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Abstract

IMPORTANCE There is a scientific and operational need to define objective measures of exposure
to low-level overpressure (LLOP) and concussion-like symptoms among persons with specialized
occupations.

OBJECTIVE To evaluate serum levels of neurotrauma biomarkers and their association with
concussion-like symptoms reported by LLOP-exposed military and law enforcement personnel who
are outwardly healthy and cleared to perform duties.

DESIGN, SETTING, AND PARTICIPANTS This retrospective cohort study, conducted from January
23, 2017, to October 21, 2019, used serum samples and survey data collected from healthy, male,
active-duty military and law enforcement personnel assigned to operational training at 4 US
Department of Defense and civilian law enforcement training sites. Personnel aged 18 years or older
with prior LLOP exposure but no diagnosed traumatic brain injury or with acute blast exposure during
sampling participated in the study. Serum samples from 30 control individuals were obtained from
a commercial vendor.

MAIN OUTCOMES AND MEASURES Serum levels of glial fibrillary acidic protein, ubiquitin carboxyl
hydrolase (UCH)-L1, neurofilament light chain, tau, amyloid β (Aβ)-40, and Aβ-42 from a random
sample (30 participants) of the LLOP-exposed cohort were compared with those of 30 age-matched
controls. Associations between biomarker levels and self-reported symptoms or operational
demographics in the remainder of the study cohort (76 participants) were assessed using generalized
linear modeling or Spearman correlations with age as a covariate.

RESULTS Among the 30 randomly sampled participants (mean [SD] age, 32 [7.75] years), serum
levels of UCH-L1 (mean difference, 4.92; 95% CI, 0.71-9.14), tau (mean difference, 0.16; 95% CI,
−0.06 to 0.39), Aβ-40 (mean difference, 138.44; 95% CI, 116.32-160.56), and Aβ-42 (mean
difference, 4.97; 95% CI, 4.10-5.83) were elevated compared with those in controls. Among the
remaining cohort of 76 participants (mean [SD] age, 34 [7.43] years), ear ringing was reported by 44
(58%) and memory or sleep problems were reported by 24 (32%) and 20 (26%), respectively. A total
of 26 participants (34%) reported prior concussion. Amyloid β-42 levels were associated with ear
ringing (F1,72 = 7.40; P = .008) and memory problems (F1,72 = 9.20; P = .003).

CONCLUSIONS AND RELEVANCE The findings suggest that long-term LLOP exposure acquired
during occupational training may be associated with serum levels of neurotrauma biomarkers.
Assessment of biomarkers and concussion-like symptoms among personnel considered healthy at
the time of sampling may be useful for military occupational medicine risk management.
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Key Points
Question Are neurotrauma biomarkers

associated with adverse symptoms

reported by military and law

enforcement personnel exposed to

low-level overpressure, an excess of

normal atmospheric pressure, in the

absence of a clinically defined

brain injury?

Findings In this cohort study of 106

male active-duty US Army or law

enforcement personnel exposed to

low-level atmospheric overpressure and

30 control individuals, serum levels of

ubiquitin carboxyl hydrolase (UCH)–L1,

tau, amyloid β (Aβ)–40, and Aβ-42 were

elevated in personnel exposed to

overpressure compared with control

individuals; Aβ-42 was associated with

self-reported ear ringing and memory

problems.

Meaning The findings suggest that

elevated levels of neurotrauma

biomarkers are associated with

overpressure exposure and concussion-

like symptoms among active-duty

military and law enforcement personnel

who are outwardly healthy and cleared

to perform duties.
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Introduction

Low-level overpressure (LLOP) is defined as the pressure caused by a shock wave that exceeds
normal atmospheric pressure.1 Specially trained military and law enforcement personnel are
repeatedly exposed to LLOP during training and in combat. Individually worn sensors indicate that
LLOP magnitude and placement differ by source.2 Breachers use explosive charges during tactical
forced entry of structures; the exposure to LLOP is a mean of 4 to 5 psi, sometimes reaching
approximately 8 psi,3 monthly or annually. Hand grenade exposure among instructors may yield up
to 0.5 psi4 hundreds of times per week. Exposure from 0.50-caliber rifle systems regularly exceeds 4
psi.5 Heavy-wall breaching uses high explosives, whereas sniper rifle fire uses propellant combustion,
such that the time for the air pressure to increase and the total duration of air displacement differ.6,7

Despite this variance, all of these scenarios generate repeated LLOP exposures,8 and personnel
affected report similar symptoms at a greater frequency than their nonexposed counterparts.9

Understanding LLOP effects has become a health care priority,10 yet injury responses or health
status changes remain elusive. Repeated exposures are not known to be associated with clinically
defined traumatic brain injury (TBI). However, reduction in performance11 and nuanced presentation
of “breacher’s brain,” concussion-like symptoms such as headaches, fatigue, and dizziness, are
persistent12-14 even when personnel are capable of performing duties.

The central nervous system (CNS) may be uniquely affected by LLOP, as evidenced in part by a
differential abundance of CNS proteins in the blood.15,16 Neurotrauma-derived blood-based
biomarker quantitation has been increasingly used. Glial fibrillary acidic protein (GFAP), an abundant
astrocytic intermediate filament protein, is a marker for brain inflammation.17,18 Ubiquitin carboxyl
hydrolase (UCH)-L1, tau, neurofilament light chain (NfL), and amyloid β (Aβ) peptides (toxic cleavage
products of amyloid precursor protein) are enriched within neuronal cells. Glial fibrillary acidic
protein and UCH-L1 have been approved as biomarkers for hemorrhagic TBI.19 Amyloid β peptides
are crucial to neurodegenerative disease pathology.20 Glial fibrillary acidic protein, tau, and NfL have
been used as objective measurements of adverse neurological outcomes.21-23 UCH-L1 and amyloid
precursor protein have been identified in peripheral blood weeks to months after exposure
to LLOP.24

Some researchers assume that LLOP-exposed personnel without a definitive TBI or neurological
disease diagnosis will have blood biomarker levels that are similar to those of controls. However, to
our knowledge, no study has explicitly compared biomarker levels in controls with those in LLOP-
exposed active-duty personnel who are considered healthy and cleared to conduct duties. Moreover,
biomarker assessment among individuals who have a history of TBI and symptoms of breacher’s
brain in the context of duration of service or the length of time spent engaging in occupations with
LLOP exposure has not been investigated, to our knowledge. This study measured TBI biomarker
concentrations in serum samples from a cross section of military and law enforcement personnel
who were not actively engaged in training or physical activity at the time of blood collection and
compared them with concentrations in commercially available samples from controls. Associations
between biomarker levels and service-related demographic characteristics, TBI history, and
concussion-like symptoms were examined.

Methods

Study Population
This retrospective cohort study was conducted from January 23, 2017, to October 21, 2019.
Participants consisted of 106 male, active-duty US Army or law enforcement personnel who had
routinely conducted heavy-wall breaching, used a 0.50-caliber sniper rifle, and/or participated in
hand-grenade-throwing exercises during their career to date. Eligible participants consisted of
personnel aged 18 years or older from 4 US Department of Defense and civilian law enforcement
training sites who were present and willing to participate during an occupational training course and
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were actively assigned as “fit for duty” as determined by supervising staff. Personnel who were
younger than 18 years were excluded. There were no female participants engaged in training at the
time of study enrollment. Written informed consent was obtained from these participants before all
procedures and testing. Serum samples from controls, comprising healthy men without disease,
were obtained from a vendor, BioIVT, and chosen to match median age criteria based on availability
from the vendor; informed consent was not available for these samples. The study was approved by
the Walter Reed Army Institute of Research institutional review board and followed the
Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) reporting
guideline.25,26

Demographic Characteristics, Symptoms, and Blood Sample Collection
Demographic data, self-reported symptom assessment, and blood sample collection were
conducted in the morning while participants were at rest and before training that involved LLOP
exposure. Participants completed a paper-and-pencil operational and medical history and symptom
survey. Variables assessed included age and duration of service (years). The number of breaches that
participants had experienced was reported on a 7-point Likert scale: none (0), 1 to 9 (1), 10 to 39 (2),
40 to 99 (3), 100 to 199 (4), 200 to 399 (5), and 400 or more (6). The number of recent breaches
was reported within time frames on a 6-point Likert scale: past week (1), past month (2), past 6
months (3), past year (4), more than 1 year (5), and never (6). Symptoms (eg, headaches or ear
ringing) were reported as binary variables indicating absence (no = 0) or presence (yes = 1) per
condition.

Serum Sample Preparation and Quantitative Biomarker Measurements
Serum samples from controls were obtained from BioIVT. Venous blood samples were collected
directly into BD Vacutainer SST Serum Separation Tubes (Fisher Scientific) at the time of survey
completion and then processed within 30 minutes according to the manufacturer’s instructions.
Samples were centrifuged at 1000 × g for 10 minutes at room temperature, split into 1-mL aliquots,
supplemented with Halt protease and phosphatase inhibitor (ThermoFisher Scientific), and stored at
−80 °C until use. Serum GFAP, UCH-L1, NfL, tau, Aβ-40, and Aβ-42 levels were measured using digital
immunoassays performed using the Simoa HD-1 assay kit (Quanterix Corp) according to the
manufacturer’s instructions. In brief, serum was thawed on ice, then centrifuged at 10 200 × g for 10
minutes at 4 °C. Serum supernatant (120 μL) was loaded onto a 96-well plate and diluted 1:4 during
the assay. Curve-fitting analysis was conducted using the manufacturer’s preset programs.

Statistical Analysis
Study participants’ data (age, duration of service, time spent breaching, biomarker concentrations,
and self-reported symptoms) were provided before and after random sampling (eTables 1-6 in the
Supplement). Unanswered survey items or lack of blood samples and biomarker levels below assay
limits of detection are shown. The limit of detection for each protein was as follows: GFAP, 0.021
pg/mL; UCH-L1, 1.740 pg/mL; NfL, 0.104 pg/mL; tau, 0.019 pg/mL; Aβ-40, 0.196 pg/mL; and Aβ-42,
0.045 pg/mL. Random sampling was performed before comparing biomarker levels such that data
derived from 30 study participants were balanced with data from the 30 controls. The remainder of
the participants (76) were included in the assessment of associations between biomarkers and
self-reported symptoms, medical history, or demographic data. Symptom and demographic
categories with 100% survey completion and “yes” response rates of at least 25% were included for
comparison with biomarker levels using fixed-effects generalized linear modeling (GLM).
Comparisons that met criteria (the probability that an observation from the F distribution was
�.100) were visualized; multiple comparison adjustment was indicated based on false discovery
rates (P � .05). Duration of service, number of breaches during career, and number of breaches in
the past year were compared with biomarker levels using 2-sided Spearman correlations (P � .05).
Comparisons were evaluated for each symptom or demographic variable with age as a covariate
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within each model. Significance was set at 2-tailed P < .05. All data, including random sampling (“proc
surveyselect”), fixed-effects GLM (“proc mixed”), correlations, normality testing, and graph
generation, were analyzed using SAS statistical software, version 9.4 (SAS Institute Inc).

Results

Serum samples from the 30 controls (mean [SD] age, 32 [5.69] years) were obtained from men
comparable in age to the 30 randomly sampled study participants (mean [SD] age, 32 [7.75] years).
The remainder of the cohort (76 participants; mean [SD] age, 34 [7.43] years) was used for GLM of
symptoms or operational comparisons. Median duration of service in the subset of 76 participants
was 11 years (range, 2-27 years) and in the 30 participants analyzed vs controls was 11 years (range,
2-40 years). A total of 26 of the 30 participants (87%) analyzed vs controls and 67 of the 76
participants (88%) in the subset had prior LLOP exposure.

Serum biomarker levels among controls and the randomly sampled subset of study participants
were compared (Table 1). Concentrations of GFAP were higher among participants than among
controls (mean difference, 45.14 pg/mL; 95% CI, −25.07 to 115.35 pg/mL). UCH-L1 was absent in
controls, whereas it was elevated among participants (mean difference, 4.92 pg/mL; 95% CI, 0.71-
9.14 pg/mL). A similar profile was detected for tau (mean difference, 0.16 pg/mL; 95% CI, −0.06 to
0.39 pg/mL) and Aβ-42 (mean difference, 4.97 pg/mL; 95% CI, 4.10-5.83 pg/mL). Levels of Aβ-40
were more than 50-fold higher in participants compared with controls (mean difference, 138.44
pg/mL; 95% CI, 116.32-160.56 pg/mL). The NfL level was similar in the 2 groups (mean difference,
1.09 pg/mL; 95% CI, −1.78 to 3.96 pg/mL).

The postsampling subset of participants (76) was surveyed for LLOP exposure associated with
operational history, persistent self-reported symptoms, and prior concussion (Table 2 and Table 3).
For breaching history, the most frequent response was 10 to 39 breaches during their career (18
participants [24%]). More than half of the subset (46 [61%]) reported breaching within the past year.
The most common symptoms reported were ear ringing (44 participants [58%]), deafness (25
[33%]), and memory problems (24 [32%]). Problems with sleeping (20 [26%]) and concentration (17
[22%]) were also reported, and 26 participants (34%) in the subset reported prior concussion.

Table 1. Serum Biomarker Concentrations in Participant and Control Samples

Biomarkera

Biomarker concentration, pg/mL

Mean (95% CI) Mean difference (95% CI) Median (IQR)
GFAP

Controls 53.64 (45.17 to 62.11)
45.14 (–25.07 to 115.35)

50.48 (40.11 to 66.83)

Participants 98.78 (26.00 to 171.55) 58.50 (46.20 to 79.35)

UCH-L1

Controls 0.07 (–0.05 to 0.19)
4.92 (0.71-9.14)

0.00 (0.00 to 0.00)

Participants 4.99 (0.60 to 9.39) 1.56 (0.00 to 6.01)

Tau

Controls 0.27 (0.12 to 0.43)
0.16 (–0.06 to 0.39)

0.01 (0.00 to 0.43)

Participants 0.44 (0.26 to 0.61) 0.27 (0.15 to 0.72)

Aβ-42

Controls 0.17 (–0.06 to 0.39)
4.97 (4.10 to 5.83)

0.00 (0.00 to 0.00)

Participants 5.13 (4.26 to 6.00) 5.17 (3.58 to 6.95)

Aβ-40

Controls 13.04 (3.49 to 22.60)
138.44 (116.32 to 160.56)

2.65 (0.00 to 17.46)

Participants 151.48 (130.46 to 172.49) 139.50 (111.50 to 186.50)

NfL

Controls 6.23 (4.37 to 8.10)
1.09 (–1.78 to 3.96)

4.37 (3.32 to 8.15)

Participants 7.32 (4.98 to 9.66) 5.25 (3.85 to 8.60)

Abbreviations: Aβ, amyloid β; GFAP, glial fibrillary
acidic protein; IQR, interquartile range; NfL,
neurofilament light chain; UCH-L1, ubiquitin carboxyl
hydrolase–L1.
a The control group and the participant group

consisted of 30 individuals each.
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Correlations between biomarker levels and demographic information or symptom reporting
were assessed with age as a covariate (Table 4). Elevated levels of tau (Spearman r, 0.25; P = .04)
and Aβ-42 (Spearman r, 0.28; P = .02) were associated with duration of service. Generalized linear
modeling was used to evaluate the response of biomarker levels to dichotomized symptoms
(eTable 7 in the Supplement). Ear ringing was associated with levels of Aβ-42 (F1,72 = 7.40; P = .008)
but was not associated with levels of tau (F1,71 = 3.21; P = .08). Memory problems reported by
participants were also associated with Aβ-42 level (F1,72 = 9.20; P = .003). There was no association
between NfL and deafness (F1,72 = 3.02; P = .09). There was no association between biomarker levels
and self-reported concussion history.

Biomarker levels were compared with dichotomized symptoms (Figure). Tau levels (no ringing:
median, 0.24 pg/mL [interquartile range (IQR), 0.04-0.43 pg/mL]; ringing: median, 0.45 pg/mL
[IQR, 0.20-0.68 pg/mL]) (Figure, A) and Aβ-42 levels (no ringing: median, 3.51 pg/mL [IQR, 1.73-5.72
pg/mL]; ringing: median, 5.73 pg/mL [IQR, 3.55-7.29 pg/mL]) (Figure, B) were greater among
participants who reported ear ringing than among those who did not report ear ringing. In addition,
the Aβ-42 level was greater among participants who reported memory problems (no memory
problems: median, 4.02 pg/mL [IQR, 2.04-6.14 pg/mL]; memory problems: median, 5.97 pg/mL
[IQR, 5.33-7.08 pg/mL]) (Figure, C).

Table 2. Breaching History Among 76
Participants From Random Sampling

Breaching history Participants, No. (%)a

Breaches during career

None 9 (12)

1-9 12 (16)

10-39 18 (24)

40-99 7 (9)

100-199 8 (11)

200-399 4 (5)

≥400 8 (11)

Total responses 66 (87)

Participants reporting
breaches by time frame

Past year 46 (61)

>1 y 19 (25)

Never 10 (13)

Total responses 75 (99)

a Of 106 total participants, 30 were randomly
sampled; the table shows response data from
the remaining 76 participants after random
sampling.

Table 3. Symptoms Reported by 76 Participants From Random Sampling

Symptoms reported

Participants, No. (%)a

Yes No
Ear ringing 44 (58) 32 (42)

Head injury or concussion 26 (34) 50 (66)

Deafness 25 (33) 51 (67)

Memory problems 24 (32) 52 (68)

Backache 21 (28) 55 (72)

Sleep problems 20 (26) 56 (74)

Concentration 17 (22) 59 (78)

Fatigue 14 (18) 62 (82)

Irritability 13 (17) 63 (83)

Headaches 11 (14) 65 (86)

Depression, anxiety and/or stress 11 (14) 65 (86)

General medical problems 10 (13) 66 (87)

Nose, sinus, and/or throat problems 10 (13) 66 (87)

Lightheadedness 10 (13) 66 (87)

a Of 106 total participants, 30 were randomly
sampled; the table shows response data from the
remaining 76 participants after random sampling.

Table 4. Association of Serum Biomarkers With Breaching and Duration of Servicea

Biomarker

Breaches during career Breaches in the past year Duration of service

r P valueb r P valueb r P valueb

GFAP 0.06 .63 −0.18 .13 −0.18 .13

UCH-L1 0.12 .32 −0.07 .59 0.10 .44

NfL 0.19 .10 −0.22 .07 −0.13 .28

Tau 0.15 .21 0.15 .21 0.25 .04

Aβ-42 0.16 .17 −0.05 .69 0.28 .02

Aβ-40 0.01 .95 0.19 .11 0.12 .32

Abbreviations: Aβ, amyloid β; GFAP, glial fibrillary acidic protein; NfL, neurofilament light chain; UCH-L1, ubiquitin carboxyl hydrolase-L1.
a Serum biomarker levels were compared with number of breaches during career, number of breaches in the past year, and duration of service in a random sample of participants.
b Age-adjusted P values are indicated (2-sided Spearman correlation).
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Discussion

To our knowledge, this study is the first to report that serum GFAP, UCH-L1, tau, Aβ-40, and Aβ-42
levels were elevated among law enforcement and military personnel compared with controls,
indicating that values varied in those personnel as a unique population. The levels of proteins related
to TBI were increased in active-duty participants and were associated with duration of service.
Deviation of biomarker concentrations was initially unexpected because the participants did not
have a diagnosed brain injury at the time of serum sample collection or symptom assessment. Levels
of UCH-L1 and tau were elevated in participants compared with those in age-matched controls.
Elevated UCH-L1 level has been reported hours after LLOP,27 possibly owing to release from muscle
in addition to neuronal tissues. Compared with controls, blood UCH-L1 and tau levels are typically
higher among recreational athletes, even in the absence of a TBI or concussion.28,29 Serum NfL level
has been reported to be a prognostic factor associated with negative outcomes after diagnosed
TBI.30,31 Overall, the concentration range of UCH-L1, tau, or NfL may be higher in military and law
enforcement personnel even at rest owing to physical training. Utility may be gained with detection
of higher concentrations along with known TBI or disease status as validated by imaging and
deleterious outcomes.

Serum GFAP concentrations were higher in study participants compared with controls but the
difference was not statistically significant. Elevation within hours or days of LLOP was reported in a
prior study.32 The IQR of serum GFAP concentrations detected among participants in this study was
greater than that in orthopedic controls and overlapped with the range measured among patients
with a diagnosed concussion.33 Health status at the time of blood sample collection did not warrant
additional medical examination or clinical imaging. However, monitoring GFAP levels among
personnel with routine LLOP exposure may be warranted, particularly if history of head trauma is
reported.

Serum levels of Aβ-40 and −42 peptides were at least 50 times higher among study participants
compared with controls. In addition, Aβ-42 was associated with years of service, ear ringing or
tinnitus, and memory problems in participants with LLOP exposure history. Tinnitus is well
documented among personnel with LLOP exposure,34,35 and elevated Aβ peptide levels were found
in multiple studies including cohorts of trainees exposed to LLOP from rifle fire or breaching without
definitive TBI diagnosis36-38 as well as service members who showed mild TBI symptoms in clinical
settings.39,40

Mechanisms associated with an increase in blood Aβ peptide levels among personnel with long-
term LLOP exposure are not fully known, particularly among study participants who were capable of
performing duties. However, elevated blood Aβ-40 levels are associated with microhemorrhage

Figure. Serum Levels of Tau and Amyloid β (Aβ)–42 Among Symptomatic Participants
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found in vascular dementia or white matter lesions,41,42 both of which are often found in models of
LLOP exposure or among veterans with abnormal magnetic resonance imaging findings.43,44

Diagnostic imaging was not considered necessary for the participants in this study at the time of
sampling.

Limitations
This study has limitations. Inclusion of population-relevant, non–LLOP-exposed personnel would
have been useful for comparison. However, inclusion of these individuals may be detrimental to
consistent and effective training. In addition, Aβ peptides were present in non-CNS cell types,
including the epidermis, muscle, and red blood cells,45,46 whereas levels of tau and NfL in muscle and
high levels of tau and NfL remain a caveat in the context of whole body LLOP exposure. There were
no reports of tissue injury among participants; therefore, associations between symptoms and
biomarkers were likely relevant to the CNS.

Conclusions

The findings suggest that long-term LLOP exposure acquired during occupational training may be
associated with serum levels of neurotrauma biomarkers. Blood-based biomarkers derived from
brain trauma or neurological disease may be useful assessment tools for LLOP exposure and
concussion-like breacher’s brain symptoms acquired within select occupations in operational or
clinical settings.
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