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Abstract

Mild traumatic brain injury (mTBI) is a risk for military personnel due to blast overpressures, which may result from a
variety of sources, including artillery and improvised explosive devices. Much research has gone into the search for a
biomarker to identify patients with a TBI. The FDA recently identified two proteins, glial fibrillary acidic protein (GFAP)
and ubiquitin C-terminal hydrolase-L.1 (UCH-L1), as biomarkers to evaluate suspected brain injury. Our group previously
observed changes in UCH-L1 in a military population exposed to repeated blast. In our current study we assessed GFAP
protein levels in a military population exposed to repeated blast during a 2-week training protocol. We observed GFAP
levels were reduced in the moderate blast cases on days 6 and 7 during the training. Specifically, moderate blast cases
showed a 24.07% reduction from baseline on day 6 and a 29.61% reduction on day 7. Further, GFAP levels were
negatively correlated with cumulative blast experienced during training and with duration of military service. We ob-
served that repeated blast exposure at low levels may impact acute changes in GFAP. Additionally subacute cumulative

blast exposure or duration of service was also a factor in influencing GFAP levels.
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Introduction

TRAUMATIC BRAIN INJURY (TBI) is a common injury seen both
in the civilian and military populations. Although the mech-
anisms of injury may differ in these two populations, such as a
sports concussion versus a combat-related blast exposure, the
search for a biomarker able to identify people with TBI provides
promise for improved diagnoses of head injuries in both popula-
tions. There are various severities of TBI ranging from severe to
mild TBI (mTBI). We know that exposure to an overpressure wave
can result in injury to the brain and body.'™ In military combat
settings, overpressures can occur due to a variety of sources, in-
cluding artillery and improvised explosive devices. As many as
22% of military personnel injured in combat operations during the
Operation Iraqi/Enduring Freedom campaigns were diagnosed with
an, TBI as a result of blast exposure.4 Over the course of a career,
these mild blast exposures may have cumulative effects such as
headache, or psychological or cognitive changes, some of which
may be longlasting.>¢

Accurate and acute diagnosis of TBI is a critical capability for
improving management and interventions in patients with these
injuries. A single biomarker that could identify a range of TBI
severity is yet to be identified, although in February of 2018 the
U.S. Food and Drug Administration (FDA) authorized marketing of
both glial fibrillary acidic protein (GFAP) and ubiquitin C-terminal
hydrolase-L1 (UCH-L1) as biomarkers to evaluate concussion.”
The use of these proteins has been met with both interest and
scrutiny as to their reliability as biomarkers, especially for TBI
associated with blast exposures.®° In some studies, these proteins
were correlated with mTBI. For example, in a study examining
adult patients with mTBI and a Glasgow Coma Scale (GCS) score
of 9-15, elevations in both GFAP and UCH-L1 were detectable
within hours following injury.'® In another study in children with a
GCS score of 13-15, UCH-L1 strongly correlated with findings of
traumatic intracranial lesions.'° However, there has also been ev-
idence to indicate the lack of usefulness for these proteins as bio-
markers of mTBI. In a recent study, proteins such as S100B, tau,
GFAP, and UCH-L1 were examined to determine their efficacy as
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biomarkers; it was found that only S100B was helpful in making an
informed decision in the emergency department following mTBL""
Previous studies have highlighted the time course of GFAP as 6 h to
3 days following impact injury.'*'® One study in particular showed
that GFAP was highest in rodents in the serum at 6 h following a
fluid percussion injury, whereas some of the human studies saw a
peak at 24 h.'>!3 To date, no studies have followed a time course of
GFAP levels following blast exposure.

Our group has previously published changes in UCH-L1, amy-
loid beta (Ap), tau, and neurofilament light chain (NFL) in an
experienced breacher population, that is, military personnel ex-
posed to repeated blast as part of their regular training.'*'> Spe-
cifically, altered levels of UCH-L1, Af3, tau, and NFL proteins were
observed in the days following blast exposure during a breacher
training course.'*!>

The objectives of this study were to identify molecular changes
following chronic exposure to low-level blast overpressure in a
professional community of ‘‘breachers.” Further, we sought to
assess the relationship of molecular changes with pressure levels in
those exposed to higher blast pressure. Ultimately, one of the ul-
timate goals in studying protein changes in operational populations
is to identify a biomarker that can provide an indication of when an
individual has been exposed to excessive blast overpressure and
may not be ready to return to full duty, or in the sports community,
when an athlete is not ready to return to play. These biomarkers
need to be reliable in all environments, or, if warranted, clarified
when confounding factors such as history of exposure apply. Such
confounding factors may need to be taken into account when uti-
lizing biomarkers such as GFAP as an indicator of TBI. In this study
we assessed GFAP levels in service members participating in a 2-
week breacher training course.

Methods

Standard protocol approvals, registrations,
and patient consents

Prior to enrollment, the research protocol was approved by the
Institutional Review Boards (IRBs) at the Walter Reed Army In-
stitute of Research, National Institutes of Health, and the Naval
Medical Research Center in compliance with all applicable Federal
regulations governing the protection of human subjects. All par-
ticipants provided written, informed consent prior to participation
in the study.

Study design and setting

All participants were recruited from service members (SMs)
engaged in a 10-day breacher training program for an all-male
cohort (n=50) as previously described.'* Baseline serum samples
were collected on day 1 of a 10-day training program, with daily
follow-up samples. Pressure sensors were used to measure blast
exposure. On day 7, some individuals (n=29) experienced a
moderate blast, defined as a peak overpressure =5 psi. Moderate
blast cases were matched on age, blast exposure history, and pre-
vious TBI to individuals in a no/low blast control group (n=21),
who never experienced blast exposure =3 psi at any point during the
10-day training program. All participants were recruited from a
well-characterized cohort engaged in a 10-day military blast
training program as previously described.'® Training occurred
during the hours of 0600 to 1600 daily.

At baseline, self-report data were collected from participants
including: age, education, marital status, duration of military ser-
vice, exercise routine, tobacco use, history of TBI, prior blast ex-
posure (yes/no), and number of lifetime blast exposures. Blood
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draws were collected on day 1 of training and at the end of each
training day between 1600 and 1800; changes in protein levels were
assessed using blood collected on days 1 (baseline), 6 (day before
moderate blast), 7 (day of moderate blast), and post-blast days 8, 9,
and 10. On each day of training, all participants wore a helmet
equipped with bilateral sensors mounted above the ear cups (micro
Data Acquisition System [uDAS]; Applied Research Associates,
Inc., Albuquerque, NM). This sensor-equipped helmet enabled
continuous detection of changes in ambient pressure from each side
of the head. Data were recorded when a threshold of 0.4 psi was
crossed, based on the technical specifications of the sensors as well
as considerations for signal-to-noise ratios as they relate to data
interpretation. For each recorded event, the highest peak pressure
was recorded (i.e., maximal overpressure during the blast expo-
sure). The peak impulse was also recorded (i.e., integral of the
overpressure across time throughout the blast exposure); peak
impulse represents the amount of force per unit area applied during
the positive pressure phase. Readings from the left and right sensor
were averaged to produce the data used in analysis. Cumulative
pressure was calculated as the summed pressure exposure over the
2-week training course.

Laboratory methods

Peripheral blood samples were drawn between 1600 and 1800 h
and processed for serum, then aliquoted and stored at —80°C until
processing. An ultra-sensitive immunoassay analyzer capable of
single molecule array (Simoa™; Quanterix, Lexington, MA) was
used to run an enzyme-linked immunosorbent assay (ELISA)
measuring GFAP protein levels. This method results in greater
sensitivity in the detection of biomarkers compared with a standard
ELISA. The GFAP assays have low limits of detection (LLOD) at
0.276 pg/mL, and all intra- and inter-plate coefficient of variation
(CV) values were less than 20%. If a sample was measured as
0.276 pg/mL it was used, and if a sample measured below the
LLOD the sample was not included in data analysis.

Statistical analyses

The Statistical Package for the Social Sciences version 24
(SPSS; IBM Corporation, Armonk, NY) was used for database
management and statistical analysis. GraphPad Prism version 6.02
(GraphPad Software, San Diego, CA) was used to produce the
graphs. Concentrations of GFAP were considered as continuous
data. Demographic variables including age, duration of service,
education, previous blast exposure, tobacco and alcohol use, hours
of exercise, and hours of sleep were analyzed using either 7 test (age
and duration of service) or chi-square (12). For GFAP distribution
we assessed the normality of the concentration data, and we are
within the parameters of the assumptions required to perform
parametric statistics. Analysis of variance (ANOVA) was used to
compare the moderate group with the no/low blast group based on
protein levels on days 1, 6, 7, 8, 9, and 10 of training; an outlier
check was performed on all samples and any values above or below
two standard deviations (SDs) from the average were removed
prior to analysis. Levene’s test was used to check the homogeneity
of variance and the Welch test was used if needed. To assess
changes in protein levels across groups and across training days, a
repeated measures (RM)-ANOV A was used,; if the test of sphericity
showed significance, the Greenhouse-Geisser correction was ap-
plied. Multi-variate analysis was performed to determine the effects
of age, duration of service, cumulative pressure exposure over the
training period, and any interactions of these on the GFAP levels on
days 6, 7, and 8, and on the percent change from baseline of GFAP
ondays 6, 7, and 8. For all categorical variables, chi-square analysis
was used to compare the moderate blast cases with no/low blast
controls. Self-reported history of exposure was categorized as
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follows: 1=0-10 events, 2=11-50 events, 3=51-150 events,
4=151-350 events, and 5=351+ events.

Results

When assessing demographic variables such as age, duration of
service, education, previous blast exposure, tobacco and alcohol
use, and hours of exercise, we observed no differences between the
groups (Table 1). When we assessed hours of sleep we found that
moderate cases overall slept fewer hours compared with the no/low
blast cases (*>=6.561, p=0.0376) (Table 1).

GFAP protein levels were lower on day 7 in both groups when
compared across time as a combined data set (Fig. 1). GFAP protein
levels were also lower in the moderate blast cases than in the
control cases on days 6 (control mean=49.207 and SD=11.162;
moderate mean=36.595 and SD=8.174; F| 43=19.189; p<0.001;
Cohen’s d=1.289) and 7 (control mean=43.510 and SD=7.099;
moderate mean=35.091 and SD=6.960; F; 43=15.551; p<0.001;
Cohen’s d=1.154) of training (Table 2, Fig. 2). Additionally, when
assessing the difference between groups in their change from
baseline, moderate blast cases showed a 24.07% reduction
(SD=22.54%) from baseline on day 6, whereas the no/low blast
controls showed a 3.94% reduction (SD=21.08%) from baseline
with a large effect size (F4,=11.895; p=0.001; Cohen’s
d=-0.922) (Table 2, Fig. 2).

Additionally, moderate blast cases showed a 29.61% reduc-
tion (SD=14.28%) on day 7, whereas the no/low blast cases

TABLE 1. DEMOGRAPHICS

No/low Moderate
blast (n=21) blast (n=29)
Mean (SEM) Mean (SEM) P
Age 29.81+£0.79 30.52+0.83 ns (0.540)
Duration of service  8.55+0.78 10.76+0.88 ns (0.067)
N (%) N (%) 7 ()
Education 2.048 (0.359)
High school 9 (43%) 7 (24%)
or below
Some college 7 (33%) 14 (48%)
College of more 5 (24%) 8 (28%)
Previous blast exposure 0.511 (0.475)
No 7 (33%) 7 (24%)
Yes 14 (67%) 22 (76%)
Tobacco use 1.394e-4 (0.991)
No 13 (62%) 18 (62%)
Yes 8 (38%) 11 (38%)
Alcohol use 2.167 (0.339)
None 2 (10%) 7 (24%)
1-9 per week 15 (71%) 19 (66%)
10+ per week 4 (19%) 3 (10%)
Hours of exercise 2.445 (0.294)
None 0 (0%) 3 (10%)
1-6 per week 7 (33%) 10 (34%)
7+ per week 14 (67%) 16 (56%)
Hours of sleep 6.561 (0.0376)
None 0 (0%) 2 (7%)
1-5 per night 3 (14%) 12 (41%)
6+ per night 18 (86%) 15 (52%)

SEM, standard error of the mean.
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FIG. 1. GFAP protein changes for all participants. Arrow in-

dicates largest blast was experienced on day 7. GFAP, glial fi-
brillary acidic protein.

showed a 10.56% reduction (SD =25.54%) from baseline with a
large effect size (Welch statistic=8.481; p=0.008; Cohen’s
d=-0.920) (Table 2, Fig. 2). Moreover, when RM-ANOV A was
used to explore changes in GFAP levels over time, there was
no significant main effect of time (p=0.078), age (p=0.423),
or group (p=0.819), nor was there a time by age interaction
(p=0.100). However, there was a significant time by group in-
teraction with a large effect size (F34, 973=5.481; p=0.001;
Cohen’s d=0.870), indicating that GFAP levels differed be-
tween the no/low and moderate blast groups over time (Table 2,
Fig. 2).

GFAP levels were positively correlated with cumulative pres-
sure on day 6 (r=0.333; p=0.022) and negatively on day 7
(r=-0.473; p=0.001) of training, with higher cumulative pressure
exposure co-occurring with higher or lower GFAP levels on the
given day (Table 2, Fig. 3). Cumulative pressure overall was also
correlated with duration of service (r=0.258; p=0.045) (Table 2,
Fig. 3).

The multi-variate analyses indicate that cumulative pressure
had an effect on GFAP levels on days 6 (r=—-2.72, p=0.010) and
7 (t=-3.31, p=0.002), as well as on the change from baseline
levelsondays 6 (r=—-2.47,p=0.018) and 7 (r=-2.27, p=0.029).
There were no effects of age and duration of service on the
GFAP levels, nor the percent change, and there were no inter-
action effects between age, duration of service, and cumulative
pressure.

Discussion

Our findings show that GFAP protein levels are suppressed in
moderate blast cases on days 6 and 7 of training compared with
controls, and these differences revealed a large effect size. This
indicates protein levels for GFAP were elevated on day 6 prior to
moderate blast exposure in those SMs who were exposed to larger
blast pressure (11 psi) on day 7 of training. However, on day 7
following blast exposure, the GFAP levels were reduced. When we
examined cumulative pressure exposure and GFAP levels on day 7,
we observed a negative correlation with GFAP protein levels. This
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TABLE 2. MEAN, STANDARD DEVIATION (SD), AND STATISTICS FOR ANALYSES PERFORMED

Mean (SD) IOR for Mean (SD) IOR for F statistic Welch  Effect size
no/low blast no/low blast  moderate blast  moderate blast (df) P statistic  (Cohen’s d)
GFAP protein levels
Day 1 52.280 (12.835) 17.460 49.525 (9.694) 11.290 0.704 (1,45) 0.406 0.242
Day 6 49.207 (11.162) 14.680 36.595 (8.174) 11.240 19.189 (1,43) <0.001 1.289
Day 7 43.510 (7.099) 12.980 35.091 (6.960) 9.040 15.551 (1,43) <0.001 1.154
Day 8 52.546 (7.343) 1.421 58.278 (15.845) 24.560 0.105 2.747 —0.464
Day 9 51.008 (12.478) 20.260 51.703 (12.122) 20.600 0.038 (1,46) 0.847 -0.056
Day 10 47.375 (9.187) 14.210 46.848 (9.838) 1.929 0.033 (1,43) 0.856 0.055
Percent change from baseline
Day 6 -3.94% (21.08%) 13.80% —24.07% (22.54%) 28.34% 11.895 (1,42) 0.001 —-0.922
Day 7 —10.56% (25.54%) 41.27% —29.61% (14.28%) 10.71% 0.008 8.481 -0.920
Day 8 8.668% (29.08%) 62.52% 20.4% (42.38%) 37.11% 0.331 (1,45) 0.568 -0.322
Day 9 1.019% (32.98%) 34.09% 5.318% (34.32%) 47.08% 0.780 (1,44) 0.382 —0.128
Day 10 -5.336% (27.83%) 46.80% -3.776% (16.62%) 9.50% 0.815 0.056 0.068
Interaction
Time x 5.481 (3.4,97.3) 0.001 0.870
Group

Pearson correlation statistics (t, p)

Cumulative pressure by day 6

Cumulative pressure by day 7 Total cumulative pressure

GFAP day 6
GFAP day 7
Duration of service

r=0.333, p=0.022

r=-0.473, p=0.001
r=0.258, p=0.045

df, degrees of freedom; IQR, interquartile range; GFAP, glial fibrillary acidic protein.

indicates the reduction in GFAP levels may be due to the service
member’s cumulative exposure during the entire training period
and not just the large blast exposure experienced on day 7. Further,
duration of service and cumulative pressure for the training period
were positively correlated. These findings indicate that those per-
sonnel who have a longer duration of service may be in positions of
leadership and thus put in a position to be exposed to more cu-
mulative pressure throughout the training period. We postulate that
changes in GFAP protein levels may in fact be a reflection of the
participants’ previous exposures, and not just blast exposure ex-
perienced during the training course observed in this study. These
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findings confirm that patient history is important, perhaps more
important than acute exposure to a relatively large overpressure
event, and needs to be taken into account when utilizing GFAP as a
biomarker of blast exposure. Further, in a previously published
study the moderate blast exposure described here was associated
with changes in the instructors’ California Verbal Learning Test
(CVLT) scores and therefore contribute to the ambivalence around
the use of GFAP as a biomarker for subclinical neurotrauma in
specific populations.

We hypothesize that history of exposure may be an associated
factor and therefore has the potential to be a confounding factor
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FIG. 2. GFAP protein changes and percent change from baseline for moderate and no/low blast groups. Arrow indicates largest blast
was experienced on day 7. ** <0.05; *** <0.001. GFAP, glial fibrillary acidic protein.
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GFAP Day 6 vs. Cumulative Pressure

GFAP Day 7 vs. Cumulative Pressure
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FIG. 3. Correlations of cumulative pressure, GFAP levels, and duration of service. GFAP, glial fibrillary acidic protein.

when assessing serum GFAP levels. When used as a biomarker of
mild neurotrauma, GFAP may be best for those who do not have an
extensive history of TBI or blast exposure, because previous in-
juries may shape GFAP changes more than changes that may occur
following a blast. It is important to point out that in this unique
population, no participants were diagnosed with an mTBI nor had
any post-traumatic amnesia (PTA) or loss of consciousness (LOC).
Additionally, blast exposure in this training cohort does not reach
the concussion threshold, and the repetitive low-level exposure
seen in this cohort results in a different, lower severity event. Also,
we are reporting on blast exposure, as compared with blunt impact,
which may have different physiological effects to be considered.
The activity of GFAP in subconcussive blast events may be dif-
ferent compared with the activity of GFAP in patients with mod-
erate or severe TBI. GFAP as a biomarker in patients with focal
mass lesions compared with diffuse injury has previously been
shown to be less sensitive, and peripheral levels of GFAP have been
correlated with worse health condition as reflected in their GCS
score.’

GFAP’s status as a neurotrauma biomarker has been debated;
some studies indicate GFAP may be best used as a biomarker
for moderate/severe TBL® Several other studies have examined
the benefit of combining multiple proteins into a panel to improve
classification of TBI. Specifically, a recent study assessing
interleukin-10 (IL-10) and heart fatty acid binding protein (H-
FABP) showed differences between computed tomography (CT)-
negative and CT-positive patients, and, when combined with
GFAP, improved specificity and sensitivity of identifying patients
at risk.® Also important is the acuteness of GFAP, which appears to
be elevated at acute time-points and less sensitive at 3 months post-
injury; thus it may be most useful in acute mTBI, but not chron-
jc. 17719 Ultimately, a panel of biomarkers that combine proteins
changed in both acute and chronic phases of TBI would be ideal to
identify TBI in patients in the days or weeks following injury.

Finally, the role of glymphatic clearance is also of importance
regarding serum biomarkers and blast exposure that result in pos-
sible neuronal changes.” The glymphatic system is essentially the
waste clearance system of the brain, moving waste products
through cerebrospinal fluid (CSF) and out to the periphery.>' The
vasculature that support the glymphatic system have been shown to
be impacted by blast exposure; specifically, blood-brain barrier
permeability is disrupted following blast exposure up to 72 h post-
blast.>* In a mouse model of TBI, suppression of glymphatic
clearance reduced serum concentrations of GFAP in the TBI-only
animals, indicating the important role of glymphatic flow in mov-
ing proteins from the central nervous system (CNS) into the pe-
riphery.? Further, in a study assessing sleep the induction of sleep

improved glymphatic clearance of amyloid-$40 in a mouse model.**
Given that we found the moderate cases to have reported less sleep,
the sleep and glymphatic relationship may be an important avenue
for further study. Future studies should assess the impact of repeated
blast and sleep on serum biomarkers and the relationship of glym-
phatic flow.

In summary, GFAP is one of many potential biomarkers that has
some utility, albeit limited by specific factors such as severity and
acuteness of injury. Further, reported large effects suggest history
of previous blast exposure contributes to altered protein levels and
thus GFAP alone may not be an ideal diagnostic for clinical use in
evaluating acute blast exposure effect unless a patient’s head injury
history is well known. These findings support the importance of
patient history when interpreting GFAP findings. Because lower
GFAP levels were also found to correlate with longer duration of
service, this finding may indicate a long-term or chronic injury
response and possibly suppression of protein levels over time.
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