo,
across the bay from San Francisco. The patient was Christmas shopping in
a mall, and had just handed her young son to Santa to get a present, when
a light aircraft crashed on to the roof. A fireball of flaming petroleum and
tar cascaded down from the ceiling onto her.

The swelling of her face is all too obvious, but what is #of obvious is that
her air passages will also have been swollen from the inhalation of hot gases
and particulate products of combustion. She would also have inhaled carbon
monoxide and other toxic gases which would have caused her lung mem-
branes and brain to swell. She regained consciousness with the hyperbaric
oxygen treatment, and it clearly reduced the swelling of her facial tissues.
After two hyperbaric sessions she was able to open her eyes and to breathe
with her mouth closed. Surgery was not needed.

Figure 21.7:
Patient 12 hours post-injury (left) and 24 hours after two hyperbaric treatments (right).
(Courtesy of Dr. Paul Cianci.)

Figure 21.8:
Patient 72 hours after six hyperbaric treatments (left) and the final result (right).
(Courtesy of Dr. Paul Cianci.)
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Figure 21.9:
Lightweight chamber in the Vienna General Hospital.

It is fair to ask what would have happened without hyperbaric treatment;
she may have recovered without needing surgery, but it would certainly not
have taken place over just a few days. Also, studies of psychiatric residua after
burns, smoke inhalation, and carbon monoxide poisoning indicate that she
may not have been quite the same person. Without oxygen treatment, the tis-
sue damage to her face may have worsened and the burn may have progressed
from a second to a third degree, with the skin falling away. It is likely that she
would then have faced extended plastic surgery, as did the British soldier,
Simon West, who suffered severe burns of his head in the Argentine attack
on the transport ship, the Sir Galabad, in the Falklands War. After the terrorist
attack in London on July 7, 2007, the image of one of the victims emerg-
ing from the underground with her face covered were beamed around the
world.” Her treatment involved wearing a facial mask to control the swelling
for 18 months. This clearly indicates that those involved in directing her care
understand the importance of controlling the swelling of the facial tissues to
prevent scarring. There are other developments in Europe; an extraordinary
hyperbaric unit has been installed in the burns unit on the sixth floor of the
general hospital in the centre of Vienna by Professor Harald Andel. It was
necessaty to use this novel method of lightweight chamber construction to
be able to accommodate it in the hospital lift!

But what about the use of hyperbaric oxygen treatment of more mun-
dane conditions—yet again this illustrates the extraordinary powers of the
body to recover when it is given the right conditions and, critically, lack of
oxygen in tissues is relieved promptly by using sufficient oxygen. There were
many case reports published in the UK from the 1950s to the 70s, for ex-
ample, about the treatment of bone infections and the salvage of skin grafts.
An editorial in the British Medical Jonrnal in 1978% referred to “established
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indications,” listing burns, carbon monoxide poisoning, decompression sick-
ness, air embolism, and gas gangrene. It also included sickle cell crises, salvage
of skin flaps, ulcers, and pressure sores, and referred to the results in heart
attacks, head injury, and cognitive function in the eldetly as encouraging. By
this time many hyperbaric facilities were operating in the US, but in the late
1980s they faced a major problem with the crisis in health care funding. The
insurers, Blue Cross and Blue Shield, came very close to denying payment for
every indication, including diving disorders. As the cost of an hour of treat-
ment was typically about $400, of which the oxygen cost was, at most, $20,
it is not difficult to see why hyperbaric practitioners, already a marginalized
group in medicine, were vulnerable. The quantity of oxygen used breathing
100% at 2 ATA for an hour is the same as breathing 100% at 1 ATA for two
hours. The field was only saved by the efforts of the late Dr. Richard Neubau-
er, who enlisted the help of one of his famous patients, the physicist, the late
Dr. Edward Teller. Dr. Tellet’s conviction came from his personal experience
of hyperbaric oxygen treatment for the effects of disease affecting the small
arteries of the brain. As detailed earlier in Chapter 4, he was, however, even
more convinced by the benefits he saw in his wife, Mici, after a Vickers hyper-
baric bed had been installed in their home. Suffering from advanced chronic
obstructive pulmonary disease (COPD) she had been given just months to
live but, with daily hyperbaric treatment, she survived, enjoying life, for an-
other five years.”” Dr. Teller, who had devised the Star Wars project for the
administration of Ronald Reagan, still had powerful connections on Capitol
Hill and so, with his help, hyperbaric medicine survived. The author had the
privilege of discussing hyperbaric oxygen treatment with Dr. Teller on several
occasions, and his grasp of both the physics and medicine involved was for-
midable.

Dr. James Clark, then president of the Undersea and Hyperbaric Med-
ical Society, and Dr. Leon Greenbaum, the executive director at the time,
wrote on January 13, 1994 to thank Dr. Neubauer for his timely interven-
tion in saving the field of hyperbaric oxygen treatment. The end result of
this bruising experience for most clinical hyperbaric facilities in the US was
a return to the treatment of patients with problem wounds, usually the
result of self-referral after an Internet search. This means, almost inevi-
tably, that the treatment is used as a last resort, when “standard” manage-
ment has failed. The treatment of such patients is very profitable; problem
wounds are becoming quite common with the increase in life expectancy
in the developed world, and they often requite long courses of hyperbar-
ic treatment. The insurers of a disabled patient with a pressure sore were
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billed for $3,588 for a single 90 minute treatment in a Miami Hospital. Al-
though this figure would be subject to the usual negotiations with the pro-
vidert, given a typical base cost in a hospital setting of about $50,* the use of
an eight person chamber, with each patient being billed for the full amount,
is very lucrative. Insurers may be prepared to pay, simply because there is no
other treatment. This relegates the administration of the appropriate dose
of oxygen, which is correctly regarded as an emergency gas, to a last resort
medicine.

In 1999, the German federal committee of social insurance companies
and their contracted physicians met at the request of the government because
the bloated health care system was facing serious financial difficulties. Hyper-
baric medicine came under vigorous scrutiny and the committee, which did
not include a single physician with experience of the discipline, opted to deny
all reimbursement, including use for diving disorders.* It is noteworthy that
this was not directed at hospital-based facilities, but at private free-standing
clinics. After a storm of protest, which included the sport diving fraternity,
decompression sickness and air embolism were reinstated. Unfortunately,
most centres were forced to close. In the UK, a list of conditions had ac-
cumulated in the NHS Specialist Services Definition Set No. 28. A range of
conditions for which it was stated that “HBOT is widely accepted as standard
care” was included until it was withdrawn in 2007. A commissioned review by
a group led by a public health doctor, also with no experience of hyperbaric
medicine, was finally published in April 2013, and now recommends only
three conditions: Decompression illness, air embolism, and carbon monoxide
poisoning. The anaerobic infections, including gas gangrene and necrotising
fasciitis, previously included, do not appear to have been considered. Despite
oxygen levels being easily measured in problem wounds, all the studies, in-
cluding many controlled trials, were dismissed. It is even stated that there is
no “theoretical basis” for giving oxygen to correct the lack of oxygen in tissue
damage!

In the 1980s, Dt. Brandon Tamayo, then a medical student, conducted a
survey to assess knowledge of this treatment in medical staff of a Scottish
teaching hospital. His questionnaire asked if hyperbaric oxygen treatment
should be used for the four conditions. The possible answers were yes, no,
or not sure. Of a total of 179 questionnaires given out, 127 were returned,
which, at 71%, is a robust sample. There were returns from 66 consultants
and associate specialists, and 61 from junior medical staff. Not all the ques-
tions were answered, which accounts for the small discrepancies in the totals
reproduced in Table 21.1.

402 ~ Oxygen and the Brain: The Journey of Our Lifetime

Table 21.1
Indications For Hyperbaric Oxygen Treatment
Yes No Not Sure % Yes Total

Air embolism 57 27 39 46 126
Decompression

sickness 112 6 8 89 123
Carbon monoxide

poisoning 100 8 11 87 119
Gas gangrene 99 9 11 78 119

It was notable that the head of microbiology was against the use of hy-
perbaric oxygen treatment for gas gangrene, despite the fact that the organ-
isms of the Clostridial species responsible for the infection will not grow in
the presence of oxygen—they are anaerobic—and the toxins they produce
are also destroyed by oxygen.

The 1978 editorial in the British Medical Journal noted that there were 43
single-person pressure chambers in the hospitals of the NHS in the UK.*
Regional centres had been established and five large walk-in multiplace cham-
bers were in use. It was stated that hyperbaric oxygen treatment has a “firmly
established place” in clinical practice. Sadly, this is no longer correct, at least
for Great Britain; only two NHS hospitals now have chambers. In contrast,
Japan has over 800 in use, with 33 of their medical schools having hyperbaric
facilities, and a Scottish company exports chambers to the country. They are
baffled by the failure to develop hyperbaric services. Russia was a leader in the
70s and 80s, with over 1,000 chambers, and hosted one of the International
Congtesses in Moscow in 1981. But the collapse of the Soviet system had
disastrous effects on their health care system. Japan has a well-established
hyperbaric provision, with engineers and physicians jointly involved. For ex-
ample, Kyusho Island in southern Japan has 168 single person chambers and

Fig. 21.10:

Hyperbaric complex in
Beijing China. (Courtesy
of Dr.Gao Chunjin.)
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Figure 21.11:
Delivery of the Mayo Clinic chamber.

17 multiplace chambers in use.” China also has a well-established network of
facilities in every city and over 3,500 chambers in use. The investment in the
technology evident from this chamber complex in Beijing, which takes 42
patients, is truly remarkable.

It is difficult to gain a figure for the number of hyperbaric facilities in the
US, though it is certain to be several thousand, with by far the largest number
being in free-standing clinics. In all these countries, some historical indications
for hyperbaric oxygen treatment are well established and, most importantly,
government bodies, or insurers, will cover the cost. However, this does not
mean that oxygen treatment is in widespread use; it still cannot be regarded as
mainstream, nor do the majority of patients with carbon monoxide poisoning
receive hyperbaric oxygen treatment—most are treated in intensive care units.
The most common use of hyperbaric oxygenation is certainly the highly-prof-
itable treatment of patients with problem wounds.

But things are changing in the US because prestigious organisations are
becoming involved; the Mayo Clinic in Rochester, Minnesota recently in-
stalled an enormous chamber for wound care patients. It was built in Austra-
lia and cost over $1 million.

In contrast to the UK, many new wound healing clinics are opening in
America and, given the increase in obesity and diabetes, risk factors for non-
healing wounds, many more will undoubtedly be needed. In the 1980s, in
absence of any other agency, the US government and insurance companies
looked to the UHMS for advice on hyperbaric oxygen treatment. However,
the list of recommended indications steadily contracted for many years; only
in the last decade have some new conditions been added. Perhaps the most
surprising, given the fashionable insistence on an evidence-based approach,
has been the inclusion of cerebral abscess, curiously without any supporting
evidence from randomised controlled trials.

The first English textbook on hyperbaric oxygen treatment was published
by the Undersea Medical Society in 1977, edited by the late Colonel Jeffer-
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son Davis and Professor Thomas K. Hunt.*? At the time, Dr. Davis worked
at Brooks Air Force base in San Antonio, Texas, and he established clini-
cal hyperbaric oxygen treatment in the USAF. Thomas Hunt is Professor of
Surgery at the University of California Medical Center in San Francisco. The
author first met Dr. Davis at a meeting in Washington in December 1975, and
was invited to dinner with him by Captain “Chuck” Shilling, then CEO of the
Undersea Medical Society. The 1977 text covers the subject comprehensively
and it is difficult not to feel that, despite the extensive science since added,
the field has gone backwards. One case report in the book from the Brooks
Air Force facility deserves special mention. The patient featured had suffered
from leg ulceration on the inside of the right ankle for 40 years.

Figure 21.12:
Forty-year duration leg ulcer before and after 25 oxygen treatments.
(Courtesy of the late Col. J.C. Davis M.C.)

It can be seen in the first picture that the margin of the ulcer is white,
because it has become sclerotic, in other words, over many years, scar tissue
has formed and, like the scars of multiple sclerosis in the brain, it cannot be
removed by oxygen treatment. The skin had also suffered, becoming grossly
thickened. With just 25 sessions of hyperbaric oxygen treatment, the size
of the ulcer reduced, new capillaries grew in the bed of the ulcer, and the
infection was controlled. However, the ulcer margin still had the boundary
of scar tissue. This allows an important principle to be stated, using oxygen

Figure 21.13: i
The skin graft and the final result two years post-treatment.
(Courtesy of the late Col. J.C. Davis M.C.)
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treatment does #0f mean that other measutres are not needed. In this case, the
improvement allowed a surgeon to use a skin graft and the final picture shows
that the site remained healed after two years. The undetlying problem was the
presence of varicose veins and they required additional surgery.

Mention must be made of the impressive contribution of Thomas Hunt
to the investigation of the role of oxygen in wound healing. Professor Hunt
has devoted his life to scientific studies of oxygen measurement in dam-
aged tissue and has influenced many others.”® Although awate of the need
for increased pressure to improve the delivery of oxygen to wounds, he has
steadfastly refused to be involved in the use of hyperbaric oxygen treatment.
Indeed, Dr. Albert Behnke, who tetited from the US Navy as an Admiral
after a distinguished career in diving medicine, offered Dr. Hunt one of the
chambers used for tunnel workers on the Bay Area Rapid Transit Scheme, but
without success.

One of the European pioneers of this treatment, Dr. Per-Oluf Barr,
studied the long-term use of oxygen treatment to save limbs in patients fac-
ing amputation.” Most of the patients were eldetly and one almost certainly
holds the record for consecutive daily hyperbaric oxygen treatments at 1,241

e
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Figure 21.14:

Result of 871 oxygen sessions in a
patient aged 72 with severe tissue
damage from diabetes and atheroma.
(Courtesy of Dr. Per-Oluf Barr,
Stockholm.)
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sessions! The sequence in Figure 21.14 relates to a 72-year-old patient with di-
abetes and arterial disease who received 871 sessions. Again, the result, with-
out any intervention other than oxygen treatment, illustrates the astonishing
power of the body to recover when given the right conditions.

However one, a 42-year-old man with complications from insulin-depen-
dant diabetes, needs special mention. He was facing amputation of his right
leg and it was almost certain that this would have been followed soon after
by amputation of his left leg. His treatment was begun on the 12th of July
(picture 1, Figure 21.15), and by the 15th of November he had completed 102
one-hout sessions at 2 ATA from Monday to Friday each week.

A major factor encouraging the continuation of treatment in this patient
was the use of technology to actually #easure the oxygen levels in his skin. The
skin is normally not permeable to oxygen, but the device used heats the skin
allowing oxygen to diffuse through to a sensor, which can measure the oxygen
concentration. It is called transcutaneous oximetry.

At first glance the foot appears to be getting worse but, in fact, the most
severely affected areas have blackened simply because the skin has died. The
measurements, however, show that the oxygen levels in the wzable skin im-
proved. The treatment was continued with further improvement of the oxy-
gen levels. Dr. Barr continued treatment on the same schedule completing the

Figure 21.15:
42-year-old diabetic
patient before and
after 102 hours of
treatment.
(Courtesy of Dr.
Per-Oluf Barr.)

Figure 21.16:
Appearance of the
foot after 128 hours
of treatment.
(Courtesy of Dr.
Per-Oluf Barr.)
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Figure 21.17:
Appearance of the
foot on completion
of treatment and the
final result.
(Courtesy of Dr.
Per-Oluf Barr.)

course at 143 sessions (picture 5, Figure 21.7) with further improvement of
the oxygen levels in the skin. By this time, the dead tissue simply fell away to
reveal the area underneath which had healed.

The last photograph (6) was taken at a follow-up outpatient appointment
more than a year after the beginning of treatment, when amputation had
seemed inevitable. The skin oxygen levels were found to be within the normal
range and so the tissues were healthy. It is obvious that without treatment,
the patient’s left leg would soon have required amputation but, of course, it
also benefited from the oxygen treatment! Dr. Barr maintained contact with
this patient for many years; he confirmed in 2002 that the patient remained
well and with both his legs in place. The experience of just this one patient is
compelling and illustrates the absurdity of the demands made for controlled
trials of hyperbaric oxygen treatment. Evidence is being debased by dismiss-
ing patient reports of hyperbaric oxygen treatment as “anecdotal.” The oxy-
gen levels in this patient were measured before treatment and showed that
the skin of the foot was actually dying. Repeated measurements documented
the improvement with treatment, although some of the skin and underlying
bone and soft tissue could not be salvaged. There ate other reports; in 1992,
a group in Italy published their 10-year experience of successfully treating
patients with diabetic foot ulcers.>

The lack of oxygen in diabetic wounds is due to the wall of the capillaries
becoming thickened, because glucose combines with the structural proteins.
This forms a barrier to the transport of oxygen and it is particularly impot-
tant in the retina and diabetic retinopathy is a leading cause of blindness in
the Western world. There is support to the retina from very high levels of
blood flow provided from the “choroidal” circulation directly behind it. This
provides a minimal level of oxygen to allow the formation of new blood ves-
sels in the “diabetic” retina with, of course, involves the hypoxia-inducible
factor proteins. As with the retinal problems that result from withdrawing ox-
ygen too quickly in the newborn, the overgrowth of new blood vessels in the
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retina compresses the light receptors, eventually causing blindness. It is no
surprise that a superb Russian study has shown that diabetic retinopathy can
readily be treated with sessions of hyperbaric oxygenation and there is the
added benefit that the treatment reduces the blood glucose level.*® A study of
diabetic patients undergoing hyperbaric oxygen treatment for chronic leg ul-
ceration has shown that the number of circulating stem cells doubles after the

sessions.’”?

Hyperbatic oxygen treatment mobilizes bone marrow stem cells
by stimulating the release of nitric oxide synthase, which remains elevated in
blood for at least 20 hours post-treatment.

Amputation for severe leg ulcers is a convenient solution, at least for
the surgeon, because it removes the problem, but it is not for patients. They
often suffer psychological trauma and many, like the authot’s father, experience
phantom pains for the rest of their lives. In reality, patient life expectancy may
be significantly reduced after amputation and, overall, with prostheses and re-
habilitation, it is a very expensive procedure. A report in 2010 in the Journal of
Bone and Joint Surgery” indicated that the lifetime costs for dealing with patients
after amputation, were three times higher than for those patients whose limb
was salvaged. A US investigation of outcomes after amputation in military
personnel, which cost $14 million, has highlighted the dreadful post-traumatic
stress disorder that often follows the loss of a limb.”” Adopting hyperbaric
treatment, may avoid amputation in many such patients, improving their qual-
ity of life, with a dramatic reduction in the associated health care costs.

Figure 21.18:
The top photos were taken before hyperbaric treatment of frostbite damage; the bottom
photos were taken after 43 sessions of hyperbaric oxygen treatment.
(Courtesy of Paul Feasby.)

Chapter 21: Healing More than the Brain ~ 409



A patient suffered severe frostbite after cleaning car windows on an ex-
tremely cold morning without gloves and a surgeon was consulted about the
amputation of the ends of his fingers. He had a course of hyperbaric treat-
ment in the author’s unit which spared him this disabling surgery.

In 1987, the author attended a meeting in Oxford where a remarkable
presentation was made by an Indian professor of surgery from Bombay who
had treated a Himalayan climber with even more severe frostbite affecting the
fingers and thumbs of both hands. He used hyperbaric treatment to salvage
the bony infrastructure of the digits and, when the black skin sloughed away,
he reconstructed them using skin grafts. The results could not be described
as appealing, but the grateful patient regained fully-functional hands. Unfor-
tunately, the author is unable to remember the name of the surgeon to credit
him for this pioneering work. Disability after hand amputation can often be
devastating, especially when it is necessary to amputate both hands, for exam-
ple, when patients suffer the blood-borne infection known as meningococcal
septicaemia.’’ This infection sometimes affects children even as young as six
months which, inevitably, attracts media interest.*> Sadly, attempts to intet-
est the National Referral Centre at St. Mary’s Hospital in London to install
a hyperbaric oxygen chamber have been unsuccessful, despite funding being
available (personal communication, Mr. Duncan Black PhD, FRCS).

The frustration felt by those of us who have seen the benefits from this
remarkable, scientific, and safe intervention often spills over. The journal
of the Undersea and Hyperbaric Medicine Society is currently republishing
the evidence for each of the indications they support. Unfortunately, most
members of this society subscribe to the view that the value of using oxygen
to treat lack of oxygen must be questioned for every tissue of the body and
subject to controlled trials. A paper by Dr. Michael Strauss, an orthopae-
dic surgeon now in charge of the hyperbaric facility founded in the 1970s
at Long Beach Memorial Hospital by Dr. George Hart—another pioneer in
this field— discusses why hyperbaric oxygen treatment may be of value in
crush injury and in the muscle problems in the lower limb known as com-
partment syndrome.” Dr. Strauss wrote, after publishing about hyperbaric
oxygen treatment for over 30 years, “I am frustrated that my orthopaedic
colleagues have not embraced this modality.”” He wrote that when he con-
fronted his colleagues, . . . they appeat to accept disconcerting complica-
tion rates as acceptable for their trauma patients. They always end their cave-
ats (about hyperbaric oxygen treatment) with comments like ‘who needs it’;
‘there is no evidence to support its use’; ‘no randomized control studies are
available’; ‘our patients are too sick to be moved to a chamber’; and ‘even if
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we wanted to use hyperbatic oxygen treatment, chambers are not available’.
No one ever states the obvious in this debate; allowing a patient to recover
on their own, sitting in a chamber receiving just a few hundred grams more
oxygen a day, is bad for business.

One orthopaedic condition, destruction of the head of the femur, in
which improvement from hyperbaric oxygen treatment has been followed
by MRI, was not mentioned by Dr. Strauss. Over the last few decades, there
have been several published case reports and series of patients treated with
femoral head damage monitored by MRI. They have usually been of patients
who have opted for hyperbaric oxygen treatment rather than face surgery.*
In 2010, a controlled study of hyperbaric oxygen treatment of patients with
this hip problem was published by investigators in Italy and the US.® Thirty
sessions wete given, with 10 patients breathing oxygen at 2.5 ATA, and nine
control patients given compressed air for an hour. Both groups were, there-
fore, treated in the chamber and, after completing 30 sessions, significant im-
provement was recorded in the oxygen group, but not the compressed air
group. At six weeks, the control group was given oxygen treatment and, for
the remainder of the first year, treatment was continued as indicated for re-
sidual pain. The MRI images of one of the patients show that the head of the
femur repaired. The patient was re-imaged at seven years and it can be seen
that the bone remained healed.

Figure 21.19:
MRI head of a femur before treatment,12 months after hyperbaric oxygen treatment, and
at seven years after treatment. (Courtesy of Prof G. Vezzani et al.)

Higher oxygen concentrations and longer treatment times are needed
when treating deep tissues like bone, which usually have a poor blood supply.
Figure 21.20, with mean and standard deviations indicated, shows the time to
equilibration from measurements using electrodes in normal muscle tissue. The
readings were taken from eight volunteers in expetiments in a laboratory at
Long Beach Memorial Hospital in California.®

The first increase in the oxygen level in the muscle, starting at one hour,
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Figure 21.20:
Graph of the effect of oxygen deficiency of tissue recovery with normal healing, recovery
with oxygen treatment - 1 and 2 and treatment failure - 3.
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was produced by the subject breathing 100% oxygen for 30 minutes at not-
mal barometric pressure (1 ATA) with the second, and much larger increase,
produced by breathing 100% oxygen at 3 ATA. This clearly shows that for
muscle, the time to equilibration is about one hour and, as it is likely that the
peak concentration is critical, also shows why treating patients with soft tis-
sue injuries need houtly sessions. In those with damaged bone and soft tissue,
equilibration may need longer, however, the time to equilibration for the tis-
sues of the nervous system will be very much shorter. For example, the retina
will reach peak values in less than a minute and so with oxygen is acting by
regulating gene expression via the HIF proteins it may be possible for treat-
ment times in brain injury to be shortened.

Not surprisingly, many other conditions have been successfully treated
with hyperbaric oxygenation when all other interventions have failed. In-
fections with flesh-eating bacteria, with Streptococcus A, and with MRSA
(methicillin-resistant Staphylococcus auteus), often achieve banner headlines
in national newspapers but, in the UK, the fact that they can be successtully
treated with oxygen is never mentioned. In the US it is a reimbursable indi-
cation by insurers. Increased pressure and oxygen can remove gas obstruct-
ing the bowel post surgery and restore bowel function;® aspergillosis® of the
lungs has been successfully treated, avoiding removal of a lung.

No discussion of oxygen is complete without mentioning the impot-
tance of lack of oxygen, hypoxia, in the causation of cancer. It is clear that
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the uncontrolled division of cells that constitutes cancer may be initiated by
a vast number of agents from infections, or mechanical factors, such as the
irritation of the membrane of the lungs by a single fibre of blue asbestos.
What is little known is that cells intermittently lacking oxygen in culture be-
come cancerous.” There has to be a common factor and logic dictates that it
is inflammation.

The cancer story begins with a controversial Nobel laureate work-
ing in the Kaiser Wilhelm Institute in Betlin and funded by the Rockefeller
Foundation, Otto Heintich Warburg (1883-1970). Warburg was nominated
for the Nobel Prize for three independent discoveries but, despite assisting
in the treatment of Adolf Hitler when he developed a precancerous nod-
ule on his vocal chords in 1935, Hitler blocked Warburg’s last nomination
in 1944 (although he protected him from the attentions of the Gestapo).
This association certainly did not help the acceptance of Warburg’s research.
He had received the Nobel Prize in 1931 for his work on how oxygen is
used by cells to produce energy in the production of the molecule central
to our lives—adenosine triphosphate (ATP). He found that this very effi-
cient mechanism is damaged in cancer cells, which revert to glycolysis, the
breaking down of glucose without using oxygen, which in turn produces lac-
tic acid and is known as fermentation. He was so convinced that he wrote
in 1956:™

The era in which the fermentation of the cancer cells or its importance conld
be disputed is over, and no one today can doubt that we understand the origin
of cancer cells if we know how the damaged respiration and the excessive
[fermentation (about 200 times greater than normal) of the cancer cells originate.

It has always been assumed that cells switch to using glycolysis when their
oxygen supply fails but it has been discovered that this is not true; cells can
switch to using glycolysis when oxygen is present. The switch is controlled
by genes regulated by the hypoxia-inducible factor protein system, which also
controls the expression of the tumour inhibiting gene p53. Jack Haldane
identified the key problem in treating cancer is switching off cell division.
Cleatly, the full story has yet to unfold but lack of oxygen is the common fac-
tor in cancer and, conversely, oxygen inhibits cancer.

This latter point is of great importance because, given the misinforma-
tion about oxygen when it used as a treatment, many assume that hyper-
baric oxygen treatment may encourage the growth of such cells. In fact, not
only does the science discussed above indicate that this is not the case, vast
clinical experience around the world has also shown it is not true, because
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hyperbaric oxygen treatment has been widely used to treat the side effects
and complications of radiotherapy, chemotherapy and surgery. The reason
is obvious and the principle has already been stated many times; damage to
tissues damages the capillaries they contain reducing the supply of oxygen
essential to recovery.

Not surprisingly, the list of publications is endless and it is notable that
“uncontrolled” studies of conditions where hyperbaric oxygen treatment
has been spectacularly successful are sometimes accepted by leading medical
journals. Radiation of patients with cancer of pelvic areas may, unfortunately,
damage small blood vessels in the bladder, resulting in chronic inflamma-
tion and, eventually, scarring. This may lead to bleeding into the urine, which
can present after a delay of as long as 21 years. The author can attest to the
misery of haematuria, which resulted from a traumatic injury. In 1995, the
Lancet published an #ncontrolled study of the use of hyperbaric oxygen treat-
ment for 40 severely affected patients with haemorrhagic cystitis from 56 to
80 years old.”" After 20 sessions of breathing oxygen for 90 minute at 3 ATA,
the bleeding either disappeared completely or improved significantly in 37 of
the 40 patients. There were no adverse effects, but oxygen treatment is still
not the standard of care. The paper lists the many truly dreadful treatments
which have been tried, from instillations of toxic agents, like phenol, to ac-
tual removal of the bladder itself. Nevertheless, the authors suggested that
hyperbaric oxygen treatment should only be considered for patients with severe
radiation-induced cystitis. What this implies is that there is actually an alterna-
tive to oxygen for less severe cases, but if less severe cases do heal, it is only
because the oxygen in the air has been sufficient. To a lay person this “last
resort” use of oxygen treatment must seem ridiculous—as absurd as giving
blood only as a last resort when bleeding renders a patient close to death. Giv-
ing more oxygen needs to be the first consideration in treatment, not the last.
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CHAPTER 22
The Way Forward

An invasion of armies can be resisted but not an idea whose time has
come.

Victor Hugo, 1802—-1885

There can be no better example to highlight the need to provide emer-
gency hyperbaric oxygen treatment than for poisoning with the gas carbon
monoxide. Chapter 4 covered Haldane’s investigation of the deaths that fol-
lowed an explosion down a mine in a Welsh valley in 1896. Of the 57 miners
who died, only six wete killed by the blast, with the rest dying from catrbon
monoxide poisoning. Now the story now needs to be completed.

The growth of civilisation began with man discovering how to create and
control fire and it allowed human migration, from the rift valleys of Kenya
to successively colder climes—the subject of a fascinating book, Man in a
Cold Environment by Burton and Edholm.! Despite the extraordinary benefits
fire has brought to mankind there are risks—it may go out of control burn-
ing property and killing people. But the least recognised risk occurs when
the combustion of hydrocarbons is incomplete, because carbon monoxide is
produced. It is the commonest human poison and it is estimated that it kills
over 4,000 people a year in the US. The gas simply prevents oxygen from
being used by the cells of the body and, not surprisingly, it is the brain that
is the first to suffer. Carbon monoxide concentrations of just a few hun-
dred parts per million in ait cause headache and fatigue, which, it will be
remembered, are also the first symptoms of oxygen lack when climbing to
altitude. Death may occur at concentrations of carbon monoxide in air of
less than 1,000 parts per million. Because carbon monoxide prevents cells
using oxygen causing hypoxia, the mechanisms of poisoning, the symptoms,
and the pathology ate highly relevant to other conditions associated with lack
of oxygen.

Carbon monoxide poisoning is one of four conditions where treatment
with oxygen under hyperbaric conditions has generally been accepted, if not
used, around the wotld. Nevertheless, the vast majority of affected patients
are still treated with 100% oxygen at the prevailing barometric pressure in
conventional intensive care units, sedated, intubated, and on a ventilator. It
is also likely that many poisoned patients only receive 30-40% oxygen from
ward oxygen delivery equipment. In 1977, a judge in Wayne County, Michi-
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gan reviewed the evidence that hyperbaric oxygen treatment should be used
for patients with carbon monoxide poisoning,? ruling that a 16-year-old vic-
tim was treated “with inadequate concentrations of oxygen.” The American
Medical Association Legal Department circulated the details (Figure 22.1) to
all its members on June 6, 1978.

Professional Malpractice
Medical

CARBON MONOXIDE POISONING: FAILURE
TO USE HYPERBARIC CHAMBER: HOSPITAL
LIABILITY

Sponenburgh v. County of Wayne, Mich., Wayne
%ounty Circuit Court No. 73254137 CM, Sept. 22,

77.

$3,888,000 verdict for 16-year-old victim of
carbon monoxide poisoning who was treated with
inadequate concentrations of oxygen at defendant
hospital.

Plaintiff was discovered in his family car, uncon-
scious and breathing shallowly, apparently a victim of
self-induced CO poisoning. He was treated with oxy-
gen and rushed to a local hospital. Emergency room
physicians there felt that he needed more intensive
treatment, including a hyperbaric chamber,and sent
him to defendant hospital, where such equipment was
available. There, he was seen by 2 new residents, nei- Figure 22.1:
ther of whom was aware of the hyperbaric chamber Notification by the
and who continued to treat him with 30-40% oxygen AMA of the 1977 case

instead of the 100% concentration which is the treat- verdict: Failure to use
ment of choice for CO poisoning. Plaintiff suffered hyperbaric oxygen
severe, irreversible brain damage, including mental treatment in carbon
retardation, loss of control monoxide poisoning.

of his extremities, and ability to talk.
[SOURCE: Letter from ATLA Member Samuel
Charloos, Detroit, Mich., counsel for plaintiff.]

The case came to court because the family realised that instead of re-
ceiving intensive cate in the first hospital, he was transferred to the second
hospital because it had a hyperbatic chamber but it was not used. The resi-
dents in the second hospital cleatly did not know about the critical impot-
tance of hyperbaric oxygen treatment in carbon monoxide poisoning and,
in all probability, were unaware of the presence of a pressure chamber in the
building. A settlement of $3,888,000 was made after the judge had reviewed
the evidence that hyperbaric oxygen treatment should have been used, col-
lated by the lawyer representing the family. This may appear to be a large
sum; translated from 1977 values, it probably represents at least $15 million
today, but it is likely that it would not cover the cost of caring for a person
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with profound mental and physical disabilities if they lived to the normal
age of 70.

It is common for lesser degrees of carbon monoxide poisoning to be
ovetlooked and the earliest symptoms are, not surprisingly, often mistaken
for the onset of influenza. The presentations found have been listed in terms
of frequency, but it is important to recognise that considerable variation ex-
ists, especially in children.

1. Fatigue 8. Breathlessness

2. Headache 9. Numbness and tingling
3. Trouble thinking 10. Chest pain

4. Dizziness 11. Decreased vision

5. Nausea 12. Diarrhoea

6. Insomnia 13. Strange behavior

7. Palpitations 14. Abdominal pain

It is also not surprising that chronic low-level carbon monoxide poison-
ing mimics many psychiatric syndromes, because they relate to damage in
the so-called “silent” areas in the mid-brain responsible for emotions and
memory.” This is due to opening of the blood-brain bartier and was investi-
gated by Dr. Tracy Putnam in the 1930s.* The failure to recognize this silent
killer, and the need for hyperbaric oxygen treatment, was highlighted in the
UK in 1998 by an advisory letter to all hospital trusts from the chief medical
officer,’ and it was reinforced in 2002. Not surprisingly, there was no mention
of the lack of provision of hyperbaric units in the NHS which, of course,
means that patients continue to be admitted to intensive care units and given
too little oxygen.

In 1895, Haldane had shown that the effects of carbon monoxide
can actually be prevented by giving oxygen under hyperbatic conditions.’
In a remarkable, but little-known experiment published in the Journal of
Physiology, he showed that a high level of oxygen prevented the poisoning
of a mouse by carbon monoxide. He placed a mouse in a glass cylinder at
a total pressure of 2.8 ATA, which was produced by 1.8 atmospheres of
oxygen and 1 atmosphere of carbon monoxide. Under these conditions,
the four sites normally occupied by oxygen on the haemoglobin molecule
would have been taken over by carbon monoxide to form carboxyhaenoglobin.
The mouse was being kept alive by the oxygen dissolved in the blood plasma,
as were the pigs in the Amsterdam “Life Without Blood” experiment, af-
ter their red blood cells had been removed.” Jack Haldane showed, in 1927,
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that the poisonous effects of the gas are not due to its combination with
haemoglobin; it is the combination of carbon monoxide with the enzymes
in cells, known as the ¢ytochromes, which renders the gas so dangerous.®
It will be recalled that the cytochromes are responsible for the oxidation of
glucose in mitochondtia to create energy. Like haemoglobin, they are mol-
ecules in which a metal is combined with a protein. Carbon monoxide blocks
their action, but Haldane’s experiment has shown that this actually can be
prevented by the presence of a sufficiently high level of oxygen.

Carbon monoxide may not only kill; survivors often suffer damage to
structures in the centre of the brain and, just as in head-injured patients,
proof of this is difficult to find on clinical examination. The MRI findings are
non-specific’ and, as a consequence, patients often attract the label “psycho-
somatic.” Haldane would profoundly disagree, as is evident in this statement
from his book Respiration."’

When an unconscions man is removed from the poisonous air, the CO is very
rapidly washed out of his blood; but he may still be unconscions, and in a dying
condition, with his blood perfectly free of CO, and the cause of the oxygen want
thus completely removed . . . In the light of present knowledge it is childish to
believe that as soon as the lack of oxygen is relieved a patient will recover.

Carbon monoxide combines with the haemoglobin in red blood cells
about 200 times more readily than oxygen, and so renders the sites where ox-
ygen normally binds unavailable. The degree of the oxygenation of haemo-
globin, which is responsible for the redness of blood, is easily measured and
similar instrumentation can measure carboxyhaemoglobin levels. The rate of
elimination of carbon monoxide from its binding to haemoglobin can be
measured and, breathing air, the half life is over five hours. When a poisoned
patient is given oxygen at 3 ATA, this is reduced to 23 minutes. Although the
dynamics of the interaction of carbon monoxide with the cytochromes at the
cellular level cannot be measured, there is every reason to believe that the re-
duction of binding by carbon monoxide is of the same order. Experimentally,
blood has been removed from animals and the red blood cells exposed to
carbon monoxide outside the body." When the blood was returned to the ani-
mals, it produced carboxyhaemoglobin levels normally not compatible with
life, but they remained healthy because their cellular cytochrome enzymes
were still functioning; they had not been poisoned.

Haldane’s discovery early in his career that most deaths in mine explo-
sions are from carbon monoxide poisoning, and not from blast trauma, was
tragically confirmed in 2006 by the disaster at the Sago mine in West Vir-
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Figure 22.2:

President George W. Bush
greets Anna McCloy, wife of
miner Randal McCloy, during
the signing of S. 2803, the
Miner Act, in the Dwight D.
Eisenhower Executive Office
Building on Thursday, June
15, 2006. Senator Johnny
Isakson (R-GA) greets Randal
McCloy.

(White House photograph by
Eric Draper.)

ginia, which was given wotldwide coverage. It trapped 13 men 280 feet under-
ground and there was a high carbon monoxide level in their refuge. Only one
miner survived; Randy McCloy was rescued 42 hours after the explosion. He
was very sick and it must be remembered that carbon monoxide is a general-
ized poison; there is often damage to the heart and kidneys.'”” He was trans-
ported 70 miles to Allegheny General Hospital in Pittsburgh for hyperbaric
oxygen treatment.”” His doctors considered it futile, but they were wrong; he
made a remarkable and almost complete recovery. He has made a difference;
the Miner Act was signed into force in 2006 to improve safety in mining;

Incredible though it may seem to lay people, giving a large dose of oxy-
gen in a pressure chamber when carbon monoxide has robbed the brain of
its oxygen is still regarded as “controversial,” and even unproven. Yet giving
100% oxygen is standard practice in such cases, but, as we have seen, it is
given without any consideration of barometric pressure, which means that
the dose can vary by more than 10%, simply because of the weather. So the
rejection of hyperbaric oxygen treatment is really not of oxygen itself, it is
of the equipment needed to increase the dose. Again the irony is that aircraft
capable of supplying the necessary pressure fly over us all the time. The
controversies raised can only be resolved by returning to first principles, but it
must be borne in mind that strong emotions are roused in medicine by duty
of care issues, and the reaction of medical professionals sometimes defies
logic.

The first principle is that the effects of lack of oxygen on the brain de-
pend on the degree and duration of the hypoxia. This discussion relates to
carbon monoxide contaminated air; a carbon monoxide concentration of
2,000 parts per million in air is fatal in minutes, whereas 50 patts per million
can be breathed indefinitely, although it usually causes fatigue and headache.
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If the brain is observed through a hole in the skull in an animal model, high
concentrations of carbon monoxide cause immediate swelling and brain tissue
may exude through the hole. This links carbon monoxide poisoning to other
conditions causing brain swelling discussed eatlier, like air embolism and head
injury. It is due to the transfer of water from the blood vessels into brain tis-
sue associated with failure of the blood-brain batrier, which requires oxygen
to function." As we have seen, tissue swelling and lack of oxygen go hand in
hand with the upregulation of inflammation with neutrophil activity regulated
by the hypoxia-inducible factor proteins.

The second principle relates to the vulnerability of the tissues of the body;
when tissues are damaged, so are the capillaries they contain. The reduction
of blood flow that results causes hypoxia. Because the brain uses the most
oxygen it is the first to suffer, whereas lowly skin cells are relatively unaf-
fected. The brain has only a small number of different cell types, but it is far
from being a uniform mass and the number of blood vessels for a volume
of tissue in different areas varies enormously—the grey matter of the cortex
has hundreds of capillaries per cubic millimeter, whereas there are vulnerable
zones without capillaries in the central white matter. Vulnerability determines
the degree of tissue death from a particular insult and this, of course, deter-
mines the degree of recovery possible.

The third principle is the need to establish the oxygen dosage, that s, the con-
centration and duration needed for the best outcome. Prevention has been
proven, and it has been shown that, after oxygen deprivation, cells may be left
with sufficient energy to survive, but not to function. This has established
the biological plausibility of oxygen treatment, but a key question is how to
determine the viability of cells in the brain. Two mechanisms of toxicity have
been discussed in carbon monoxide poisoning, and both involve the release
of free radicals, either by disturbed metabolism, or by neutrophils attracted
to the area. The latter mechanism has now been verified in carbon monoxide
poisoning'>'® and, by implicating neutrophils, links the damage seen in many
conditions, including decompression sickness, tetanus toxin, and the first
event in multiple sclerosis. Dr. Tracy Putnam had witnessed the immediate
effects of carbon monoxide on the blood-brain batrier in his experimental
model.* A high concentration caused severe swelling of the whole brain, due
to disruption of the barrier, but lesser concentrations mainly affected the
veins passing through the deep white matter, leading to damage to the most
vulnerable cell, responsible for myelin sheaths—the oligodendrocyte. Fifty
years after Putnam’s ground breaking research, the technology of MRI has
demonstrated this damage to the white matter in survivors of carbon monox-
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ide poisoning visible as bright areas in the central areas of the brain.'” Again,
if their cause was nof known they would, of course, be called unidentified
bright objects.

The fourth principle is the timing of treatment; would anyone seriously dis-
agree that the sooner a lack of oxygen is corrected the better? Cleatly, the
higher the level of carbon monoxide exposure, the more urgent is the need
for treatment. The cascade of events has been studied in great detail expeti-
mentally and imaged in acutely ill patients over the last 30 years, using ad-
vanced technology costing millions. Studies have correlated the pathology
with the areas seen on CT'" and MRIL."” MRI has shown the vulnerability
of structures in the middle of the brain,” with the all-too-familiar pattern
of blood-brain barrier failure, inflammation, and developing tissue damage.
Clearly this is often #of controlled by the level of oxygen in air, but may be
controlled by using oxygen at a sufficient dose, provided it is given promptly.
The treatment of a patient with carbon monoxide poisoning is an emergency,
to delay treatment for investigations risks brain damage, and often death. In
the 1960s, when “town” gas, which contains 5% carbon monoxide, was still
used in homes in Glasgow, an ambulance equipped with a Vickers hyperbaric
chamber was used to treat poisoned patients at the scene.?!

Despite the truly massive experimental and human evidence supporting
the use of hyperbaric oxygen treatment in carbon monoxide poisoning, the
lack of acceptance prompted a controlled trial. It was published in the New
England Journal of Medicine in 2002* and graphically illustrates the problem
of proper timing. Despite the use of the word “acute,” no patient received
hyperbaric oxygen treatment in the first six hours. Imagine a wounded patient
bleeding almost to the point of death, desperately needing a blood transtu-
sion; would it be acceptable to wait as long as 34 hours to test the benefit of
a transfusion? It would obviously be completely unacceptable. Despite the
delays introduced, many patients in the 2002 controlled study were shown
to benefit. Neurological deterioration from carbon monoxide poisoning
may also be seen after a considerable delay,”** and hyperbaric oxygen treat-
ment may still be effective even when 100% oxygen at normal atmospheric
pressure has failed.” This should not be surprising—it will be recalled that
patients with mid-brain damage from Encephalitis lethargica and long-term
disabilities improved with the drug dopamine.® This has shown conclusively
that brain recovery may be possible despite the lapse of many years and the
story of Rose in the book Awakenings by the neurologist Oliver Sacks” (sum-
marised in Appendix 3) is truly a landmark.

The word “encephalitis” in Encephalitis lethargica links the condition
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to the problems that may follow both virus infections and vaccinations. In
2007, Fox News in the US catried a feature by the journalist Lila Lazarus
on the treatment of a little girl who was left disabled after developing en-
cephalitis from chickenpox. Her mother, using the Internet, had found the
mother of a child who had recovered from encephalitis using hypetrbaric
oxygen treatment in Australia. She was determined that her daughter would
also have hyperbaric treatment, but the attending neurologist refused to
write a prescription. Nevertheless, she was treated by Dr. Stephen Guth-
rie in the Detroit Medical Centet's hyperbaric facility. Despite the lapse of
many months, she made an astonishing recovery, improving incrementally
with each treatment. Her grateful parents started a hyperbaric facility and
now operate three hyperbaric centres in Michigan.” There has been a recent
epidemic of measles in South Wales which, in most cases, is a mild illness;
such patients may also develop encephalitis, which will also respond to hy-
perbaric oxygen treatment.

Physicians using hyperbaric oxygen treatment have been progressively
marginalized over the last 50 years in Europe and this prompted a series of
meetings known as the European Consensus Conference on Hyperbaric
Medicine to collate the evidence for each condition. The first, held in the
northern French town of Lille in September 1994, attracted the usual mix
of physicians in the field—from those involved in deep diving research and
commercial diving, to those operating clinical hyperbaric units, mainly treat-
ing patients with problem wounds. Recommendations were made for the in-
dications to be supported and number VI related to “post-anoxic encepha-
lopathy,” which is the pathological state that can follow lack of oxygen in
the brain and includes carbon monoxide poisoning. The recommendation
stated that “HBO is gptional for the treatment of cerebral anoxia”; translated,
this means that a large dose of oxygen is optional when the brain has been
deprived of oxygen. There was no reference whatever to the timing of the
administration of the hyperbaric oxygen treatment. To say the least, this is
frustrating, especially as the hyperbaric unit in Lille University Medical Centre
has extensive expetience of treating near-hanging patients, with a remarkable
success rate.”’

One of the first attempts to bring pressure into the treatment of illness
was made by the physician Thomas Beddoes who, working with the renowned
engineer Humphrey Davy, founded the Pneumatic Institute in Bristol in 1798.
It was not supported by the medical profession, and soon closed. In 1857, Dr.
S.B. Birch drew attention in the Lancet to professional ignorance of the use of
oxygen in treatment and his perceptive comments are astonishingly relevant
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today. It is an extraordinary analysis of the psychology involved when physi-
cians are confronted with a fundamental challenge to their knowledge. (The
italics have been added by the author.)

ON THE THERAPEUTIC USE OF OXYGEN

by S.B. Birch, M.D.
The Lancet
August 1, 1857

In venturing to call professional attention to the subject of this
paper, I may safely premise with the remark, that it is one respecting
which there exist great diversity of opinion and wvery /little practical
knowledge. The therapeutic use of oxygen gas, either alone or as an
adjunct, in various intractable diseases, is a subject of vast importance
to my professional brethren, enhanced in value as it is by an impartial
reflection upon the still very uncertain and unsatisfactory state of our
knowledge of medicinal nodus operandi. Thus far, excepting to a few
individuals and to a very limited extent, this gas, although so well
known in its physiological relations, has been practically little better than a
“secret” in its therapeutic bearings.

Notwithstanding that from the time of Dr. Beddoes and Sir
Humphrey Davy several practitioners have made successful trial in
private practice—notwithstanding that the researches of modern
chemistry have made us more scientifically cognisant than formerly
of the relations of oxygen to the other elements of the vital organism
—notwithstanding that the daily observations of every man who has
disease to treat shows him that the patient needs plenty of pure air, more
air (in other words more oxygen) than he can possibly obtain under
many circumstances and in many diseased states from the atmosphere
around him - the idea seems merely to float through the professional mind, withont
any resulting general endeavonr to matke a practical application of it.

It would not be difficult to show cause why the use of this remedy
has been neglected. 17 involves some trouble and loss of time to the practi-
tioner, and consequently the very want of practical knowledge still
existing may be justly attributed to the neglect to carry out fair trials
on a sufficient scale in practice.

Thus the profession has been led to overlook or ignore oxygen
as a medicine, even though chemical science tells us decidedly that it
ought to be a most valuable remedial agent. A4 single trial, or several trials
on several patients, are no evidence, if they fail, against its value; they are only proof
either that it was not suited to the case, or that it was not properly exhibited.
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It is difficult to believe that this was written more than 150 years ago!
The last comment is so relevant today because the use of oxygen for head-
injured patients is currently being examined in an endless and futile series of
so-called “controlled” trials in the US. As discussed in Chapter 10, controlled
trials are needed to test ¢fficacy, but not dosage, and this is especially true when
the agent is the most critical to life itself. If treatment with additional oxy-
gen fails, it is not because oxygen is ineffective, or not needed, it is simply
because it has not been used promptly, at the correct dosage, or the damage
has gone #0 far for recovery to take place. However, the sad fact is that today,
without marketing, publications very rarely change medical practice—they are
lost in the fog created by the millions of papers published every year.

The range of symptoms, syndromes, and pathology that can follow car-
bon monoxide poisoning is very wide and reflects the vulnerability of dif-
ferent areas of the brain to lack of oxygen. Very severe poisoning leads to
mental retardation and dementia because of damage to the grey matter of
the cortex,” whilst lesser degrees produce headache and nausea, easily at-
tributable to food poisoning. Not surprisingly, carbon monoxide-poisoned
patients often suffer from depression, and some exhibit violent behaviour,
easily mistaken for alcohol intoxication. A connection to the symptoms la-
belled Parkinson’s disease is not widely known,’*? and poisoning may cause
the development of epilepsy.”” Older patients exposed to carbon monoxide
may develop symptoms which are essentially the same as those of Alzheimet’s
disease, often after a considerable delay, and “minot” symptoms ranging from
fatigue to weakness and changes in skin sensation ate easily ovetlooked.™
NHS Choices™ is the online “front doot” to the health service in the UK and
the advice about carbon monoxide poisoning includes all the misinformation
discussed, including reliance on the measurement of the carboxyhaemoglo-
bin level in blood.” It states: “Hyperbaric oxygen therapy (HBOT) floods the
body with pure oxygen, helping it to overcome the oxygen shortage caused
by carbon monoxide poisoning.” It then, absurdly, alleges that: “There is cur-
rently insufficient evidence regarding the long-term effectiveness of HBOT for
treating severe cases of carbon monoxide poisoning” Survival from certain
death is proof of long-term effectiveness!

The authot’s experience ranges from treating a patient with mild poison-
ing after rescuing his dog from a house fire, who said that breathing oxygen
in the chamber was “like a curtain being pulled away from his mind,” to see-
ing a patient with dilated pupils and no reflexes wake up in the chamber at 2
ATA before the end of an hour of treatment. Whenever a patient has suf-
fered lack of oxygen, whether it be the whole body, or just a few grams of
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Figure 22.3:
A carbon monoxide-poisoned patient in a Vickers hyperbaric chamber.

tissue in the brain, there is a duty of care to give sufficient oxygen; witness
the resuscitation of the canaries used in detecting carbon monoxide in mines
in a “normobaric”’oxygen chamber (see Figure 4.3), and the brain of a canary
weighs just a few milligrams.

However, a sealed enclosure may be needed simply to increase the ambi-
ent pressure and Figure 22.3 shows a young man the author treated for car-
bon monoxide poisoning in the 1990s. A bed was removed from a bay in the
intensive care unit and replaced by the Vickers chamber, which was built in
1973. All the beloved electronic surveillance of an ICU has been replaced by
the Mark 1 eyeball of the doctor in attendance. It is human to question how
long it would take to remove the patient from such a chamber but the patient
is in a place of safety—recall that Peter Colat's world breath-hold record af-
ter just 10 minutes of oxygen breathing is 19 minutes and 21 seconds. The
patient made a full recovery.

As the research that followed Jessica’s ordeal demonstrated, a high level
of oxygen can prevent the neutrophil attack which follows when blood flow
is restarted in ligatured muscle, and it has been shown that it can prevent the
same events causing damage to the brain in patients after carbon monoxide
poisoning, But hyperbaric oxygen treatment should be the standard of care
for patients who have suffered any other cause of oxygen deprivation to the
brain. This is especially the case following cardiac arrest because, again, the
stoppage of blood flow paves the way for neutrophil free radical damage
when the heart is restarted.

We will always face the problem in a given patient, and with any condi-
tion, of not knowing how much benefit is possible from using more oxygen
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in treatment. This dilemma is far from being unique to the use of oxygen, it
also applies to the use of drugs. The answer is simple—it needs professional
medical assessment of the response of an individual in order to titrate treat-
ment and monitor the actions of interventions and this is actually the practice
of medicine. The reliance on one-size-fits-all protocols for hyperbaric oxygen
treatment, and even more so for drug treatment, dictated by reimbursement
policy, is unscientific, absurd, and must be resisted. The importance of indi-
vidualising treatment is now being recognised by the pharmaceutical industry,
which is now advocating the use of gene profiling, for example, in drugs used
against breast cancer. It must also be remembered that if the monitoring of
side effects in trials is not undertaken responsibly, adverse media publicity can
result in the failure of drug; with investment in the billions, drug develop-
ment has become a very risky business. The contrast with hyperbaric oxygen
treatment, which simply extends the envelope of #normal healing, could not be
greater, and we all use oxygen in the same way. Propetly used, the risk associ-
ated with hyperbatic oxygenation is not from the oxygen itself, it is from the
minor changes in pressure on the ears. In fact, the risk to the patient is from
not using it.

Patients struggle to understand rejection of the use of hyperbaric
oxygen treatment by otherwise sensible doctors, but it is not taught in our
medical schools, and to suggest to a qualified doctor that they neither know
about the importance of oxygen in healing, nor how to correct lack of oxygen
in their patients, is a full-frontal assault on their competence. Nevertheless,
no one can surely disagree that there is not a more justified and scientific ac-
tion than to restore normal oxygen levels in the tissues of the body, especially in
the brain? An obvious difficulty is that we cannot separate the quantity of
oxygen in the air we breathe that we need to stay alive, from that which we
use in recovery from illness or injury. Put more simply: We fail to recognize
the mportance of breathing to recovery and the fact that the dose of oxygen we
gain from air may not be sufficient. The most recent official document from
the UK NHS" illustrates the problem; quite apart from insisting on evidence
from controlled trials, it often states that there is no #heoretical basis for hypet-
baric oxygen treatment. Not only, without defining “baric” oxygen treatment,
is this scientifically absurd, it ignores that many conditions are treated in other
countries and reimbursed by insurers, which is surely the gold standard.

The explosion of scientific evidence supporting the use of oxygen in the
last decades from massive funding of animal experiments has been ignored.
The use of animal models mirrors drug development, but with one important
difference—there is considerable variation in the way drugs are metabolized
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in other animals. However, there is little difference in the way oxygen is used,
ot in the hydraulic system of blood vessels needed, the size of red blood cells,
and the pumps required for its delivery. Animal data from hyperbaric oxygen
studies, therefore, provides a solid and certain basis for human treatment,
with the sole proviso that scale is important. A study, often quoted as sug-
gesting that oxygen treatment fails to prevent neurological residua in carbon
monoxide poisoning, actually used a mouse model.”® As Haldane showed in
his mouse experiment, hyperbaric oxygen treatment can prevent death, obvi-
ously the most profound of neurological residua. A mouse brain typically
weighs half a gram—a stark contrast to the 1,350 grams of a human brain.
Nevertheless, dismissing the massive evidence supporting hyperbaric oxygen
treatment from animal research is a travesty.

A dramatic example of the consequences of the failure to use hyperbaric
conditions to give enough oxygen in carbon monoxide poisoning was pub-
lished in 2005.”” A 51-year-old man unconscious from severe poisoning was
ventilated on 100% oxygen in an ICU and discharged after four days, with no
apparent signs or symptoms. He was followed up seven days after discharge,
and an MRI showed “bilateral globus pallidus changes and moderate diffuse
high intensity of the white matter.” In other words he had not recovered—
he had the typical swelling and oedema of carbon monoxide poisoning, but,
despite this, he was not treated. Three weeks after he had been poisoned, the
patient started to deteriorate to the point where, 10 days later, he had regressed
to a totally withdrawn state, doubly incontinent. This delayed syndrome after
an episode of oxygen deprivation was first described in the journal Archives of
Internal Medicine over 50 years ago.* The symptoms the patient developed dut-
ing this time reads like a compendium of neurological disease, with MRI chart-
ing his deterioration. Finally, he received a course of 35 sessions of hyperbaric
oxygen treatment with progressive improvement and returned to “near not-
malcy” after five months. The authors commented that “the contribution of
hyperbaric oxygen treatment to the favourable outcome remains uncertain”
and the reason given was that such patients “may improve spontaneously.”

These are exciting times and we are just beginning to recognise the im-
mense capability of the body to repair itself, from rebuilding the cartilage of a
hip joint to making new nerve cells and connections in the brain. The role of
the brain in directing recovery is also now emerging with evidence that sup-
ports the power of positive thinking; a healthy brain is needed for a healthy
body. Haldane was not aware of the intricacies of the Kreb tricarboxylic acid
cycle, of stem cells, or the complexities of DNA and the translation of the
information it carries in controlling life. He was, nevertheless, acutely aware
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of the central role of oxygen in recovery and healing, which applies whether
it is spontaneous, induced by the placebo effect, or assisted by drugs. Healing
cannot take place without sufficient oxygen and, when air is not enough, more
needs to be given. Using the very latest technologies, the effects can now
be followed by measurements, and, in contrast to drugs, oxygen levels can
be measured in the tissues. This is true science, but a way of measuring the
concentration of oxygen in arteries without arterial puncture is desperately
needed.

There is constant debate in hyperbaric citcles about “correct” treatment
pressures, for example, in brain injury, when, without measuring the arterial
oxygen level, knowing the oxygen concentration being breathed and the cham-
ber pressure can only give an indication of the maximum level possible. Fischer
and colleagues showed in the New York University study” at a constant cham-
ber pressure of 2 ATA, with a full face mask, the arterial oxygen level varies by
a massive 44%—from 1.11 ATA to 1.59 ATA, (850-1,140 mm Hg).

We are spending billions on colliding protons in the Large Hadron Col-
lider to satisfy our curiosity about the universe when, at a fraction of the cost,
advanced imaging would allow events in the brain from giving more oxygen
to be followed in real time. Wortldwide publicity followed when a group in
Cambridge used functional MRI to follow brain activation when discussing
tennis with a 23-year-old gitl in coma.* An MR imager can be easily fitted into
a Boeing 747 and the aircraft pressurised, so that the effects of giving hyper-
baric oxygen treatment can be followed in real time and, as for safety, it will
not need to leave the ground! Science fiction>—NASA has already modified
a Boeing 747SP it named Sofia to fly an infrared astronomical telescope to an
altitude of 41,000 feet to reduce the effects of atmospheric contamination.
The aircraft has been extensively re-engineered with the telescope which, like
an MRI, uses liquid helium cooling, isolated in a rear compartment by a pres-
sure bulkhead.

Figure 22.4:
The NASA Boeing 747SP Sofia fitted with a liquid helium-cooled telescope.
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Figure 22.5:

Intensive care in a pressurised aircraft: The
windscreens and cockpit instruments are
clearly visible.

(Courtesy of the Australian Flying Doctor
service.)

Although there has been much discussion in this text of diving and the
treatment of bubble-related disease in diving chambers, in fact, clinical hyper-
baric treatment is much more closely related to the operation of pressurised
aircraft which could bring economies of scale. Unfortunately, this highlights
the absurd charges made for clinical hyperbaric treatment, which should be in
the tens of dollats per session, rather than thousands.” The billing for a single
session of hyperbatic oxygen treatment of 90 minutes in a Miami hospital
would pay for an eight hour business class flight across the Atlantic! Aircraft
have been used to provide intensive cate for many years by the flying doctor
service in Australia. Ironically, kept on the ground and pressurized, the air-
craft used could provide effective hyperbaric oxygen treatment at a pressure
as high as 2 ATA.

The irony of spending colossal sums on advanced physics when we do
not understand the workings of the brain is being noticed, notably, by Presi-
dent Barack Obama, who has recently unveiled a $100 million dollar project
to map the human brain. The stated aim is uncovering new treatments for
Alzheimer’s disease, Parkinson’s disease, and epilepsy. He pointed out that,
“As humans, we can identify galaxies light years away, we can study particles
smaller than an atom, but we still haven’t unlocked the mystery of the three
pounds of matter that sits between our ears.” The brain has, of course, al-
ready been mapped by post-mortem studies and so we will be reinventing the
wheel. Other initiatives are even more bizarre: The European community has
given an enormous grant to a consortium of universities for a project link-
ing a large number of powerful computers to “simulate” a mouse brain. The
stated rationale is also to develop new drugs and, again, Alzheimer’s disease
features—perhaps electronic drugs can be developed to feed down the power
cables. Another billion euros is being sought to build an even larger computer
network to simulate the human brain, but it seems that to provide sufficient
power it will need its own nuclear power station!
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Unfortunately, there can be little doubt that the rejection of hyperbaric
oxygen treatment has much to do with fear; fear of the physics involved, the
equipment, and even fear of being asked to enter a pressure chamber. This
is ironic, since physicians, as a group, are probably among the most frequent
users of aircraft and they, of course, cannot be made fail-safe. If an aircraft
loses pressute at altitude would they demand evidence from controlled trials
before donning an oxygen mask? Unlikely—they would be the first to use
one, but the “evidence” from controlled trials does not exist not, indeed, does
it exist for the use of a parachute.* In fact, hyperbatic oxygen treatment is
not, as has been claimed,” “high technology,” as the expetience of the UK
MS Therapy Centres has shown over more than 30 years. The equipment
is simple and is so safe that it was deregulated in the UK by an Act of Parlia-
ment in 2007. So, the most powerful agent in medicine can now be controlled
by patients! Contrast this with complex medical investigations such as MRI
which, costing thousands of dollars, dwarf the cost of providing hyperbaric
oxygen treatment but often do not lead to effective treatment. The way for-
ward must be to use oxygen treatment as a first response in brain disorders,
with investigations later. Given the huge expenditure we face in providing
health care in chronic disease with aging populations, the treatment should be
made available at low cost in the community.

In most countries, a government regulatory body dictates the curricu-
lum used by medical schools—in the UK it is the General Medical Council
(GMC). The GMC requites students to be taught “oxygen therapy,” but with-
out any reference to the importance of barometric pressure. In 2004, the au-
thor approached the chairman of the House of Commons Select Committee
on Science and Technology, in an attempt to influence the GMC. As a former
life scientist, he was convinced by the scientific evidence and, as promised,
he wrote to the GMC.* The reply, inexplicably, stated that the remit of the
council “does not extend to individual treatments and, as a result, the GMC
does not have a position on hyperbaric medicine.” Nor, by inference, will it
have a position on “baric” medicine and so medical students will continue to
be taught simply to ensure that blood is red, without any consideration of
the need to ensure that tissues have enough oxygen.*”” This gravely mistaken
approach is highly relevant to carbon monoxide poisoning where the damage
in the brain, initiated by the lack of oxygen, may continue long after the ex-
posure, simply because the lack of oxygen in the tissues of the brain has not
been corrected. We will remain in the Dark Ages until po/itical action ensutes
that oxygen treatment is given its rightful place in medicine. Lives continue
to be lost every day, when they can easily be saved, and much suffering will
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go unrelieved at enormous cost—to individuals, their families, and to society
as a whole. We simply cannot afford to ignore the value of using oxygen
treatment, especially for the brain. As in every situation, the way forward is
education. In 1977, Ivan Illich,* attacking the epidemic of medically-induced
disease in his book Linzits to Medicine: Medical Nemesis wrote;

The layman in medicine, for whom this book is written, will himself have to
acquire the competence to evaluate the impact of medicine on health care.

Unfortunately, this applies to the use of oxygen in treatment but, in con-
trast to the negativity of Illich’s campaign, using oxygen opens a dramatic and
exciting new era in medicine. We can now manipulate gene expression safely.
So, a positive campaign is needed; but it will not be led by medical profession-
als. Another quote from Ivan Illich is, unfortunately, appropriate:

Among all our contemporary experts, physicians are those trained to the highest
level of specialised incompetence for this urgently needed pursuit.

This is not a comfortable assertion, indeed, some may well view it as
insulting, but competence only comes with training and knowledge. In fact,
much of medical practice is the treatment of hypoxia and medical training
must change because it is obvious that there is simply no substitute for oxy-
gen and there never will be.

The two remarkable stories in this book recount the horror of being
trapped underground; Jessica was rescued after 58 hours down the well,
and Randy McCloy survived 42 hours not only trapped, but poisoned with
deadly carbon monoxide in the mine. Both needed a pressure chamber to al-
low them to breathe a much higher concentration of oxygen than routinely
available in most of our hospitals. Without it, Jessica would have lost her
leg, Randy his mind and, in all probability, his life. The remarkable success
of their treatment highlights a key theme of this book, control of the white
blood cells that roam freely in our blood; the neutrophils responsible for
the znflammation, which are not only central to our resistance to infection,
but crucially are also essential for tissue repair by removing non-viable de-
btis, in the process known as auto-immunity.* However, if they get out of
control, because lack of oxygen persists, neutrophils damage bealthy tis-
sue. Over the last 70 years, attempts to bring this cell under control using
immuno-suppressive drugs have failed spectacularly. With the discoveries
that began with the event in Texas, the recognition is finally dawning that,
correcting hypoxia with oxygen is the only way that neutrophils can be con-
trolled safely.
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Another dramatic development also dates back to Jessica’s ordeal;
it is called preconditioning and it is set to make a radical difference to the
practice of medicine. It will be recalled that Dr. Zamboni ligatured the blood
supply to muscle for four hours and when the ligature was released, the neu-
trophils attached to the walls of the veins, eventually blocking blood flow.™ In
one group of animals, the oxygen was given whilst blood flow was obstructed
by the ligature and it was successful in stopping the adhesion of neutrophils.
In practice, this means that the behaviour of neutrophils can be programmed
before potentially adverse events. The timing needs to be researched, but the
effect has already been used for patients receiving stents in coronary arteries®'
and prior to cardiac surgery.’>>

But there could not be a clearer signal that we desperately need to em-
brace the simple technology of oxygen treatment than the ending of at-
tempts by pharmaceutical giants to develop drugs to treat the brain. Faced
with the rapidly rising costs of cate, one thing is certain—we can not con-
tinue to neglect oxygen treatment;™* adding years to life is pointless without
adding life to the years, and the science underpinning the use of oxygen is as
certain as life itself. The astonishing developments from biological research
over the last decade are finally appearing in the medical literature.”** Those
who have read and studied this text will now be aware of the unique role of
oxygen in healing, but it will come as no surprise to the author if this text
is ignored by professional bodies; the phenomenon has been termed “ot-
ganisational silence.””” Nevertheless, we must start somewhere; knowledge
is power and, as consumers, we must take on the daunting task of changing
the world of medicine. President John F. Kennedy, in a speech to Congtress
in 1962, said:

Consumers have the right fo safety, the right to be informed, the right to choose,
and the right to be heard.

As patients, we need to assert our rights; each of us must take control of
our lives, as the dedicated patients in the UK MS Therapy Centres have done.
Over the last 30 years, they have established the safety of oxygen treatment,
even to the satisfaction of the UK Parliament. This text with the references
provided for each chapter, allows the reader to be informed; the papers have
been peer-reviewed and many are available to download from the Internet. It
is to be hoped, as Haldane would certainly have wished, that the tide of igno-
rance that is allowing so much unnecessary suffering to continue, can now be
turned. But it will only begin when patients ask for the treatment—for just a
few hundred grams more oxygen a day! As Dr. George Mychaskiw, editor of
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the journal of the Undersea and Hyperbaric Medical Society, has said: The
time has come.”*”

It would be wrong to end on a negative note when the exciting advances
made about oxygen in the biological sciences are beginning to reveal the ori-
gins of life—we are spending billions looking for life on other planets, when
we do not understand it on our own! Now there is a way to investigate the
regulation of our genes safely using the agent central to life, spectacular ad-
vances in both managing and preventing disease will surely follow. In contrast
to the risks that accompany so many interventions in medical practice—from

drug treatment to surgery—the risk of oxygen treatment is of not using it.
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APPENDIX 1
John Scott Haldane

Curriculum Vitae

Born in Edinburgh
Attended Edinburgh Academy

Entered Edinburgh University
M.A., Edinburgh, Stud. Rer. Nat. Jena

Medical registration with the General Medical Council

M.B. and C.M., Edinburgh
Began work in chemistry laboratory, University College,
Dundee

Worked in Salkowski’s laboratory in Betlin
Member of the Royal College of Physicians of Edinburgh

Work in University Laboratory of Physiology, Oxford
M.D., Edinburgh
Married Louise Kathleen Trotter

Worked on blood gas analysis with Christian Bobhr,
Copenhagen

Lecturer in Physiology, University of Oxford
Grocers’ Company Research Scholar

Matriculated at Oxford as a member of Jesus College
Fellow of the Royal Society

Elected Fellow of New College, Oxford

Co-founder and co-editor of the Journal of Fygiene,
Cambridge
Received prize with F G. Meachem for Paper 1.

Appointed a Metropolitan Gas Referee

Awarded, with R.A. Thomas, The Consolidated Gold
Fields of South Africa, Ltd. Gold Medal for Paper 3
Awarded G.C.Greenwell Medal for Paper 1 (of 1903)

Member of the Royal Commission on Mines
Reader in Physiology, University of Oxford

President of the Physiology Section of the British
Association for the Advancement of Science
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1912 Member of the Royal Commission on Metalliferous Mine
and Quarties
Appointed Director of the Doncaster Coal-Owners’
Research Laboratory (Bentley Colliery)

1913 Awarded Baly Medal of the Royal College of Physicians,
London
Resigned from the University of Oxford
1915 Awarded the Gold Medal of the Institution of Mining
Engineers
1916 Appointed Silliman Lecturer, Yale University
Awarded the Royal Medal of the Royal Society
1917 Appointed Member of the Mine Rescue Apparatus
Research Committee
1921 Became Gas Referee for the United Kingdom

Appointed Member of Safety in Mines Research Board
Elected Honorary Member of the Institution of Mining
Engineers Mining Research Laboratory transferred to

Birmingham University

1925 Elected President of the Institution of Mining Engineers
(and for successive years until 1928)

1926 Awarded Gold Medal of the Royal Society of Medicine

1928 Elected Gitford Lecturer, Glasgow University

1928 Elected Vice-President of the Institution of Mining
Engineers Appointed Companion of Honour

1930 Presentation made by the Physiological Society, at Oxford
Donnellan Lecturer, Dublin University

1932 Presented with the G. C. Greenwell Gold Medal of the
North of England Institute of Mining Engineers

1934 Awarded the Copley Medal of the Royal Society

1935 Honorary Fellow of the Royal Society of Medicine

Honorary Doctor of Science of Oxford, Cambridge,
Dublin, Leeds, and Witwatersrand
Honorary Doctor of Letters of Edinburgh and
Birmingham.
1936 Died in Oxford
Journal of Hygiene Part 3 of Volume 36 is dedicated to
J.S.H. with a photograph as frontispiece.
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APPENDIX 2

References to Fat Embolism
and Multiple Sclerosis

1. Uber Cerebrale Fett - und Luftembolie
Neuburger K. Klin Woch 1925;4:278-318.

Two lesions: Die Ringblutungen and Perivasculare Lichtungbezirke mit
rarificierten. Discusses similarity of late lesions of fat embolism to multiple
sclerosis and refers to the eatlier discussion of myelin damage by Grondahl
in 1911.

2. Caisson Disease

Lichtenstein BW, Zeitlin H. Caisson Disease: A histologic study of late
lesions. Arch Path 1935;22:86-98.

Chronic combined degeneration of the cord due to aeropathy (caisson
disease) of over twenty five years duration is presented. The thoracic pot-
tion of the spinal cord is the site of prevalent involvement and of this the
white matter is very much more affected than the gray . . . ectodermal and
characterised pathologically as anisomorphous gliosis. This condition is best
differentiated from multiple sclerosis by detailed study of the areas adjacent
to the scars and of those of normal remote regions.

3. Formation of Demyelinated plaques Associated with Cerebral Fat
Embolism in Man

Scheinker I.M. Arch Neurol Psychiat 1943;49:754-64.

“This presentation is concerned with a detailed histopathologic study
of the lesions associated with fat embolism. Their analysis revealed certain
similarities to the eatly focal lesions of demyelination occurring in cases of
disseminated sclerosis.”

‘

‘... again attention should be drawn to their similarity to focal lesions
observed in cases of acute multiple sclerosis”

4. Nekrotisierende und Entmarkungsvorgange bei Cerebraler
Gasembolie

Scholtz W, Wechsler W. Acta Neuropathol 1961;1:85-100.

Tissue changes, due to temporary closure of the vessels occurred chiefly
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as laminary or as infarction-like elective neuronal necrosis similar in their to-
pography to lesions from temporary cerebral ischaemia. Besides these chang-
es, spots of pure demyelination, but without any neuronal damage, were
present in the cerebral cortex and in the white matter of three cases. Their
similarities to and distinctions from foci of multiple sclerosis are discussed.

5. Fat Embolism: A Monograph on the Disease
Sevitt S. Fat Embolism, Butterworths, London 1964.

An important character of the lesions in white matter is shown in
preparations for myelin which reveals them as plaques of perivascular de-
myelination. In many foci all the myelin sheaths have disappeared centrally,
but some are preserved in other lesions giving the appearance of the myelin
shadow plaque. Early lesions generally contain more myelin than older ones
and are only partly demyelinated; some of the myelin present is swollen or
fragmented but many other sheaths appear intact.

It is not impossible that some of the demyelination is only apparent and
that the local separation of myelin sheaths may be partly due to focal oedema.

Foci where axons are swollen and free of myelin are a characteristic feature
or stage, as shown in the periphery of the lesion. However, in some lesions
most of the axis cylinders appear normal suggesting the possibility of recovery.

Scheinker thought that the demyelinated foci were like the eatly lesions
of multiple sclerosis. This is largely true . . .

6. Further Notes on Traumatic Fat Embolism: Comparison of
Nervous Lesions with those of Multiple Sclerosis

Courville CB. Bull Los Ang Neurol Soc 1964;29:143-49.

In addition many of the microscopic features were also similar to those
of the plaques of multiple sclerosis. In fact only the obvious freshness of
these lesions (6 days) constituted the essential difference.

In this case, fat embolism to all portions of the spinal cord, but especially
in the central grey matter, were abundant even after the short survival period
of 7.5 houts. It is thus made clear that fat embolisms after trauma are to be
found only in locations within the nervous system where plaques of multiple
sclerosis have been obsetrved.

7. Pathogenic Mechanisms in the Leucoencephalopathies, in Anoxic
Ischaemic Processes in Disorders of the Blood and in Intoxication

Lumsden CE. Chapter 20. In; Vinken PJ, Bruyn GW, eds. Handbook of
clinical neurology. Amsterdam, North Holland, 1970;572-663.
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The second lesion is one, the frequency of which has only recently been
recognised. These characteristic, minor - traumatic lesions can simulate early
multiple sclerosis plaques quite remarkably.

The vast numbers of lesions attending classical instances of fat embo-
lism are always very striking and one cannot help feeling that sporadic and
clinically silent lesions must commonly be associated with many non fatal
fractures and soft tissue trauma of minor, even trivial degree.

8. Zur Klinik des Dekompressionstraumas bei Tauchunfillen

Gerstenbrand F, Pallua A. Clinical study of Decompression disease caused
by diving accidents. In; von Gerstenbrand F, Lorenzoni E, Seemann K.
Eds. Tauchmedizin. Schlutersche, Verlagsanstalt und Druckerei GmbH &
Co Hannover 1980.

A comparison of decompression sickness and fat embolism, mentioning
multiple sclerosis and emphasising the disturbance of the blood-brain barrier
and focal oedema in demyelination.

9. A Rarely Reported Multifocal Demyelinating Disease: Pancreatic
Encephalopathy

Brucher JM, De Smet Y, Gonsette RE. In; Immunological and clinical
aspects of multiple sclerosis. Gonsette RE, Delmotte P eds. MTP Press
Ltd., Lancaster, England 1986.

Reporting two cases of pancreatic encephalopathy, the authors empha-
sise the ability of enzymes to destroy myelin either directly, a hypothesis al-
ready suggested by Joseph Balo as far back as 1940 in a case of diffuse sclero-
sis of the Schilder type or indirectly through released fatty acids, a hypothesis
sustained by the evidence for subacute fat embolism as the cause of MS.

10. Evidence for Subacute Fat Embolism as the Cause of Multiple
Sclerosis

James PB. Lancet 1982;i:380-386.

The neurological features of decompression sickness, which is thought
to be due to gas embolism, are similar to those of multiple sclerosis (MS).
There is also evidence in man that fat may lodge in the microcirculation of
the nervous system and cause distal perivenous oedema with loss of myelin
from axons. Since acute fat embolism may produce lesions not only in the
white matter of the brain, but also in the cord, the retina, the meninges and
the skin, and since all these have been described in MS, subacute fat embolism
may be the cause of MS.
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APPENDIX 3

Anecdotes—The Patient’s Stories

1t is often claimed that knowledge multiplies so rapidly that nobody can
follow it. I believe that this is incorrect. At least in science it is not true.
The main purpose of science is simplicity and as we understand more
things everything is becoming simpler.

Dr. Edward Teller, 1908—2003

These reports of the benefit experienced by patients from using oxygen
under hyperbaric conditions illustrate the unique importance of oxygen to
recovery from every injury or illness. No one doubts that breathing is es-
sential to life but, clearly, many fail to recognise that it underpins all healing,
Sceptics often claim that patients can get better without the additional oxygen
provided in a chamber and they may be correct, but this improvement does
not happen without oxygen—it happens because of the oxygen we gain from
breathing. However, as we all know, healing may stall, or stop altogether. This
often happens because diseases and injuries are associated with prolonged
and damaging lack of oxygen which is, most importantly, associated with
continuing inflammation. So the naysayers are, in effect, claiming that the
dosage of oxygen we gain from breathing air—at whatever the barometric
pressure is where we happen to be—is the best dose.

An obvious question raised by hyperbaric oxygen treatment is simply:
Why does the lack of oxygen and inflammation return after a session? The
answer is simple: It is because the blood vessels in damaged tissue need time
to be reformed because when tissues are injured or diseased, the process not
only affects the cells of the tissues, it affects their adjacent capillaries. This in-
dicates that a threshold needs to be reached in restoring the microcirculation
for normal oxygen levels to finally be re-established. These stories collected
over the years reflect the many facets of the clinical use of oxygen treatment
from the very young to the very old.

Hyperbaric Treatment of Acute Eczema

A baby boy just 19 weeks old developed eczema and was scratching his
scalp and body to the point of bleeding. Every remedy was tried but to no
avail, and his distraught parents could only resort to cutting his finger nails
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The patient, now a young man, holding the
picture of himself as a baby in the Vickers
hyperbaric chamber.

and bandaging his hands. Knowing of their distress, a friend who had ben-
efitted from hyperbaric oxygenation who knew it controls inflammation sug-
gested an opinion should be sought at a local teaching hospital hyperbaric
unit. Within days, the little boy started daily sessions of an hour treated at 2
ATA in the putre oxygen atmosphere of a Vickers chamber. The benefit was
visible after just a few sessions and, after a total of just six, the redness had
faded and he stopped scratching altogether. He has not looked back and even
a bout of chicken pox a year later did not rekindle his eczema. Cleatly, if gene
down-regulation can be achieved eatly they may stay “down-regulated” and
avoid years of misery.

A similarly dramatic effect was seen in a 54-year-old man almost suicidal
with a bout of the severe eczema he had suffered from since childhood.
He reported relief from the pain and intense itch minutes after breathing
oxygen at 2 ATA. A course of 12 sessions led to a major reduction in the
severity of his eczema which has persisted, without further treatment, for
over five years.

Hyperbaric Oxygen Treatment Restores a Patient’s Speech

A 39-year-old professor of civil engineering had an upper respiratory
virus infection and lost his voice. When about two weeks had passed, his
family doctor arranged an appointment with an ear nose and throat specialist
who found severe swelling of the vocal chords. Another week passed without
resolution; he could only whisper and the sore throat continued. A session
of hyperbaric oxygen treatment was undertaken at 2 ATA in a multi-person
chamber. Upon removing his mask after just 20 minutes he was able to speak
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normally, and he completed the session of one hour. The following day his
throat discomfort had returned although his voice was normal and two more
sessions were undertaken on successive days with complete resolution. A
similar episode two years later was treated more promptly again with success.

Problems from Lumbar Puncture Resolved with
Hyperbaric Oxygen Treatment

A lady in her mid-forties felt mildly unwell for a couple of days and woke
during the early hours of a Friday morning with a severe headache. After she
vomited the pain began to subside, and about 30 minutes later she was able to
go back to sleep. Over the weekend she felt fine, but her husband, who was
working abroad, suggested a consultation with the family doctor and she was
admitted to hospital that Monday. During the week she had two CT examina-
tions of her head, the second with an injected dye. A sample of spinal fluid
was obtained by lumbar puncture on the third attempt. She finally returned
home that Friday evening with a headache and rested on Saturday, experienc-
ing odd transient sensations in the finger tips of her right hand. On Sunday
morning she woke with a bad headache, feeling sick and shaky. The symp-
toms were relieved within 20 minutes in a chamber, breathing oxygen at 2
ATA, and a one-hour session was completed. The patient described the relief
as amazing. Some of the mild transient strange sensations persisted. She had
additional treatment sessions and they slowly resolved over the subsequent
weeks. Although initially stating that this patient had suffered a “mild” brain
haemorrhage, the hospital consultant later admitted that there had been con-
tamination of the specimen. The use of 100% oxygen, both to prevent and
to treat lumbar puncture headache, was discovered in the 1930s.

Hyperbaric Oxygen Treatment of Rheumatoid Arthritis
and Lung Damage

This patient suffered from rheumatoid arthritis for many years but, with
frequent hand surgery, was able to continue working until 2001, at the age of
55. He was maintained on steroids and morphine to control his joint pain,
and had a course of gold injections. He developed breathlessness and cough
which became persistent. In May 2006, he was told that he had end-stage
pulmonary fibrosis—lung scarring—and that his life expectancy without a
lung transplant, was two months to, at most, two years. The word “hypoxia”
had been used frequently and the patient found the website of a hyperbaric
unit in a local teaching hospital. Supplementary oxygen had been prescribed
for 15 hours a day, and being a physicist, this puzzled him: What about the
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other nine hours in the day? There is no scientific evidence to support this
restriction and he started supplementary oxygen 24 hours a day. He began to
feel much better in the mornings with less pain. In 20006, the latest immuno-
suppressive drug used for patients after lung transplantation was prescribed
by a specialist in London: It made him very ill. He stopped the drug and
started a course of treatment in a local hospital hyperbaric unit. After five
houtly sessions at 2 ATA, his coughing was dramatically reduced and he was
able to walk out of the hospital holding a normal conversation. After further
treatment and later sessions in a charity chamber he bought his own unit. His
lung function tests in August 2008 had improved by more than 10% and the
laboratory scientist commented that he had never seen a patient with this
form of lung fibrosis improve. Since 2006, he has not used any immuno-
suppressive drugs: It is clear that both his lung and joint disease are due to
inflammation, not auto-immunity. The redness and swelling of his hands and
the Heberden nodes on his knuckles have long since disappeared: The skin is
peatly white. The steroid medication for his arthritis has been greatly reduced
and he no longer needs to use morphia. It is ironic that many pulmonary
specialists believe that oxygen is toxic to the lungs and would strongly advise
patients against hyperbaric oxygen treatment. Now in his seventh year from
his diagnosis of terminal lung disease, and despite detetiorating lung func-
tion, he has started a new charitable hyperbaric facility for others to benefit.
One has been the young lady in the next story diagnosed as having juvenile
rheumatoid arthritis.

Rheumatoid Arthritis in a Young Person Controlled
by Oxygen Treatment

At the age of 10, this healthy, fit young lady suffered from an unknown
virus infection that left her fatigued for months. She continued to suffer fa-
tigue on joining high school and was prone to virus infections. In her third
year she was complaining of cold, painful hands even on warm days, and by
the age of 14, her problems escalated with pains in the joints of her hands
and debilitating headaches. After many visits to the family doctor, the label of
Raynaud’s disease was suggested: It is not usually associated with pain, but by
this time the joint pain was affecting her ability to write and even hold a cup
of tea. A consultant thought it was most likely that she was developing “auto-
immune” disease and prescribed the drug hydroxychloroquine. This caused
nausea and the parents discontinued it after researching its side effects. How-
evet, their daughter’s symptoms worsened and headaches and fatigue kept her
off school for several days at a time. Pain developed in almost all of her joints
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and, at 16, it was a major effort for her to cope with her examinations. The
school even suggested that she not return until she was well again. At another
hospital review hydroxychloroquine was again prescribed together with gaba-
pentin and celecoxib; they had no effect on her joint pain and headaches and
caused constant nausea. Unable to tolerate the unpleasant drug side effects
she reverted back to using paracetamol and ibuprofen. At this point, a trial of
hyperbaric oxygen treatment was suggested with a course of 20 sessions over
four weeks. The parents were told to play down expectations. The day after
the first session the patient asked her father if oxygen could help her to sleep:
She had just slept through the night for the first time in months. Her parents
report that “from that point on she has been full of energy and active in a way
we hadn’t seen for years.” After five sessions she said that, although her fin-
gers were still sore, the pain in all her larger joints had gone. After the eighth
treatment session she told her father that she couldn’t find a pain anywhere in
her body: All the swelling had gone from her fingers and the headaches had
stopped.

A year has passed and she continues weekly sessions. This keeps most of
her symptoms under control, although if it is missed her symptoms worsen.
She still suffers some pain in her hands, which is worse in cold weather. Her
father recalls that these symptoms are exacerbated in times of stress, espe-
cially during examinations. Nevertheless, with one hour of hyperbaric oxygen
treatment—out of the 168 hours of a week—his daughter is living a normal,
active teenager’s life, rarely affected by headaches and, apart from an occa-
sional paracetamol tablet, takes no medication. She has even taken up athlet-
ics and competed in her first national competition. With missing very little
school over the past year she has performed well academically and hopes to
gain a place at university in the near future.

Hyperbaric Oxygen Treatment for Steroid-
Induced Hip Damage

A 40-year-old man, who experienced sudden hearing loss in June 2013,
was given steroid treatment. Two months later he developed pain in both
hips and MRI showed the typical bone damage to the femoral heads that is
occasionally associated with steroid medication. He was referred for hyper-
baric oxygen treatment but developed nausea during his first session breath-
ing oxygen at 2 ATA. Unsuccesstul attempts were made to reduce this effect
by interrupting oxygen breathing with periods breathing air. Measurements
made of his blood glucose when breathing oxygen in the chamber at 2 ATA
showed a dramatic fall from 120 to less than 50 mg/dl over 20 minutes.
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Measurements were also made of the oxygen levels in the skin of his feet
breathing 100% oxygen at 2 ATA, which showed the oxygen level fell,
paradoxically, to less then 15 mm Hg—typical values breathing air at 1
ATA are over 40 mm Hg. Despite the problems, the patient reported
relief of his pain. Investigation of the patient is continuing in order to
devise a suitable protocol for continuing his treatment. His response
provides confirmation that the so-called toxicity of oxygen affecting the
brain is due to the con-striction of blood vessels causing a reduction of
the availability of glucose, as detailed in Chapter 8. All the symptoms
ascribed to oxygen toxicity are typical of a hypoglycaemic attack. Because
the patient’s blood glucose level was measured in blood from a finger, the
constriction of blood flow appears to be affecting the normal control of
blood glucose levels. This will obviously reduce the supply available to the
brain.
Treating Injured Legs with Oxygen Includes the Brain

In 2009, a 64-year-old professor of theoretical physics in Israel was hit
by a car crossing the street near his home in Tel Aviv, sustaining severe inju-
ries to his head and legs. After life-saving surgery he spent several weeks in
intensive care in a critical condition. His feet were so badly damaged that am-
putations seemed inevitable. However, he was even more distraught to find
that his ability to think had been severely impaired and his memory almost
destroyed. As he slowly recovered, still in hospital, his new book covering
a very complex area of science and advanced mathematics arrived from his
publishers: He was horrified to find he did not understand a single formula.
In fact, he could not even understand why he had written the book. With
amputations seeming inevitable, it was decided to send him to the hyperbaric
facility in Haifa to try and save his feet, although not, of course, his brain—
at least according to the stricture of the medical insurers that reimburse
treatment in Israel. His feet soon began to heal and the threat of amputa-
tion receded, but what was even more dramatic was that his cognitive ability
started to return. Steadily over weeks of hyperbaric oxygen treatment, his
book began to make sense and his understanding of his research returned.
This astonishing recovery of his faculties was witnessed by visiting friends—
professors working in applied mathematics, chemistry, and physics. Soon
they were discussing the failure of mainstream medicine to understand the
physics of oxygen transport and to use oxygen as a treatment. The first re-
sult of their efforts, guided by the treating physician, Dr. Yehuda Melamed,
was the publication of a paper in a leading international physico-chemical
journal. (See Ref: No. 8, Chapter 12.)
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Is the Brain a Soft Tissue? Not when Hyperbaric Oxygen
Treatment is Needed

Over the period that the professor from Tel Aviv was being treated, a
bizarre case was being heard in a high court in Israel to decide if the brain is
actually a soft tissue. The Israeli Health Ministry had approved the use of hy-
perbaric oxygen treatment of soft tissue damage from radiotherapy in 1986.
However, the Israeli insurers, Kopat Holim, refused to meet a claim for reim-
bursement after hyperbaric oxygen treatment from a 52-year-old patient who
developed progressively failing vision and unsteadiness after radiotherapy for
leukaemia. The damage was confirmed by MRI and, after finding informa-
tion about hyperbaric oxygen treatment on the Internet, the patient contacted
the hyperbaric facility in Haifa. He had dramatic benefit from 40 sessions of
hyperbaric oxygen treatment at 2 ATA, five days a week, and he was able to
return to work. On being refused reimbursement, he enlisted the help of Dr.
Melamed and opinions from other experts, including the author. The case
came to court and after five hearings over four years, the judge upheld the
patient’s claim ruling that the brain is indeed a soft tissue!

A Dedicated Wife Proves that the Brain May
Not be Dead but Sleeping

This story begins on May 1, 1997, when the patient collapsed at the age
of 55 with a brain haemorrhage. Airlifted in coma back to his home city of
Dallas, a neurosurgeon reluctantly operated, however the patient remained in
coma for six months. After he regained consciousness he spent six months in
rehabilitation hospitals unable to converse and fed by naso-gastric tube. His
wife had researched treatment and, finding hyperbaric medicine, she spoke
to many doctors, including Dr. Richard Neubauer, but it was considered that
the patient was too ill to fly to Florida. In fact, three years were to pass before
treatment became possible. After eight sessions in August 2000, improve-
ment was obvious and it was ongoing: Following 25 sessions he had major
improvements in speech and short term memory, he could walk without as-
sistance, and he regained bladder function. In February 2001, he consolidated
the improvement with a second coutse of 40 sessions. He had further brain
haemorrhages in 2005 and 2010, not to mention two heatt attacks, a knee im-
plant, and hip surgery after a fall. His wife continued to organise hyperbaric
treatment for his problems. She now owns and operates a hyperbaric facility,
where he has several sessions a week. Today, 16 years after it was suggested
that he should be an organ donor, he still enjoys life. Clearly SPECT imaging
would have allowed the sleeping areas of the brain to have been identified
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with the improvement from the additional oxygen provided under hyperbaric
conditions. His wife is a leading figure in the patient movement, the American
Association for Hyperbaric Awareness.

Torture by “Diagnosis”: A Multiple Sclerosis Patient’s Story

In Chapter 14, the nonsense of calling the terms “multiple” and “sclero-
sis” a diagnosis was discussed. Cleatly, neither a patient nor, indeed, a neurol-
ogist wants this label applied and it is often years before the nettle is grasped.
It is said that multiple sclerosis is more common in the islands around Scot-
land than mainland UK following epidemiological studies in the 1950s in the
Shetlands. This patient, from an island on the west coast of Scotland, had
migraines as a teenager and suffered from episodes of vertigo in her 20s. Her
father had been told she had multiple sclerosis. At the age of 29 she abruptly
lost feeling down the left side of her body and the inside of her mouth, and
was examined by the family doctor who at the time thought she was develop-
ing multiple sclerosis. The symptoms slowly disappeared over the following
year but, when she was 30, she lost the vision in her right eye. This resolved
over several months, but again there was no specialist referral. In her 40s she
began suffering excessive fatigue and falling without explanation, with one
episode leaving her with severe lower back pain and right leg weakness. By
this time short courses of steroids were being prescribed by general practi-
tioners and eventually, after waiting a year, she was seen by a neurologist in a
hospital on the mainland. An attempt at lumbar puncture failed but, despite
MRI revealing four bright areas in her brain and the long history of neuro-
logical symptoms, it was not considered that there was enough evidence for a
“diagnosis” of multiple sclerosis to be made. With relapses in her 50s several
times a year and courses of steroid treatment and hospital admissions, a re-
peat MRI confirmed the affected areas. She was finally told she did, indeed,
have progressive multiple sclerosis, only to have the “diagnosis” questioned
months later by another neurologist, who wanted the label changed to “prob-
able multiple sclerosis.” And so this dismal story continues.

A “Clinically Isolated Syndrome” After a Bruise —
Is it Multiple Sclerosis?

On a Sunday morning, a family of four was having breakfast expecting
to go to church, but as they finished the daughter, a young lady of 14, said
she did not feel very well. Her mother suggested that she go back to bed but,
on attempting to stand up the girls’s left leg buckled and she fell to the floor.
The bewildered family watched helplessly as, over minutes, both legs became
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paralysed. The family doctor made an urgent house visit and she was bundled
into a car and taken to a well-known hospital in Glasgow. A history was taken,
she was examined, and lumbar puncture was done, although no diagnosis was
offered to the distraught parents. A day later a steroid treatment was started
but by the end of the week the girl was still unable to stand. Her parents were
told that the diagnosis was an ““acute transverse myelitis”—a description of
damage across the spinal cord, but not a diagnosis, and it was “probably due
to a virus.” Later it was recalled that she had bruising to a leg two days before
collapsing from playing hockey. Is it possible that a simple bruise may cause
such a devastating illness? Indeed it can: A simple bruise can be fatal and we
have seen that the mechanisms are understood. Her parents discharged her
from hospital in order to obtain hyperbaric oxygen treatment and within days
she was walking again, although some mild bladder problems persisted.

A Doctor with Multiple Sclerosis Recovers from an
Attack Using More Oxygen

This doctor, newly qualified in 1982, self “diagnosed” her multiple
sclerosis from neurological signs she found during her training at a Scottish
medical school; it was later confirmed by a neurologist. In June of 1982, she
had visited the author to discuss the authot’s Lancet publication of Febru-
ary 13th that year “Subacute Fat Embolism as the Cause of Multiple Scle-
rosis.” Her comment was direct: It was the only explanation she had read
that made sense. She took up a residency in a seaside town in southwest
England and, on a weekend off, went to Bristol to be with friends. On the
Saturday evening they went to a local hotel and she had just sat down when
she began to feel unwell: The room began spinning round with the onset of
acute vertigo. She was violently sick and her friends took her to their lodg-
ings but the oral steroids she carried made no difference. After a couple of
days she was taken to the residency of her hospital, then admitted to a ward
and given intravenous fluids. Some days later, still feeling ill, she appealed
to her family to take her back to Scotland and she was duly driven north a
tew days later. She had read in the Addendum of the Lancet paper the ac-
count of a young man successfully treated with hyperbaric oxygenation and
her family telephoned to ask if she could also be treated. This required a
further journey north and she has daily sessions at 2 ATA for 12 days with
dramatic improvement. The vertigo and nausea disappeared after the first
treatment with continuing improvement in balance and bladder function
over the course of treatment. Over the subsequent years she has had several
more attacks successfully treated.
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Doctor Reacts to a Patient Reporting Benefit from
Hyperbaric Oxygen Treatment

This patient, who has a progressive form of multiple sclerosis, attended
her local hospital for a routine six monthly appointment. After having had
several months of hyperbaric oxygen treatment she was excited to report the
benefit she had experienced and, for once, was accompanied by her husband.
The island community of about 70,000 was considered too small for a full-
time neurologist to be employed and the role was taken by a general physi-
cian, who had seen the patient regularly for over 12 years. The tests showed
great improvement in the patient’s vision and her nystagmus had disappeared,
but the patient saw that the doctor was cleatly becoming very annoyed. On
further reporting that the improvement in her trigeminal neuralgia had al-
lowed her to discontinue drug therapy, the doctor pushed his chair back and
aggressively stated that none of this could be the result of hyperbaric oxygen
treatment: It was all in her mind. By this time, the patient said that he was
shaking uncontrollably with rage—she had never seen anyone so angry in
her life. The clinic nurse was visibly shocked by the doctor’s behaviour and
concerned for the patient. The doctor barked that she should leave and threw
the door open. Her husband found great difficulty controlling his desire to
intervene with physical action.

Oxygen Treatment Beneficial 45 Years After Inflammation
from a Spinal Injection

This former Merchant Navy officer developed back pain from a disc
problem in July 1966 at the age of 27 and eatly in January 1967 had sur-
gery. He developed further difficulties over the next few months and an
X-ray agent called Myodil was injected in an attempt to define the problem.
However, his disabilities prevented him from returning to sea and he was
eventually employed by a company providing work for the disabled. He
had a second injection of Myodil investigating his back problem in 1976
and continued working for a further 19 years, although with much time
off sick. By 1987, his mobility had become severely impaired and he had
to stop work altogether. Three years later he became aware of the publicity
about the problems that derive from retained Myodil after lumbat puncture
and a scan confirmed that the dye was still present. It was trapped in the
membranes which cover the spinal cord at the bottom of the spine, causing
chronic inflammation and pain. Because of his previous back surgery it was
decided that another operation to remove the dye posed too much risk. He
continued to deteriorate, only able to walk with a slow shuffle, with chronic
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pain, and he needed modifications to his home to cope. As he thought his
disability was rather like multiple sclerosis, in 2012 he discussed hypetbaric
oxygen treatment with his family doctor and started sessions in a local chat-
ity centre. After 20 one-hour sessions five days a week, he was able to walk
propetly—without the slow shuffling gait—and he has become much more
active in his community. On reducing his treatment to just one session a
week he lost a little of the benefit, but remains very much more active and
has little pain.

Dr. Oliver Sacks and Awakenings—The Stories
Neurology has Forgotten

The influenza epidemic that began during WW1 and vanished in 1926
left a legacy known as Encephalitis lethargica. The term relates to persist-
ing symptoms with profound fatigue from the most feared complication of
the illness, inflammation of the brain. In his book Awakenings, Dr. Sacks, a
British neurologist, recounts the story of Miss R., a talented, rich, and privi-
leged young lady of 21, who went to bed in normal health. After a night of
dramatic dreams her family found her in a strange contorted state, unable to
speak. The family physician diagnosed “catatonia” and said that she would
recover in a week. She did not and she remained profoundly disabled in
a trance-like state with constant spasms and terrifying crises. She was first
looked after at home but, in 1935, she was admitted to Mount Carmel Hos-
pital in New York. Dr. Sacks administered the drug leva dopamine on the
June 18, 1969, 43 years after the onset of her illness, with dramatic results.
He was astonished to find that by the 6th of July Miss R. had been free of
her crises for eight days and was able to walk unaided for 600 yards be-
tween hospital buildings. She was elated but after some days, the response to
the drug began to fail and new neurological symptoms appeared, together
with acute paranoia. By the end of August 1969, the awful symptoms had
returned and her face assumed a horrified, tortured expression. Attempts
were made over the next three years to improve matters with further courses
of leva dopamine at differing dosages but, sadly, they failed. Dr. Sacks re-
corded many dramatic, although usually fleeting improvements in patients
with Encephalitis lethargica, and a film based on the remarkable events at
Mount Carmel Hospital, which starred Robert De Niro and Robin Williams,
distributed by Columbia Pictures in 1990, has now been virtually forgotten.
What the drug demonstrated beyond doubt is that improvement is possible
in some apparently intransigent neurological diseases.
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Brain Injury: Late Benefit from Hyperbaric Oxygen
Treatment Followed by MRI

This patient, now 58 years old, was injured in a motor vehicle accident
after colliding with a wall at speed in January 2004. He had a prolonged pe-
riod of loss of consciousness, was hospitalised in intensive care, and later
developed seizures. After months of recovering he began to run his disaster
restoration business, but continued to decline and eventually became unable
to manage his own affairs. He was diagnosed as suffering from the delayed
effects of head injury; the medical term being “chronic traumatic encepha-
lopathy.” He was admitted to intensive care in January 2012 with bacterial
meningitis, and following successful treatment, he returned home. He was
evaluated by a physician on August 8, 2012 who found he was apathetic and
emotionally flat. He did not volunteer information and would respond only
when prodded and with single words. He was not eating regular meals and
said he was frequently lost when driving. An EEG done in August 2012 was
abnormal, demonstrating intermittent slowing of activity over the tempo-
ral lobes. Initial MR scans of the brain with diffusion tensor imaging (DTT)
was also undertaken and showed damage with loss of fibre tracts. He had
40 one-hour sessions of HBOT at 1.5 ATA. On June 3, 2013 he was much
more animated than at his initial appointment; indeed he was argumentative,
which his doctor records as an obvious improvement! He is now able to drive
around town without getting lost. His follow-up brain MRI, again with DTI,

August 2012 June 2013
. of
No. of nerve fibre 619 701
tracts
Netrve fibre tract 5087 5,517

volume (cu mm)

L TN o N s L] P

DTI from August 2012 (left) and June 2013 (right). (Courtesy of Dr. Carol Henricks.)
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demonstrated improvement of the nerve fibre tracts in the bridge of fibres
that connects the hemispheres known as the corpus callosum.

Predictably, some fibre tracts showed mild deterioration despite the im-
provement recorded in all other values. His physician observes that this is a
remarkable recovery nine yeats post-injury and suggests that we need to con-
tinue to pursue research and hyperbaric oxygen treatment protocols. Cleatly,
as argued in Chapter 19, hyperbaric oxygen treatment should be used in the
first hours following injury, not nine years later.

A Veteran Improves from Brain Injury with Hyperbaric
Oxygen Treatment

This patient, a US Army soldier deployed to Iraq, was injured in a mor-
tar attack on his position in 2008 at the age of 45 years. After waking from
a brief loss of consciousness, he had a headache which proved resistant to
treatment and he also had cognitive problems. He was assessed at an army
base in Washington state but, in the absence of his medical records and
documentation of the blast injury, he was diagnosed with a “conversion dis-
order”—old fashioned hysteria, implying that there was no “organic” basis
for his symptoms. Civilian specialists later diagnosed him with persistent
post-concussion syndrome and post-traumatic stress disorder. He was re-
terred for participation in a study of hyperbaric oxygen treatment at the LSU
School of Medicine in New Otleans, where his history was reviewed and
he received a physical examination and cognitive testing. He had 16 pieces
of shrapnel in his left arm visible on X-rays, as well as neurological abnor-
malities. In July 2009, SPECT brain imaging was undertaken before HBO
treatment, after a single HBO treatment, and then after 40 HBO treatments.
Improvement was visualised on the pre and post SPECT imaging especially
on the blast-injured left side of the brain.

(Courtesy of Dr. Paul Harch, MD.)
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It should be noted that it is difficult to produce sliced images at exactly the
same level, but the improvement in blood flow evident from the colour change
from red to yellow in the left hemisphere is obvious. All SPECT imaging was
performed under identical conditions with expert processing and three-di-
mensional “thresholding” by Dr. Phillip J. Tranchina. The patient reported
that his symptoms had improved and he became less anxious and depressed.
However, the post-traumatic checklist—military (PCL-M) did not change with
the hyperbaric treatment. Unfortunately, doctors continue to discount the pa-
tient’s story and constantly look for “objective evidence from tests which often
are far more expensive than giving a little more oxygen.” As more veterans
have committed suicide on returning from Iraq and Afghanistan then have
been killed in action and the technology is available to study the benefits in
real time, government action is mandatory. It is obviously unscientific to claim
that oxygen is a placebo: Breathing underpins all improvement in patients with
brain injury!

Hyperbaric Treatment of a Four-Year-Old Boy with Autism

Right-sided SPECT images of brain blood flow of a four-year-old child
before and after 10 hyperbaric treatments of one hour at 1.3 ATA. He de-
veloped autism aged eighteen months, shortly after vaccination with MMR.
Red/yellow areas represent return of normal blood flow. The patient showed
striking improvements in behaviour, memory, and cognitive function. He be-
came affectionate, started pointing, verbalizing, and began interacting with
people. This case report confirms the benefits at 1.3 ATA demonstrated in
the UDAAN study discussed in Chapter 12 (reference 23). From: Hyperbaric
oxygenation for cerebral palsy and the brain-injured child. Best Publishing
Company, 2002. The May 7, 2014 issue of [4M.A, which is devoted to child
health, includes research which reinforces the importance of environmental

factors in autism.

(Courtesy of Drs. Gunnar Heuser and Michael Uszler.)
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