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Abstract

Concurrent mild traumatic brain injury (mTBI) and posttraumatic stress disorder (PTSD) are
common in U.S. military service members and veterans. Tau and amyloid-beta-42 (Ap42) are
proteins that have been linked to cognitive impairment, neurological hallmarks of Alzheimer’s
disease, and may also relate to recovery from mTBI. However, the role of these proteins in the
maintenance or resolution of chronic symptoms has not yet been determined. Participants in the
current study were 102 service members and veterans who had sustained an mTBI (n7=84) or
injured controls (IC) without TBI (n7=18). They were categorized into three groups based on the
presence or absence of mTBI and PTSD: IC/PTSD-Absent (7= 18), mTBI/PTSD-Absent (/7= 63),
and mTBI/PTSD-Present (1= 21). Concentrations of tau and Ap42 in peripheral blood plasma
were measured using Simoa™, an ultrasensitive technology, and compared across groups. Tau
concentrations were highest in the mTBI/PTSD-Present group, A2, 99) = 4.33, p=.016,
compared to the other two groups. Linear multiple regression was conducted to determine the
independent effects of PTSD and mTBI on tau concentrations, controlling for gender and sleep
medication. PTSD was a significant and independent predictor of tau concentrations, p = .25, p=.
009, npz =.26. Ap42 concentrations did not differ between the groups. The results indicated that
PTSD was associated with an elevation of tau in peripheral blood and suggest that there may be
increased biological effects of PTSD in this young cohort of service members and veterans
following mTBI.

Since 2001, military operations in the Middle East have resulted in high rates of mild
traumatic brain injury (mTBI) in U.S. service members and veterans (Defense and Veterans
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Brain Injury Center, 2017). Following an mTBI, most individuals are expected to recover
within the first few weeks or months. However, a small percentage of individuals report
symptoms many months or years postinjury; these are often the result of a variety of non—
brain injury—related factors and comorbidities that are commonly found pre and postinjury
(Iverson, Silverberg, Lange, & Zasler, 2013; McCrae, 2008). For military personnel, one of
the most common and potentially debilitating comorbidities that occurs with mTBI is
posttraumatic stress disorder (PTSD; Gates et al., 2012), which has been shown to increase
the risk of neurocognitive and neurobehavioral deficits (Stricker et al., 2017), suicidality
(Lemaire & Graham, 2011), and neuronal inflammation (Devoto et al., 2017). When PTSD
occurs concurrently with mTBI, there may be additional psychological and/or
neurobiological complications that are not attributable to brain insult alone. As such, further
investigation of potential biomarkers that elucidate these associations is needed to improve
care for military personnel with comorbid mTBI and PTSD.

Mild traumatic brain injuries have been linked to acute changes in proteomic biomarkers,
including increases in tau, amyloid-beta (AB) 40, and Ap42 (Gill et al., 2018; Washington,
Villapol, & Burns, 2016). Tau is a microtubule-associated protein that can become
hyperphosphorylated, disrupting microtubule organization and creating neurofibrillary
tangles (NFTs). Elevated tau concentrations have been reported in both military personnel
following blunt force trauma and blast exposures (Gill et al., 2018; Olivera et al., 2015), and
in athletes following concussive and subconcussive impacts (Gill, Merchant-Borna, Jeromin,
Livingston, & Bazarian, 2017). Higher tau concentrations in peripheral blood has also been
correlated with prolonged return to play in athletes (Gill et al., 2017). The pathology of Ap
following TBI has been less consistently studied in the literature.

Amyloid-beta is a product of amyloid precursor proteins, which are known to have both
neurotoxic and neuroprotective effects. Accumulation and aggregation of both tau NFTs and
AP plaques are hallmarks of chronic traumatic encephalopathy (CTE), Alzheimer’s disease
(AD), and related dementias. Sustaining a TBI, including mTBI, has been implicated as a
risk factor for dementia (Barnes et al., 2018; Nordstrém & Nordstrom, 2018; Shively, Scher,
Perl, & Diaz-Arrastia, 2012). Indeed, evidence from postmortem brains in short- (6 hr—7
days postinjury) and long-term TBI survivors (1-47 years) suggests that even a single
moderate-to-severe TBI is associated with an increase of AP deposits (Gentleman et al.,
1997; Johnson, Stewart, & Smith, 2012). These deposits have also been found across all age
groups, with converging evidence indicating that approximately 30% of patients test positive
for AB deposits following a severe TBI (Smith, Johnson, & Stewart, 2013; Washington et al.,
2016). To date, few studies have examined the impact of tau and AP on chronic somatic and
mental health symptoms. One recent study indicated that military personnel who reported
sustaining multiple mTBIs had elevations in total tau concentrations (Olivera et al., 2015).
Furthermore, elevations in tau concentrations were associated with increased postconcussive
symptoms (Olivera et al., 2015); the current study did not examine AP concentrations.

Posttraumatic stress disorder has been independently associated with cognitive impairments
in service members and veterans and to an increased risk of AD (Qureshi et al., 2011). In a
study of 174, 806 veterans who were predominantly male (96.5%) and had a mean age of
68.8 years, patients with PTSD had a two-fold increase, hazard ratio (HR) = 2.3, in the
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likelihood of developing incident dementia compared to those without PTSD (Yaffe et al.,
2010). Even after multivariable adjustment for demographic, medical, and neuropsychiatric
comorbidities, there was still a 1.77 increase in risk for patients with PTSD compared to
veterans without PTSD (Yaffe et al., 2010). One potential explanation for this finding is
chronic stress, which has been linked to damage in the brain, particularly in the
hippocampus. Researchers have found associations between PTSD and reductions in
hippocampal volume and decreased concentrations of N-acetyl-aspartate in the hippocampus
(Ham et al., 2007). Furthermore, preclinical models in both transgenic and nontransgenic
rodent models have indicated that chronic stress leads to increased cortical accumulation of
both Ap and abnormal hyperphosphorylation of tau (Catania et al., 2009; Dong et al., 2004).
Specifically, Yang and colleagues (2014) showed that following chronic stress,
phosphorylated tau was found in the hippocampus and frontal cortex, with associated
alterations in behavior. Therefore, there is a possibility that tau and A may contribute to the
link between PTSD and dementia. In a recent interim report of a study in which amyloid
positron emission topography (PET) is being used, the authors noted that among a sample of
146 Vietnam-era veterans, participants with a history of PTSD and those with TBI and
PTSD had worse cognitive functioning compared to controls without TBI or PTSD (Weiner,
Crane, Montine, Bennett, & Veitch, 2017). However, the authors did not report a significant
association between amyloid PET and TBI or PTSD. As this study is ongoing, the authors
were careful to indicate that tau PET may shed further light on the associations among TBI,
PTSD, and AD. To our knowledge, no studies have specifically examined if tau and Ap42
concentrations, measured in peripheral blood plasma, are increased in individuals with
PTSD nor whether there are any additive effects of having a history of mTBI with
concurrent PTSD symptomology.

To examine these relations, we compared concentrations of tau and AB42 in peripheral
blood plasma within a cohort of U.S. service members and veterans with and without a
history of mTBI and concurrent PTSD. The purpose of this study was to determine if
biomarkers, specifically tau and AB42, implicated in chronic neurological symptoms
following an mTBI relate to PTSD symptomology. We also wanted to determine if mTBI
with concurrent PTSD resulted in elevations in these biomarkers in comparison to mTBI
without PTSD as well as injured controls (1C) without PTSD.

Method

Participants

Participants were 107 U.S. military service members who were prospectively enrolled in a
larger study designed to examine the natural history of recovery from TBI in service
members and veterans (i.e., 15-Year Longitudinal TBI Study; Defense and Veterans Brain
Injury Center [DVBIC], Sec721 NDAA FY2007). Patients were targeted for recruitment and
consent if they presented to Walter Reed National Military Medical Center ( WRNMMC;
Bethesda, MD) following a TBI or if they had sustained a soft-tissue or orthopedic injury
without TBI (i.e., the IC group). Men and women were enrolled in the study if they were (a)
18 years of age or older, (b) an active duty service member or other DEERS-eligible veteran,
and (c) able to read and understand English. General exclusion criteria included (a) lack of
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proficiency in conversational English and (b) a history of significant neurological or
psychiatric conditions unrelated to the injury event or deployment (e.g., meningioma, bipolar
disorder).

TBI classification.—Diagnosis and classification of TBI was based on information
gathered via medical record review and a comprehensive lifetime TBI history interview
undertaken by clinical research personnel. The comprehensive lifetime TBI history interview
was completed by masters-level clinical research personnel who were specifically trained
(by RTL and SML) to evaluate the presence and severity of TBI. The TBI history interview
consisted of the Ohio State University TBI identification method (Corrigan & Bogner, 2007)
and an extended semistructured clinical interview designed to (a) extract more detailed
information to estimate the presence and duration of loss of consciousness (LOC),
posttraumatic amnesia (PTA), alteration of consciousness (AOC), and retrograde amnesia;
and (b) gather military-specific information regarding injury circumstances (e.g., type of
blast, protection worn, etc.). Note that a simple self-report of being “dazed and confused”
was not considered sufficient evidence to establish the presence of AOC. During the
interview, every effort was made to distinguish between “confirmed” AOC (i.e., confusion
due to brain injury as evidenced by reports of the person acting unusually, talking unusually,
unable to follow simple commands, etc.) versus “questionable” AOC (i.e., confusion due to
simply being startled or surprised, or from pain or psychological factors). Final
determination and classification of TBI severity was undertaken by consensus, giving
consideration to all information, during case conferencing with the interviewer and a PhD-
level clinician/scientist trained in neuropsychology and TBI (RTL and SML). Time since
injury (TSI) was also measured as months between injury date and assessment date.

Classification of mild TBI.: Participants were included in the mTBI (r7=84) group if they
had evidence of a brain injury that was the result of a combat or non-combat-related event as
indicated by one or more of the following: (a) AOC, LOC, PTA that was directly attributable
to head trauma; (b) trauma-related intracranial abnormalities as indicated by
neuroradiological scans; and/or (¢) Glasgow Coma Scale (GCS) scores (if available). The
mTBI group included participants who were classified as uncomplicated mTB/ or
complicated mTBI/. Both uncomplicated and complicated mTBI were classified as a GCS
score between 13 and 15, PTA duration less than 24 hr, LOC duration less than 30 min,
and/or AOC present, and differentiated based on the absence (uncomplicated) and presence
(complicated) of trauma-related intracranial abnormality as seen via computerized
tomography (CT) or magnetic resonance imaging (MRI).

Classification as IC.—Participants were included in the IC group (7= 23) if (a) they
experienced an injury event, (b) there was no evidence of an altered state of consciousness as
a result of the injury (e.g., GCS score below 15; absence of AOC, LOC, or PTA) or
intracranial abnormality, (c) the presenting complaint was not due to a neurological
condition or disorder (e.g., cerebrovascular accident), and (d) they had no history of TBI.

All participants in the final sample had been evaluated three or more months postinjury,
completed a battery of self-reported symptom measures with no missing items, passed
symptom validity tests by scoring below the recommended cutoffs on the validity scales of
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the Minnesota Multiphasic Personality Inventory Second Edition—Restructured Format
(MMPI-2-RF; Ben-Porath & Tellegen, 2008), and had a blood sample taken.

Participants provided a blood sample and completed a 2.5-hr battery of self-report symptom
measures that included the Neurobehavioral Symptom Inventory, PTSD Checklist—Civilian
version, TBI-Quality of Life scale, Combat Exposure Scale, and MMPI-2-RF, as well as a
brief interview to elicit information regarding demographic information, military status, and
current medications. Current medications, as reported by participants, were then classified in
accordance to type (e.g., antidepressant medications). These classifications were then
dichotomized to indicate if participants were taking this medication or not. This resulted in
three dichotomous (yes or 110) categories: antidepressant, antianxiety, and sleep medications.
Although antipsychotic medication use was included in the review, no participants in the
sample were taking such medications. Participants completed these measures as part of a
larger test battery administered over a 2-day period that also included clinical interviews,
neuroimaging, and a variety of neurocognitive and sensory/motor measures. This study was
approved by the WRNMMC Institutional Review Board in Bethesda, MD and was
conducted in accordance with the guidelines of the Declaration of Helsinki.

Nonfasting blood samples were collected using plastic lithium heparin tubes between around
9:00 am and 12:00 pm, prior to interviews and the battery of tests. Samples were processed
within 1 hr of blood sample collection, using standard protocols (Olivera et al., 2015) and
then stored at —80° C. Samples were stored until all samples had been collected, at which
time batch assays were conducted. Assays were randomized over plates, with laboratory
scientists blinded to participant groups. Tau and Ap42 concentrations were measured using
Simoa (Quanterix; Lexington, MA) a high-definition-1 analyzer. These methods have been
published previously (Rissin et al., 2011). All assays were run in duplicate. To address
possible batch effects, we reran selected samples across all the plates that were run.
Intraplate variations comprised less than 3% for all samples. The reported coefficients of
variations (CVs) were under 15% for all analyses. The average CVs were 4.9% and 3.2% for
tau and AP42, respectively. The limit of detection for the assay is 0.012 pg/mL for tau and
0.044 pg/mL for Ap42.

Posttraumatic stress disorder.—Symptoms of PTSD were measured using the 17-item
PTSD Checklist-Civilian Version (PCLC; Weathers, Litz, Herman, Huska, & Keane, 1993).
Each symptom is rated on a 5-point scale of 1 (not at all) to 5 (extremely), which provides a
total summed score range of between 17 and 85. The PCLC was found to be highly reliable
in this study (Cronbach’s a = .95). Participants were categorized into PTSD-Present (/7= 26)
or PTSD-Absent (n7=81) in accordance with the criteria given in the fourth edition (text
revision) of the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV-TR;
American Psychiatric Association, 1994). Participants were classified into the PTSD-Present
group based on the endorsement of moderately or more (i.e., a rating of 3 or higher)
symptoms for one or more Criterion B symptoms, three or more Criterion C symptoms, and
two or more Criterion D symptoms.
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Postconcussion symptoms (PCSx).—Postconcussion symptoms were measured using
the 22-item Neurobehavioral Symptom Inventory (NSI; Cicerone & Kathleen, 1995). Each
symptom is rated on a 5-point scale of O (none) to 4 (very severe). The total score is obtained
by summing the ratings of the 22 items, providing a range of 0 to 88. The NSI was found to
be highly reliable in this study (22 items; Cronbach’s a. = .94).

Quiality of life following TBI.—The Traumatic Brain Injury-Quality of Life (TBI-QOL,;
Tulsky et al., 2016) scale is designed to provide a comprehensive evaluation of health-related
quality of life for individuals following TBI. The TBI-QOL consists of 20 scales that are
divided into four primary domains: Physical Health, Emotional Health, Cognition, and
Social Participation. For the purposes of this study, seven of the 20 TBI-QOL scales were
administered and showed high reliability, including Anger (nine items; Cronbach’s a =.97),
Anxiety (10 items; Cronbach’s a =.94), Depression (10 items; Cronbach’s a = .92), Fatigue
(10 items; Cronbach’s a = .96), Headaches (10 items; Cronbach’s a =.98), Pain
Interference (10 items; Cronbach’s a =.96), Cognitive Concerns—General (10 items;
Cronbach’s a = .97). The TBI-QOL was administered using static short forms. For each
subscale, the test-taker is required to respond to each item on a 5-point scale. A total raw
score for each scale was calculated by summing the responses to all items within each scale
and converted to #scores. For the Cognitive Concerns—General subscale, higher ¢scores
reflect better functioning; for the remaining six scales, high #scores reflect worse
functioning.

Combat exposure.—The Combat Exposure Scale (CES; Keane et al., 1989) is a self-
report measure that contains seven items meant to assess war zone—related stressors
experienced by military personnel. The total scores range from 0 to 41, which is calculated
by using a sum of weighted scores. Higher scores indicate more exposure to combat
situations. The CES showed high reliability (seven items; Cronbach’s a =.90).

Symptom validity.—The MMPI-2-RF is a 338-item measure designed to assess
psychological symptomatology. For the purposes of this study, measures included only the
validity subscales: Cannot Say, Variable Response Inconsistency-random responding
(VRIN-r), True Response Inconsistency-fixed responding (TRIN-r), Infrequent Responses
(F-r), Infrequent Psychopathology Responses (Fp-r), Infrequent Somatic Responses (Fs),
Symptom Validity (FBS-r), and Response Bias Scale (RBS; Gervais, Ben-Porath, Wygant, &
Sellbom, 2010). Based on recommended cutoff scores, participants were not included in the
study if they were considered to have exaggerated symptoms as determined by MMPI-2-RF
responses (i.e., £scores of 100 [100T] or higher on the F-r, 90T or higher on the Fp-r, 100T
or higher on the Fs, 100T or higher on the FBS, or 100T or higher on the RBS) or if their
scores were not considered interpretable (i.e., score higher than 14 on the Cannot Say
subscale or higher than 79T on the VRIN-r or TRIN-r subscales).

Data Analysis

Participants were categorized into groups according to the presence or absence of mTBI
(i.e., mTBI or IC) and PTSD status (i.e., PTSD-Present or PTSD-Absent). This resulted in
three groups: IC/PTSD-Absent, mTBI/PTSD-Absent, and mTBI/PTSD-Present. It is noted
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that the IC/PTSD-Present group only had five participants; as such, this group was removed
from all group comparisons. There was substantial overlap between participants who were
taking antidepressant and antianxiety medications. Statistically, these variables were highly
correlated, r=.92, p<.001. As such, these categories were collapsed into a single variable
for current antidepressant and/or antianxiety medication use.

Analyses were conducted using IBM SPSS (Version 25), and the figure was produced using
GraphPad Prism 7. Continuous variables were assessed for normal distribution by inspection
of histograms and the Shapiro-Wilks test. Levene’s test was used to assess equality of
variances. Analysis of variance (ANOVA) and chi-square analyses were conducted to
examine group differences for demographic and clinical characteristics. Pairwise post hoc
comparisons with Bonferroni adjustment were used to assess significant group differences,
with a significance value of p < .05. Linear multiple regression was then conducted to
ascertain the independent effects of mTBI and PTSD on tau concentrations, controlling for
significant covariates. Purposeful selection was undertaken to select the covariates for this
model; correlational analysis was conducted to identify any variables that had significant
associations with tau at a p value cut-point of .25 or less (Bursac, Gauss, Williams, &
Hosmer, 2008). Standardized residuals were examined for normality by inspection of
histograms and using the Shapiro-Wilks test of normality.

Demographic, Injury, and Clinical Characteristics of the Sample

The majority of the sample was male (92.5%), with a mean age of 34.17 years (SO =10.10
years; Table 1). There were no significant differences for the demographic and injury
characteristics across the three groups, with the exception of TSI, CES score, and
antidepressant or anxiety medication intake. The TSI for all participants ranged between 3
and 121 months (M= 45.92 months, SD = 37.92). Pairwise post hoc comparisons using
Bonferroni corrections revealed that the IC/PTSD-Absent group sustained their injuries
more recently than both the mTBI/PTSD-Absent and mTBI/PTSD-Present groups. However,
there were no differences in TSI between the mTBI groups. Pairwise post hoc comparisons
for history of combat exposure revealed that the mTBI/PTSD-Present group reported
significantly higher levels of combat exposure than the mTBI/PTSD-Absent group, p=.011,
but not significantly higher levels than the IC group, p=.056. The mTBI/PTSD-Absent and
IC groups were statistically equivalent in scores on the CES, p= 1.00. A chi-square analysis
revealed that there was a significant difference in the number of people who were taking
antidepressant and/or antianxiety medications across the groups. A z-proportional test of
differences indicated that both the mTBI/PTSD-Absent and mTBI/PTSD-Present groups had
higher than anticipated medication intake. The mTBI/PTSD-Present group demonstrated the
highest proportion of people (~60%) who indicated that they were taking antidepressant
and/or antianxiety medications.

In regard to the clinical variables, the mTBI/PTSD-Present group reported significantly
higher scores on the NSI and the Fatigue, Depression, Anger, and Anxiety subscales of the
TBI-QOL compared to both the mTBI/PTSD-Absent and the IC/PTSD-Absent groups
(Table 1). The mTBI/PTSD-Present group also had significantly lower scores on the
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Cognitive Concerns—General subscale, which indicates a higher level of functional
impairment, than both the mTBI/PTSD-Absent and the IC/PTSD-Absent groups, who did
not significantly differ. The mTBI/PTSD-Present group also reported significantly higher
scores on the TBI-QOL Headaches and Pain Interference subscales compared to the mTBI/
PTSD-Absent group.

Associations and Effects of PTSD and mTBI on Tau and Ap42

Tau was significantly elevated in the mTBI/PTSD-Present group compared to both the
mTBI/PTSD-Absent, p=.043, d= 0.59 (medium effect size), and the IC/PTSD-Absent, p
=.022, d=0.83 (large effect size) groups, A2, 99) = 4.33, p=.016 (see Figure 1 and Table
1). The mTBI/PTSD-Absent and IC/PTSD-Absent groups did not significantly differ in tau
concentration. Among all of the groups, there were no significant differences in Ap42
concentrations, p=.943 (Table 1).

Correlation analyses for continuous variables and ANOVAs for categorical variables were
conducted to identify any factors that were significantly associated with tau, which should
be controlled for within the analysis in accordance with the purposeful selection method
(Bursac et al., 2008). Gender, A1, 105) = 1.68, p=.198; and intake of sleep medication,
A1, 105) = 6.05, p=.016, were identified for inclusion in the model. The final linear
multiple regression model examined the effect of mTBI status (mTBI vs. IC) and PTSD
symptoms (moderate/severe vs. absent) on tau concentrations, controlling for gender and
current use of sleep medications. Normality was assessed by examining the standardized
skewness and using the Shapiro-Wilks test, p = .114, indicating that the residuals were
statistically normal. The overall model was significant A4, 102) = 4.05, p=.004 (Table 2)
and accounted for 13.7% of change in tau concentrations, which is classified as a medium
effect size (Cohen, 1988). Current use of sleep medications and PTSD severity were
significant independent predictors of tau concentrations (Table 2). Participants who were not
taking sleep medications had tau concentrations that were, on average, 0.79 pg/mL higher
than those participants who were taking sleep medications. Furthermore, participants
classified as having moderate to severe PTSD symptoms had tau concentrations that were an
average of 0.65 pg/mL higher than participants classified as PTSD-Absent, after controlling
for gender and mTBI status.

Discussion

Herein, we report for the first time that tau in plasma is significantly elevated in military
personnel who have sustained an mTBI and display concurrent PTSD symptomology.
Participants in the mTBI/PTSD-Present group also reported a significantly higher level of
PCSx and endorsed more clinical symptoms on the TBI-QOL than the other groups.
Furthermore, in a model that accounted for gender and mTBI, PTSD had a significant and
independent effect on tau concentrations. These results indicate that within this cohort, tau-
related changes were in part associated with the presence of PTSD. This finding supports
evidence from studies of civilians and athletes that has demonstrated acute elevations in tau
related to poor recovery, as shown by higher levels of neurological symptoms and deficits
(Bogoslovsky et al., 2017; Gill et al., 2017). Participants with an mTBI and concurrent
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PTSD were, on average, 58.5 months postinjury, indicating that their reported PTSD
symptoms were chronic in nature. Previous research in cohorts of older veterans has shown
links between TBI and AD as well as PTSD and AD later in life (Flatt, Gilsanz,
Quesenberry, Albers, & Whitmer, 2018). Thus, our observed increase in tau in peripheral
blood plasma may provide some insights into the nature of the risk for dementia following
TBI. These findings suggest the need for additional longitudinal studies that include
biomarkers, such as tau, to determine if mTBI and comorbid PTSD may increase the risk of
neuronal pathology later in life.

Higher concentrations of tau following a mTBI in service members and veterans with PTSD
may also relate to the observed reductions in overall neuronal volume (Averill et al., 2017),
specifically in the volume and function of the hypothalamus, prefrontal cortex, and
amygdala (Fitzgerald, DiGangi, & Phan, 2018). Therefore, it may be that the increased tau
concentrations observed following TBIs increases vulnerability of neurons and may relate to
a higher risk for PTSD and other chronic symptoms. Conversely, PTSD may also trigger
neuronal degradation independently or in conjunction with mTBI. Karabatsiakis et al. (2015)
was the first to profile serum biomarkers of PTSD and showed that participants with PTSD
had significantly higher levels of phospholipids and other compounds compared to those
without PTSD. This indicates that PTSD is associated with processes of neuroinflammation
and neuronal membrane degradation (Harper et al., 2014). These biomarker changes were
also observed in patients with AD (Wood, 2012), thus strengthening the hypothesized
crosslink between PTSD and AD. Additional studies that include blood-based biomarkers in
combination with neuronal imaging will allow for additional insights into the links between
tau, neuronal loss, and possible neurodegenerative risks.

Another possible explanation for the association between mTBI, PTSD, and tau is sleep.
Sleep disturbances have long been recognized as a prominent symptom of PTSD; however,
disturbed sleep has also been posited as a potential risk factor for PTSD (Gehrman et al.,
2013; Mellman et al., 2014). These reciprocal associations are also mirrored in mTBI in that
sleep disturbances have been correlated with an increased risk of sustaining injuries such as
TBI and, conversely, sleep disturbances are a known consequence following TBI of all
severities (Sandsmark, Elliott, & Lim, 2017). Sleep disturbances have also been linked to
increased symptom reporting and have been shown to hinder recovery following TBI (White
et al., 2016). Finally, there is converging evidence that sleep affects protein concentrations in
the central nervous system, including in terms of alterations in levels of both tau and AB (Ju
etal., 2017; Motamedi et al., 2018). Sleep is the clearance mechanism for the glymphatic
system, ridding the brain of excess proteins, including tau (Iliff et al., 2014; Louveau et al.,
2015). Therefore, disruptions to normal sleep may impede this clearance, leading to an
accumulation of proteins. In this study, taking sleep medication was a significant and
independent predictor of decreased tau. It may be that the sleep medication increases sleep
quality and therefore assists with glymphatic regulation of proteins. Although we were
unable to assess if participants who were not taking sleep medications actually had poorer
sleep than those who were taking sleep medications, this finding does lend support to the
idea that sleep is an important consideration. Sleep problems are pervasive in service
members and veterans (Mysliwiec et al., 2013), with reports indicating that sleep disorders
such as obstructive sleep apnea (OSA) are actually increasing in military personnel (Rogers,
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Stahlman, Hunt, Oh, & Clark, 2016). Moreover, recent research (Motamedi et al., 2018) has
indicated that adults with OSA have elevated tau concentrations compared to healthy adults.
As such, it is important that future research includes measures of sleep quality and quantity
when considering the associations among PTSD, mTBI, and proteins such as tau and Ap.
Although our findings provide some initial insights into possible links, further research is
required.

This study had a number of strengths, including its rigorous assessment and categorization
of TBIs and validated, high-sensitivity measurement of tau and Ap42. There are also several
limitations of note. First, due to the limited sample size of participants classified as IC with
concurrent PTSD symptoms (/7= 5), we were unable to conduct comparisons between the
four groups. This limits the generalizability of the findings in this study, and future research
should attempt to include this group to further elucidate the associations between PTSD and
tau reported herein. Furthermore, we were unable to determine if the tau measured was
centrally derived, resultant from neuronal injury of the TBI, or due to secondary peripheral
factors. Future research should endeavor to examine neuronally derived tau, for example,
from exosomes (Gill et al., 2018). This study was of a relatively small cohort of military
personnel, and as per much research in the field, we had an overrepresentation of white male
participants in this sample. Therefore, to improve generalizability, we recommend that future
studies should aim to recruit more participants and seek increased gender and racial diversity
to ensure accurate representation and increase generalizability to the wider military and
civilian communities. Overall, the observation of higher levels of tau in the peripheral blood
plasma of service members and veterans with concurrent mTBI and PTSD provides insights
into the possible links between mTBI and the increased neurobiological effects of PTSD.
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Figurel.
Group differences (A= 102) in tau concentrations (pg/mL). IC = injured controls; PTSD =

posttraumatic stress disorder; mTBI = mild traumatic brain injury.
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