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1 Project Summary

Hyperbaric oxygen therapy (HBOT) is administered inside a treatment chamber and provides the
patient with 100 percent oxygen at high atmospheric pressures. The effectiveness of the HBOT in
treating neurological diseases is not yet well established. Significant evidence suggests that HBOT is
beneficial in the treatment of certain mental disorders such as post-traumatic stress disorders (PTSDs)
associated with mild traumatic brain injury (mTBI). This study examines the treatment response
of military veterans with clinically diagnosed PTSD that undergo HBOT using advanced magnetic
resonance imaging (MRI). This is one of the first studies to use MRI data for HBOT evaluation. Study
participants are scanned at the baseline, post 20 dives and 40 dives, and at the 3-month follow-up post
therapy. The proposed mechanism of action of HBOT in PTSD/mTBI is that increasing oxygenation
of blood and tissues results in the improvement of neuronal functioning by the reactivation of metabolic
and neuronal pathways. Study participants have demonstrated statistically significant changes in major
neurometabolites evaluated with magnetic resonance spectroscopy (MRS). Additionally, changes have
been observed in CSF flow and survey metrics. The main aim of the study is to assess HBOT using more
objective measures compared to survey data, i.e., MRI metrics, and to inform healthcare professionals
and prospective patients about the treatment options available.
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3 Introduction

We are observing a post-traumatic stress disorder (PTSD) veteran population undergoing independent
and elective hyperbaric oxygen therapy (HBOT) at State-contracted hospitals by doing MRI scans to
track the health outcomes of sustained treatments of HBOT. Our MRI research will not be conducting,
endorsing, modifying, informing, nor interfering with the elective HBOT treatments of the PTSD
population. Raw data or patient information will only be shared between Purdue and the State-
contracted hospital organization if the participant signs release forms. We will assess a variety of
magnetic resonance imaging (MRI) metrics. MRI will be performed at the Purdue MRI Facility
using several pulse sequences, including high-resolution (1-mm isotropic resolution) structural (T1-
weighted, T2-weighted) images, diffusion tensor MRI (DTI) to evaluate white matter microstructural
integrity, resting-state functional MRI (rs-fMRI) to determine functional connectivity and investigate
the impact of HBOT on each participant’s baseline measures and the brain’s default mode network.
Further, magnetic resonance spectroscopy (MRS) is performed to measure relative concentrations of
metabolic levels within brain volumes, e.g., N-acetyl aspartate reflects neural density and integrity,
choline as a membrane turnover marker, myo-inositol a as glial cell marker. We perform perfusion
MRI to measure cerebral blood flow, cerebral blood volume, and the delivery of oxygen from blood to
brain tissues. Two surveys- Central Nervous System Vital Signs (CNSVS) and Purdue Neurotrauma
Group Basic Health Assessment/Questionnaire (PNGBHQ)—are collected prior to each MRI session;

Surveys
1) CNSVS:

a)Verbal Memory Test

b)Visual Memory Test
¢) Stroop Test

) Reasoning Test

e) Alcohol Use Disorders Identification Test (AUDIT) SF-10
f) Depression, Anxiety and Stress Scale (DASS) SF-21
) Drug Use Questionnaire (DAST) SF-20
) Epworth Sleepiness Scale (ESS) SF-8

i) Medical Outcomes Survey (MOS) SF-36

j) PTSD Checklist for DSM-5 (PCL-5)
Several participants have indicated triggers post collecting the CNSVS survey data, therefore we have
concluded CNSVS survey collection.
2) PNGBHQ: This is a basic health questionnaire to eliminate other confounding factors in the study
such as medication or additional therapy that could interfere with our findings.

Speci ¢ Aims/Objectives
HBOT has shown positive data in treating the neurophysiological causes associated with PTSD in
military veterans. However, currently published research is limited to survey metrics for assessing the
efficacy of the therapy. HBOT works by subjecting the patient to higher atmospheric pressures and
increasing the concentration of oxygen. This increased pressure and oxygen uptake are intended to
help get oxygen to critical regions of the brain to help the body heal brain injury through natural pro-
cesses. HBOT’s long history and widespread use across the medical community for wound care align
with this extended application of the therapy. The primary objective of our study is to use our research
findings to inform federal, state, Department of Defense (DoD), and Department of Veteran Affairs
(VA) representatives who are making decisions regarding funded veteran care. A positive finding in
research could lead to veterans having HBOT as a covered therapeutic option for those who are already
saturated with drug-based solutions to diagnosed PTSD and/or mTBI. U.S. Food and Drug Admin-
istration (FDA) approved HBOT for 13 uses, none of which includes treatments for mental health
conditions, including mTBI or PTSD. This pilot study would also springboard future clinical trials
by proving a rigorous testing template for tracking progress through MRI modalities. The scope of
our research is to characterize the effects of HBOT in a veteran population with PTSD and/or mTBI.
We will provide an unprecedented and comprehensive examination through advanced MRI metrics
including diffusion tensor imaging (DTT) to evaluate white matter microstructural integrity, functional
MRI (fMRI) to determine functional connectivity (or observe diminished hyper-connectivity), magnetic
resonance spectroscopy (MRS) to measure relative concentrations of metabolic levels within PTSD-
specific localized brain volumes, and high-resolution (1-mm isotropic resolution) T1 and T2-weighted
images for detailed structural and volumetric analysis. To provide consistency with existing studies,
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each MRI scan session is accompanied by two surveys: CAPS-5, PC-PTSD-5 and Purdue Neurotrauma
Group Basic Health Assessment (PNGBHQ). The first two assess recent PTSD symptoms while the
latter is a basic health questionnaire to eliminate other confounding factors in the study. Each patient
will receive five 1-hour long MRI scans: baseline, post twenty dives, post forty dives, 6-month post
therapy, and 1-year post therapy. Patients will receive forty 1-hour long HBOT “dives” at 1.5 atmo-
sphere absolute (APA) at an HBOT provider with adequately trained and certified staff. Potential
discoveries from the study include finding quantifiable imaging-based biomarkers indicating a benefit
of HBOT for treating individuals with PTSD and/or mTBI. Diffusion-weighted MRI (DWI) will be
employed to query white matter integrity throughout the brain. We expect white matter healing to be
indicated by increased fractional anisotropy (FA) and decreased mean diffusivity (MD). fMRI will be
used to first compare the healthy population identifiability with the PTSD population identifiability.
Identifiability is determined by 248 regions of interest which are each compared to one another within
a functional connectome matrix using principal component analysis. We expect to observe extensive
hyper-connectivity as a baseline measure and a positive outcome would be more normalized network
connectivity in post therapy measurements when compared to a healthy population. MRS data will
identify statistically significant change in commonly studied brain metabolites. The three surveys will
not serve as an overall reportable metric, but as an internal cross verification of results only or (in the
case of the health questionnaire) to eliminate potential outlier cases from statistical modeling.

The aim of the study is to characterize the effects of HBOT in a veteran PTSD population by
assessing MRI data including diffusion-tensor MRI (DTT) and fMRI measures of veteran brain function
and health. Our longitudinal study at Purdue will perform MRI of these veterans and a group of healthy
volunteers as a control for MRI scanner acquisition variability. A potential discovery of this study is
finding quantifiable imaging-based biomarkers indicating a benefit of HBOT for treating veterans with
PTSD, with possible association with TBI, which has been shown to be a promising option for this
vulnerable population. This study will investigate potential biomarkers for PTSD.

Diffusion-tensor MRI (DTT) will be employed, specifically diffusion tensor imaging (DTI), to query
white matter integrity throughout the brain. We expect white matter healing to be indicated by
increased fractional anisotrophy (FA) and decreased mean diffusivity (MD).

rs-fMRI will be used to first compare the healthy population identifiability with the PTSD popula-
tion identifiability. Identifiability is determined by 248 regions of interest which are each compared to
each other within a functional connectome matrix using principal component analysis. We expect ini-
tially that PTSD patients will be more ”identifiable” as their injuries will uniquely set them apart since
certain regions of the brain are making up for the deficient connections in others. Our objective will be
to track whether the unique ”barcode” (please note that this "barcode” does not in any way identify
the person, it only serves to identify the scanned brain) associated with PTSD patients dwindles over
time to a more normalized and homogeneous state. We expect to observe larger changes in PTSD par-
ticipants within the 248 regions of interest captured by the functional connectome weighted adjacency
matrix. Observing a decrease over successive treatments of these larger, identifiable differences would
be an indication of improved functional connectedness within the participants’ resting-state brain. A
recent review of MRI studies in PTSD reinforces the hypothesis that we should be able to see more
distinct differences in the rs-fMRI.

MRS has been used to investigate the metabolic window on a wide range of biochemical processes
are extremely diverse. MRS was the first tool that demonstrated biological changes in mental health
patients, namely imbalances in brain metabolism, changing the stigma of mental health. However,
integration of the evidence for altered in vivo metabolite levels across PTSD population are lacking.
This study evaluates unedited spectroscopy of clinically diagnosed PTSD participants undergoing
HBOT. Four brain regions related to the underlying PTSD symptoms have been investigated for
assessment of alterations in cognitive-affective processing such as lack of extinction of the fear response,
flashbacks, heightened physiological responses to trauma cues, and general hyperarousal symptoms and
hypervigilance.

Perfusion MRI: It is well known that brain trauma can cause vascular/microvascular damages to
the brain. A non-invasive MR sequence, namely arterial spin labeling (ASL), has been widely used
to assess the cerebral blood flow in various brain diseases. In this study, we will perform 3D ASL
MRI (GE scanner) on the subjects to measure the vascular responses/recoveries under the hyperbaric
oxygen treatment.

The surveys will not serve as an overall reportable metric, but as an internal cross verification



of results only or (in the case of the health questionnaire) to eliminate potential outlier cases from
statistical modeling.

Background and Signi cance
All previous studies evaluating the e cacy of HBOT for PTSD utilized a variety of patient survey
data for conducting analysis. This observational study will employ MRI-based analysis (above) to
examine changes within a PTSD (with possible associated TBI, per IRB-2019-51) population as it is
treated in a typical HBOT facility by hospital personnel. This will provide analysis of a physical-metric
dataset as a supplement to existing surveys. Our study is one of the rst ones doing MRI assessments
and therefore the potential bene t of having a positive result greatly outweighs the risks of MRI, as
the current standard of care relies heavily on a variety of prescription drugs. Additionally, exploring
an alternative, non-invasive, mode of treatment for PTSD, especially for disabled veterans, is inline
with the current objectives of the VA, https://www.research.va.gov/topics/ptsd.cfm: "VA researchers
are advancing the understanding of PTSD and its e ects, developing and testing treatments for the
condition, and working to nd ways to prevent PTSD from occurring after trauma. Ongoing studies
range from investigations of the genetic or biochemical foundations of the disorder to evaluations of
new or existing treatments."

Research Hypotheses
The research question is whether HBOT has any health outcomes as observed over 12 months before,
during, and after elective treatments for veterans diagnosed with PTSD. Based on an extensive liter-
ature review which included a number of studies specic to combat induced PTSD in veterans, our
hypothesis is that we will see some initially statistically signi cant improvement across all metrics but
that this bene t will begin to diminish after a year or more after the last treatment. We will explore
this research question through magnetic resonance imaging (MRI) based biomarkers of brain function
and connectivity, supplemented by psychological survey data, to determine if there is a statistically
signi cant improvement in symptoms related to PTSD, clinical outcomes, or brain function. We hy-
pothesize that:
For DTI: 1. At baseline, veterans diagnosed with PTSD exhibit lower FA and higher MD, compared
to controls. 2. After 12 months of HBOT treatment, veterans diagnosed with PTSD will exhibit
statistically equivalent FA and MD compared to controls.
For rs-fMRI: 1. At baseline: We expect patients to exhibit high identi ability as brain trauma tend
to be uniquely wired based on participant speci c trauma. We expect this to be true for PTSD as
well. 2. After 12 months of HBOT treatment: We expect patients to become more normalized in the
rs-fMRI metrics mentioned in the Aim/Objectives and Summary section over the course of treatment
but we expect that the high identi ability will return after the elective treatments session comes to a
close.
For MRS: 1. At baseline, veterans diagnosed with PTSD exhibit decreased N-acetylaspartate (NAA)
and choline (Cho) brain metabolites compared to other timepoints. 2. After 12 months of HBOT
treatment, veterans diagnosed with PTSD will exhibit statistically nominal NAA.
For perfusion MRI: 1. At baseline, veterans diagnosed with PTSD exhibit lower regional cerebral
blood ow and cerebral blood volume, compared to controls. 2. After 12 months of HBOT treatment,
veterans diagnosed with PTSD will exhibit statistically regional cerebral blood ow and cerebral blood,
compared to controls.
List the approximate duration in the fashion below.
How long will participants be asked to be in the study? 12-16 months
Number of Visits = 6
Minutes or Hours per visit = 1 hour + minimal time for surveys
Single Day or Multiple Days? - Multiple Days
Total number of months until all data are collected = 12

Speci ¢ Study Procedures
Individuals will be o ered an opportunity to participate in our MRI study by State contracted hospital
sta as they are approved to receive elective HBOT sessions. Volunteer participants for our study
will be screened at Purdue University by con rming their ability to consent (through the Montreal
Cognitive Assessment) and their ability to safely have an MRI scan. We will then obtain consent for
future MRI scans and Surveys. Having been cleared, participants for our study will undergo the rst
of six (6) MRI scans to be performed over the next year. Prior to commencement of their concurrent
HBOT, each patient will undergo an MRI session. We will also collect voluntarily disclosed health



information via the PNGBHQ survey. This same survey will be employed before each MRI session as
well to track any correlating factors that might pollute data for the PTSD analysis (such as changes
in behavior for tobacco, alcohol, and drug use). The individual will then receive forty (40) HBOT
treatments, one hour each. These treatments will be administered by State contracted hospitals daily
on weekdays. No Purdue researchers will be involved with or inform the hospital HBOT protocols.
Following commencement of the HBOT, patients will undergo ve (5) follow-up MRI sessions at the
Purdue Engineering MRI Facility (West Lafayette, IN) and will be asked to self-identify they they have
continued to meet their regularly scheduled HBO therapy sessions. The rst set of follow-up sessions
will take place during the HBOT treatment protocol. Patients will undergo an MRI session every four
(4) weeks, intended to coincide with the 20th and 40th treatments.

The second set of follow-up sessions will serve as a longitudinal assessment, taking place three (3), six
(6) and twelve (12) months after the nal HBOT. MRI session protocol: All subjects will undergo the
same MRI scanning. Procedures for each MRI session: The subject will review the Consent form and
ask any questions to the research personnel. The subject will privately change clothes into a clean,
non-metallic hospital patient gown. The subject will then be provided disposable ear plugs and advised
to insert them in order to mitigate loud noises during the MRI scan. The subject will lie on their back

in the MRI scanner and their head will be positioned within the commercial head receive coil array,
e.g., NOVA Medical 32-channel head receive array. We will collect three types of MRI data during
this project. First, we will acquire anatomical MRI to obtain the 3D structure of the subject's brain
tissues. This step includes routine preparation scans (i.e., localizer and calibration), a T1-weighted
sequence, and a T2-weighted sequence. Second, we will acquire di usion-tensor imaging (DTI) data
using the standard GE Healthcare di usion tensor imaging (DTI) sequence. Third, we will acquire
resting-state functional MRI using the standard GE Healthcare sequence. GE Healthcare MRS and
perfusion sequences would be performed subsequent to the rs-fMRI sequence. We will also acquire
MRS data using SLASER sequence and high order shimming in four (4) di erent brain regions. Lastly,
we will acquire perfusion MRI data, also known as arterial spin labelling.

Throughout the MRI session, the subject will be o ered brief (1-3 minute) breaks between scans,
also serving to provide an opportunity to communicate any concerns to the researcher personnel. Prior
to each scan, research personnel will relay speci ¢ instructions to the subject and provide a cue when
the next scan is about to begin.

The entire MRI session should be completed within 60 minutes. Upon completion of scanning, the
subject will walk out of the MRI room and privately change back into their clothes. Their patient
gown will be deposited in the on-site dirty laundry hamper.



4  Functional Analysis

Hyperbaric oxygen therapy (HBOT) has shown some promise in improving symptoms of post-traumatic
stress disorder (PTSD) in past studies. The project we are working on focuses on utilizing functional-
MRI data from PTSD patients to investigate the e ects that this treatment has on cerebral blood
dynamics. We hypothesize that HBOT will generally increase the cerebral blood perfusion, leading to
reduced blood transit time at certain brain regions and increased coherence of blood dynamics. To
interpret the fMRI data (series of low resolution 3-D images taken every few seconds, which is called
Repetition Time, or TR), we performed several processing steps in a program called FSL. First, the
raw data was preprocessed to obtain \4-dimensional" images where the fourth dimension represents
time. Preprocessing also yielded subject displacement (i.e., motion artifact) pro les as seen in Figure
1, which display absolute and relative head movement of subjects as a function of TR while they are
inside the MRI. These pro les were examined carefully to ensure that the images will not be blurred
due to abnormal spontaneous head movement. If a large motion artifact was detected (as shown in
Figure 1), we will truncate the sections with motion artifacts and keep a continuous section that is
free of the artifacts. In the case of Figure 1, the rst 40 and the last 60 or so 3D images will be cut out
so that only the smooth portion remains for further processing. In this study, each patient undergoes
a baseline fMRI scanning session before treatment. Each successive session is done after 20 additional
HBOT dives at 1.5 atm of pure O2. All the subjects’ displacement pro les were then characterized and
sorted to determine which subjects should be prioritized for further analysis. Figure 2 (left) shows a
table containing the information on data quality from the patient data we have collected so far. Since
PTSD can be triggered by certain unpleasant stimuli, the cramped and loud nature of the MRI scanner
caused many subjects to have involuntary movements during sessions. Thus, only a few subjects yielded
usable data over the course of 3 sessions, speci cally subjects 13 and 15. The other patients' data will
be treated with much more rigorous motion-artifact correction before further analyses. These data
sets were then processed in MATLAB to calculate \delay times" for each voxel. The voxel-wise delay
time represents the amount of time it takes blood to arrive at each voxel of the image relative to the
global mean of fMRI data. For example, if a voxel has a delay time of +3 seconds, it means that
the oxygenated blood arrived at that voxel about 3 seconds after the average delay times of all voxels
in the image. The MATLAB program also creates a 3-D delay map from these values; an example
of this can be seen below in Figure 3. The delay maps are visibly di erent with each session. Each
successive scan reveals fewer voxels with high absolute delay times (turquoise and yellow) and more
voxels with delays closer to zero (dark blue and red) relative to the global mean. This is consistent
with the hypothesis that HBOT will reduce delay times and increase delay coherence. However, this
is largely a qualitative observation. More data is needed for the robustness of the study. In addition
to 3-D maps, we have also generated histograms of delay values to directly compare the distributions
of each session with the baseline. The distributions are also consistent with the observations from
the delay maps, as there are more voxels with delay times closer to zero with each session. Subject
13 yielded plots that closely resemble those of subject 15. Although we have seen some interesting
results that are relatively consistent with our hypothesis, it is impossible to draw conclusions from this
preliminary analysis due to the small sample size. In the future, it should be emphasized to patients
that it is of utmost importance to remain still during the scans to maximize the data quality. We plan

to continue collecting fMRI data from patients in further sessions and repeat this process with more
subjects to gain insights into the e cacy of hyperbaric oxygen therapy.

Figure 1: MRI movement pro le of one subject displaying absolute (blue) and relative (green) move-
ment in mm over time.



Figure 2: Subject list and displacement pro les sorted by lowest absolute displacement. Green repre-
sents subjects with the least movement, while red is the highest and generally unusable for processing.



Figure 3: 3-D delay maps of subject 15 viewed in FSLeyes over the course of 3 sessions. The color bar
displays the delay times of each voxel in seconds relative to the global mean delay.
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Figure 4: Session 2 and 3 delay time distributions overlayed with baseline distribution of subject 15.
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5 Magnetic Resonance Spectroscopy

Magnetic Resonance Spectroscopy is a noninvasive technique used for measuring biochemical changes
in the tissue. MRS can be conducted as a part of routine magnetic resonance imaging (MRI) on
any commercially available MRI scanners. While MRI identi es the anatomical changes by obtaining
contrast images, MRS creates a spectrum displaying the types and quantity of chemicals from a
small region of the brain. By excluding the overwhelming signals from water and fat, we can quantify
clinically relevant biomarkers. The applications of MRS to investigate the metabolic window on a wide
range of biochemical processes are extremely diverse. The international MRS Consensus Group has
recently documented the clinical utility of MRS, for diagnostic and prognostic purposes, in common
disorders of the central nervous system [6]. MRS was the rst tool that demonstrated biological
changes in mental health patients, hamely imbalances in brain metabolism, changing the stigma of
mental health.

Figure 5: Brain regions that play an important role in PTSD include orbitofrontal cortex, anterior
cingulate cortex, amygdala, and insula.

Therefore, the aim of this study was to utilize spectroscopy as an investigational tool to assess
neurometabolic changes during and post hyperbaric oxygen therapy. MRS data was acquired at the
baseline, post twenty dives, post forty dives, and three months follow-up. Total of eleven participants
are evaluated along this timeline. Four brain regions related to the post-traumatic stress disorder
(PTSD) were evaluated using MRS as shown in Figure 5. Orbitofrontal cortex was chosen due its
role in decision making and sensory integration. Anterior cingulate cortex was chosen as it regulates
impulse control and regulate behavior. Insula regulates emotional control and response, as well as
body awareness. Lastly and most importantly, amygdala controls ight or ght state by cautioning
body about fear and stress. Data was acquired using highly optimized pulse sequence, semi-Localized
by Adiabatic Selective Refocusing (SLASER). This pulse sequence provides single-shot full-intensity
signal with clean localization and minimal chemical shift displacement error (CSDE) due to the high
bandwidth adiabatic full-passage (AFP) pulses. Pairs of AFP pulses in SLASER further suppress J-
evolution and prolong apparent transverse relaxation times (T2) [2]. SLASER, when combined with
voxel based static BO and transmitted B1 calibration routines, provides neurochemical pro les with
high data reproducibility at 3T [1].

A nonhomogeneous eld causes line broadening and frequency shifts in MRS, therefore optimiza-
tion of magnetic eld homogeneity (shimming) is crucial for MRS as shown in Figure 6. Optimized
acquisition using echo time (TE) 35ms, repetition time (TR) 2000ms, 64 averages, 2048 data points,
and volume of interest (VOI) 20x20x20 mm3 allows quanti cation of major metabolites from spectra
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Figure 6: Data quality can be expressed using shimming values that are collected during each scan.
Red line is a threshold for acceptable values. Higher values represent line broadening which limits
metabolite distinction on a spectrum.

averaged over ve minute acquisition time. Data was analyzed as shown in Figure 7. Osprey, an all-
in-one software suite for state-of-the art processing and quantitative analysis of in-vivo MRS, was used
for preprocessing that consists of the alignment of individual averages, averaging, polarity correction,
residual water removal, linear baseline correction, and eddy current correction [5]. Furthermore, voxel
coregistration and segmentation was also completed in Osprey utilizing statistical parametric map-
ping (spm). Lastly, metabolite quanti cation was completed in LCModel. N-acetyl aspartate (NAA),
creatine (Cr), choline (Cho), myo-inositol (Ins), and glutamine+glutamate (GIx) were reported using
water referenced quanti cation and corrected for cerebrospinal uid (CSF). All statistical analysis
(Shapiro-Wilk normality test, paired ttest, Grubbs outlier test) was performed using STATA SE.
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