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Background: Headache (HA) is a common persistent complaint following mild
traumatic brain injury (mTBI), but the association with remote mTBI is not well
established, and risk factors are understudied.

Objective: Determine the relationship of mTBI history and other factors with
HA prevalence and impact among combat-exposed current and former service
members (SMs).

Design: Secondary cross-sectional data analysis from the Long-Term Impact
of Military-Relevant Brain Injury Consortium—Chronic Effects of Neurotrauma
Consortium prospective longitudinal study.

Methods: We examined the association of lifetime mTBI history, demographic,
military, medical and psychosocial factors with (1) HA prevalence (“lately, have
you experienced headaches?”) using logistic regression and (2) HA burden
via the Headache Impact Test-6 (HIT-6) using linear regression. Each lifetime
mTBIl was categorized by mechanism (blast-related or not) and setting (combat
deployed or not). Participants with non-credible symptom reporting were
excluded, leaving N = 1,674 of whom 81% had positive mTBI histories.

Results: At a median 10 years since last mTBI, mTBI positive participants had
higher HA prevalence (69% overall, 78% if 3 or more mTBIs) and greater HA
burden (67% substantial/severe impact) than non-TBI controls (46% prevalence,
54% substantial/severe impact). In covariate-adjusted analysis, HA prevalence
was higher with greater number of blast-related mTBIs (OR 1.81; 95% CI 148,
2.23) non-blast mTBIs while deployed (OR 1.42; 95% Cl 1.14, 1.79), or non-blast
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MTBIs when not deployed (OR 1.23; 95% Cl 1.02, 1.49). HA impact was only
higher with blast-related mTBIs. Female identity, younger age, PTSD symptoms,
and subjective sleep quality showed effects in both prevalence and impact
models, with the largest mean HIT-6 elevation for PTSD symptoms. Additionally,
combat deployment duration and depression symptoms were factors for HA
prevalence, and Black race and Hispanic/Latino ethnicity were factors for HA
impact. In sensitivity analyses, time since last mTBl and early HA onset were both
non-significant.

Conclusion: The prevalence of HA symptoms among formerly combat-
deployed veterans and SMs is higher with more lifetime mTBls regardless of how
remote. Blast-related mTBI raises the risk the most and is uniquely associated
with elevated HA burden. Other demographic and potentially modifiable risk

factors were identified that may inform clinical care.

KEYWORDS

traumatic brain injury, concussion, headache, postconcussive headache, veterans,
blast injuries, military medicine, prediction

Introduction

Headache (HA) is an important worldwide health problem, with
HA disorders (>5 stereotypical HA episodes per year) ranked as the
second leading cause of years lived with disability (1). HA is also a
common sequela of traumatic brain injury (TBI) in both civilian (2)
and military (3) populations. Although HA can occur after any
severity of TBI, the focus of this study is HA among persons with mild
TBI (mTBI), which accounts for well over 80% of TBI events.

Prior longitudinal studies show HA is a common persistent
complaint following mTBI in both military (4, 5) and civilian (6)
populations. HA disorders in patients with mTBI may or may not
meet the criteria to be termed “posttraumatic” HA. Specifically, the
International Classification of Headache Disorders-3 (ICHD-3)
classifies HA after TBI as a secondary HA disorder when the initial
HA onset or exacerbation of pre-existing headache begins within
7 days following trauma or injury, or within 7 days after recovering
consciousness and/or within 7 days after recovering the ability to
sense and report pain (7). Posttraumatic HA is considered to
be persistent if it lasts beyond 3 months after injury, which is the
commonly accepted timeframe for transition from acute to persistent
or chronic HA from any condition, including as a primary disorder.
The classification of posttraumatic HA is progressively more
challenging to determine as the TBI event becomes more remote (e.g.,
years later). Acute or persisting posttraumatic HA may resolve over
time, but another HA may later emerge for which the TBI may not
be a contributing factor. Accordingly, almost all existing research on
HA in the very chronic phase of TBI does not attempt to make the
distinction between trauma-related HA and HA from other viable
sources (8).

Risk factors for having HA in either the acute or chronic phase
after TBI are not well understood (8, 9). Intuitively, greater severity of
TBI would presume greater risk for HA; however, research has not
clearly demonstrated this relation. Some studies paradoxically show
greater prevalence of HA after mTBI compared to moderate or severe
(mod-sev) TBI (9); however, these studies may be biased with over-
representation of patients with mTBI seeking medical care for high
symptom levels, including HA, versus the majority who rapidly
recover and are not included in these studies. Large studies that have
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examined the prevalence of HA remotely after mod-sev TBI have not
demonstrated an association with TBI severity indices such as
posttraumatic amnesia (PTA) duration and HA (2, 3). Given this,
there remains significant debate about the extent of any late effect,
including HA, that is potentially attributable to a remote TBI alone
versus other factors and comorbidities, especially those related to
mental health.

Beyond TBI severity, risk factors for HA after TBI have been
primarily examined with respect to acute predictors (8). For the
chronic phase of TBI, the most frequently cited risk factors include
female sex and history of HA disorder prior to TBI, especially
migraine type (10), in both patients with mTBI (11) and mod-sev TBI
(2, 12). Findings on differences related to age are mixed, with some
studies showing younger age as a risk factor (13, 14). Other factors
associated with poorer HA outcomes include lower education,
learning disabilities, sleep difficulties, lifestyle factors (e.g., alcohol
use), self-efficacy, and resilience. In the military population, combat
deployment itself was identified as a risk factor for HA disorders,
although TBI history was not assessed (15). Another aspect is the
relationship between HA symptoms and other active health
conditions, particularly mental health. Posttraumatic stress disorder
(PTSD) and depression symptoms among military service members
(SMs) have been associated with post-deployment HA (15, 16).
Studies in the civilian population have also demonstrated an
association between PTH and PTSD, anxiety, and depression (9, 10).
Despite these and other investigations, a recent systematic review
concluded that there are no identified evidence-based risk factors for
HA (8) in the chronic phase after TBI and that further studies
are warranted.

Thus, there is an evidence gap related to the scope of the HA
problem among persons with previous mTBI (s) in both military and
civilian populations. Better information is needed regarding HA
prevalence and risk factors to inform clinical care, including targeted
screening and monitoring strategies and the identification and
treatment of modifiable co-morbidities that are associated with
increased HA prevalence. The objectives of this study were to (1)
describe the prevalence and impact of HA among combat-exposed
current and former SMs with varied mTBI histories (2), assess the
unique contribution of mTBI history on their remote (mean >10 years
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after mTBI) HA prevalence and impact of current headache on daily
life activities, and (3) examine the effects of other factors on remote
HA prevalence and impact.

Methods
Design

Using a cross-sectional design, this study analyzed LIMBIC-
CENC Prospective Longitudinal Study (PLS) enrollment data.
Detailed information on methods, including aims, recruitment
procedures, eligibility of the LIMBIC-CENC PLS project is available
elsewhere (17, 18). In brief, the LIMBIC-CENC PLS is a large multi-
center longitudinal, observational study of current and former
United States SMs with combat exposure, with both an established
cohort (baseline) and ongoing enrollment (prospective, longitudinal)
at 11 sites located across the country. The primary objective is to better
understand the long-term neurologic effects of combat exposures in
general and mTBI in particular, and their interrelationships with other
aspects of health. During the baseline evaluation, all participants
completed a comprehensive assessment including face-to-face
structured interviews, self-reported questionnaires, extensive
neuropsychological testing, biometrics, and many other tests not used
for the current analyses. For the self-reported questionnaires, most
participants completed them in-person in a quiet office space on
either paper copies or a web-based application. Research staff only
intervened if paper form completion was incomplete, to request the
mark any missing response (s). If the participant questioned research
staff on interpretation of any item then they were instructed to use
their best judgement based on the scripted instructions from the
validated instrument. To shorten the time of their in-person visit,
some participants chose to complete their self-reported questionnaires
at home on the internet or by mailing or bring in paper versions. The
LIMBIC-CENC PLS, including creation of a database registry and all

10.3389/fneur.2023.1242871

secondary analyses, was approved by the local Institutional Review
Boards at each enrollment site.

Participants

LIMBIC-CENC PLS participants have variable lifetime mTBI
histories, ranging from entirely negative to over 10 prior mTBIs. To
be eligible, individuals were required to be 18 years of age or older and
have a history of combat exposure. The only exclusions were a history
of mod-sev TBI or a major neurological or psychiatric disorder that
significantly impaired functioning. Individuals with other common
mental health conditions, such as depression or PTSD, were included.
All
study procedures.

For this secondary analysis, all LIMBIC-CENC PLS participants
whose enrollment (baseline) assessment data were available at time of

participants provided written consent prior to any

dataset extraction were included (n = 1,832). Because the current
study focus was HA in the chronic phase of mTBI, we excluded
individuals who had sustained an mTBI within 6 months prior to
enrollment (n = 21) or missing data (n=11) on the HA outcome
measure. We also excluded participants with evidence of noncredible
symptom reporting based on failing (126) the Mild Brain Injury
Atypical Symptom (mBIAS) scale, a validated self-reported measure
of symptom reporting credibility in the mTBI population using the
developer’s recommended cut-point of 8 or higher (19). This left a
final analytic sample of 1,674 participants (see Figure 1).

Measures

Lifetime mild TBI history

Clinical diagnosis of mTBI was assessed via a multi-step
process centered on a structured face-to-face interview. The first
step was to identify and catalog every potential concussive

Total Sample N TBI in previous 6 months
n=1832 n=21
No TBI in previous 6 months Missing HIT-6
_..
n=1811 n=11

l

Completed HIT-6

Non-credible symptom reporting

>
n=1800 n=129
Final Analytic Sample
n=1674
FIGURE 1
Study sample inclusion flow diagram.
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events (PCEs) across each participant’s lifetime using a modified
version of a validated TBI screening interview, the Ohio State
University TBI Identification (OSU TBI-ID) (20) to. PCEs were
then assessed more thoroughly with a validated structured
interview tool, the Virginia Commonwealth University
retrospective Concussion Diagnostic Interview (VCU rCDI)
(21) which has an algorithm that generates a preliminary TBI
diagnosis. The algorithm-generated diagnosis was then reviewed
by the site principal investigator, checked against available
medical records, and further reviewed by a centralized quality
assurance process that included an expert committee to
determine a final clinical diagnosis according to VA/DoD
definition of mTBI (22). This diagnosis also adheres to the
American Congress of Rehabilitation Medicine criteria for
definition of mTBI (23). Based on the VCU rCDI interview
mTBI
environmental context: sustained during a combat deployment

information, each positive was categorized by
(combat mTBI) versus other time of life (non-combat mTBI),
mechanism (blast-related versus blunt-only), and presence of
early onset HA after TBI (within 2 weeks). We also examined

time since last mTBI for the current analyses.

Headache point prevalence and impact (primary
outcomes)

The Headache Impact Test (HIT-6) is a validated 6-item
self-reported questionnaire of HA burden on daily functioning
during the past 4 weeks (24). Total scores for impact range from
36 to 72, and levels can be interpreted as little or no impact (49
or less), some impact (50-55), substantial impact (56-59), and
severe impact (60-78). The HIT-6 does include one item (item
#1) that directly queries pain intensity (“when you have
headache, how often is your pain severe?”) We also included a
stem question “lately, have you experienced headaches?” that
was used as a point prevalence estimate. If participants asked
how “lately” was defined, they were instructed to use their
own judgement.

Basic demographics

Age and self-identity of gender, race, and ethnicity were collected
at baseline by Behavioral Risk Factor Surveillance System (BRFSS) a
self-reported questionnaire developed the Centers for Disease Control
and Prevention (25).

Military exposures

Total months combat-deployed was calculated by summing the
duration of every military combat deployment ascertained by military
records. Combat intensity was measured by Section D of the
Deployment Risk and Resiliency Inventory, Version 2 (DRRI-2), a
self-reported questionnaire of military combat exposures (26). During
the LIMBIC-CENC PCE/TBI structured interview, participants were
also queried on the number of controlled blast exposures they were
exposed to during lifetime.

Psychosocial factors
The Posttraumatic Stress Disorder Checklist for DSM-5
(PCL-5) is a 20-item self-report questionnaire measure of post-

traumatic stress disorder (PTSD) symptoms including
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re-experiencing, avoidance and numbing, hyperarousal, and
negative cognitions and mood (27) over the past month. Higher
scores reflect greater symptom severity. The Patient Health
Questionnaire (PHQ-9) assessed self-reported depression
symptoms over the past 2 weeks (28). Scores range from 0
Alcohol use
non-hazardous use, versus hazardous use) was determined from
the Alcohol Use Disorder Identification Test (AUDIT-C), a self-
reported questionnaire (29). Post-deployment social support

(none) to 27 (severe). (no alcohol use,

was assessed with the Deployment Risk and Resiliency
Inventory, Version 2 (DRRI-2) Section O (DRRI-2-0), a 10-item
self-reported questionnaire on the extent to which family,
friends, coworkers, employers, and community provide
emotional sustenance and instrumental assistance (26). Finally,
self-efficacy was ascertained by the general self-efficacy (GSE)
scale, a self-reported questionnaire with a higher total score
indicating greater self-efficacy (30).

Medical comorbidities

Using the forementioned BREFSS self-reported questionnaire,
we collected self-reported hypertension, hyperlipidemia,
diabetes, stroke, and other neurological disorders. Subjective
sleep quality over the past month was evaluated with the
Pittsburgh Sleep Quality Index (PSQI), (31), another self-
reported questionnaire. Sleep apnea symptoms were assessed via
a modified version of the STOP-BANG
questionnaire, with high risk classified by scores greater than or

self-reported

equal to three (32). Obesity categories were created by directly
measuring height and weight to then calculate body mass
index (BMI).

Statistical methods

The relationship between the HA prevalence outcome
(lately, have you experienced headache?) stratified by groups
based on number of historical lifetime mTBIs (none, 1-2 mTBI,
and 3+ mTBIs) was first assessed using Pearson’s chi-squared
test. For those subjects who disclosed experiencing HA lately,
HIT-6 total score, HIT-6 impact categories, and HIT-6 item #1
were summarized using mean (standard deviation, SD) or
counts and percentages. These variables were compared across
mTBI history groups using the Kruskal-Wallis rank sum test for
HIT-6 total score because of the ordered nature of the history
groups and Pearson’s chi-squared test for HIT-6 total score
impact categories and HIT-6 item #1 responses.

Pairwise chi-squared tests were used to examine all possible
paired comparisons between mTBI groups and HIT-6 stem
question as well as HIT-6 impact categories. Dunn’s test was
used for pairwise comparisons between mTBI groups and HIT-6
total score. All post hoc analyses used Bonferroni’s correction to
account for inflated type I error from multiple testing. Clinical
and demographic characteristics were then reported using mean
(SD) and median (interquartile range, IQR) for continuous
variables and counts and percentages for categorical variables.
These variables were stratified by whether they endorsed
experiencing HA lately and compared across groups using the
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Wilcoxon rank sum test for continuous variables and Pearson’s
chi-squared test or Fisher’s exact test for categorical variables.
We analyzed the prevalence outcome (experiencing HA
lately) using univariable and multivariable logistic regression
because it is a binary (yes/no) variable. Among the subjects who
endorsed experiencing HA lately, linear regression was used
with for the HA impact outcome (HIT-6 total score) because it
is a continuous variable. For all models, assumptions such as
linearity, normality, etc. were assessed to verify that the model
was appropriate to use. Variables that were selected to
be included in the models were either primary or secondary
variables of interest—blast and mTBI related variables—or
covariates selected using a combination of clinical judgment and
those that were significantly different between headache groups
in bivariate analysis at the 0.05 level. For consistency, we used
the same variables for the separate logistic and linear
regressions. For cumulative number of lifetime mTBIs, we used
three variables: number of blast-related mTBIs, number of blunt
combat mTBIs, and number of blunt non-combat mTBIs. This
was done to include mTBI context and mechanism together
without overlap and because only 1% of blast-related mTBIs
occurred outside of deployment during a military training
accident. Continuous variables included were scaled in order to
compare the 75th percentile to the 25th percentile in both
models. Beta coefficients and odds ratios (OR) were reported
with 95% confidence intervals (CI) and corresponding p-values.
Additionally, variables relevant only to TBI positive
participants (early HA after TBI; time since last TBI) were

10.3389/fneur.2023.1242871

examined in separate sensitivity analysis excluding the TBI
negative group.

All analyses were performed using R version 4.2.1. Statistical
significance was assessed at the 0.05 level and all tests were two-tailed.

Results

In our final sample of 1,674 combat-exposed current and former
SMs, 19% had an entirely negative lifetime mTBI history, 47% had
sustained 1-2 mTBIs, and 34% had 3 or more. Rates of positive history
across themTBI mechanism/setting categories were 63% for Combat
mTBI(s), 67% for Non-combat mTBI(s), and 37% for Blast-related
mTBI(s).

HA prevalence and impact across mTBI
history groups (0, 1-2, 3+)

Within our entire sample, the point prevalence of endorsing yes to
“lately, have you experienced headache?” was 65% at time of enrollment.
In general HA was significantly more prevalent and more impactful with
higher number of lifetime mTBIs. Specifically, HA prevalence was 46%
for those with no prior TBI, 63% for 1-2 lifetime mTBIs, and 78% for 3+
lifetime mTBIs (see Table 1).

Among the participants endorsing HA lately, the HIT-6 total
scores, the impact level categories, and HIT-6 item #1 responses also
all differed by the number of lifetime mTBI groups (see Table 2).

Table 1 Headache (HA) prevalence (experienced HA lately) stratified by # lifetime mTBls.

No TBI 1-2 mTBlIs 3+ mTBls Total p-value?
HA Lately <0.001
No 173 (54%) 292 (37%) 125 (22%) 590 (35%)
Yes 148 (46%) 504 (63%) 432 (78%) 1,084 (65%)
Total 321 (100%) 796 (100%) 557 (100%) 1,674 (100%)

“*Pearson’s chi-squared test; p-values bolded if <0.05.

Table 2 Headache (HA) impact stratified by # lifetime mTBls.

Characteristic All, 1-2 mTBls, 3+ mTBls,
N =1,084 N = 504 N = 432
HIT-6 Total Score, Mean (SD) 58.6 (8.8) 56.3 (9.4) 59.1(8.9) 58.8 (8.4) 0.005
HIT-6 Impact Categories, n (%) 0.012
Little/None 167 (15%) 37 (25%) 73 (14%) 57 (13%)
Some 212 (20%) 30 (20%) 100 (20%) 82 (19%)
Substantial 162 (15%) 19 (13%) 68 (13%) 75 (17%)
Severe 542 (50%) 61 (41%) 263 (52%) 218 (50%)
Headache Severe Pain, n (%) 0.007
Never 22 (2.0%) 9 (6.1%) 7 (1.4%) 6 (1.4%)
Rarely 226 (21%) 35 (24%) 103 (20%) 88 (20%)
Sometimes 448 (41%) 55 (37%) 198 (39%) 195 (45%)
Very Often 314 (29%) 37 (25%) 163 (32%) 114 (26%)
Always 73 (6.7%) 11 (7.5%) 33 (6.5%) 29 (6.7%)

“Kruskal-Wallis rank sum test for HIT-6 total score; Pearson's Chi-squared test for HIT-6 and severe pain frequency categories; p-value bolded if <0.05.
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For all three measures, the 3-group difference was driven by lower
symptoms for the negative TBI group compared to the two positive
mTBI groups, with no difference between the 1-2 mTBI and 3+ mTBIs
groups in post-hoc pairwise comparisons.

For example, the rate of severe HA pain sometimes, often or
always was 70% for the no TBI group compared to 78% for those with
1-2 or 3+ lifetime mTBIs. (see Table 3 for HIT-6 item #1 post-hoc
testing; the other post-hoc testing data are available in
Supplementary Tables S1, S2).

Sample characteristics and bivariate
relationships to prevalence of HA lately

Characteristics of the cohort to be examined as covariates
are displayed in Table 4 for categorical variables and Table 5 for
continuous variables, with the overall sample in the left-hand
column and stratified by HA “lately” negative and positive
groups in the right-hand columns. Unadjusted bivariate
relationships with HA lately prevalence were assessed between
each characteristic with differences at p < 0.05 bolded. The type
and number of every type of lifetime mTBI was different
between groups, as was time since last TBI, early HA after TBI,
gender, ethnicity, age, number of controlled blast exposures,
combat intensity, combat deployment time, alcohol use,
obstructive sleep apnea risk level, symptomatology of
depression, PTSD, and sleep quality, as well as social support
and self-efficacy.

Main multivariable regression analyses

Results of the main logistic regression for Experiencing HA
Lately (at the time of enrollment) are displayed in Table 6
showing odds ratios (OR), confidence interval (CI) and p-values.
For TBI history, the number of lifetime mTBIs of every type was
significant, including blast-related (OR = 1.80), Blunt during
1.41), and Blunt outside of
deployment (OR = 1.23). Other significant factors included
identifying as female (OR = 3.57), age (0.76), total months
combat-deployed (OR = 1.23), and symptoms of depression on
PHQ-9 (OR = 1.56), PTSD on PCL-5 (OR = 1.54), and disturbed
sleep quality on PSQI (OR = 1.78).

Results of the linear regression for HA impact measured by

combat-deployment (OR =

HIT-6 total score among participants experiencing HA lately are

10.3389/fneur.2023.1242871

displayed in Table 7. For TBI history, only blast-related mTBIs
were significant (Beta 0.57). Blunt-only mTBIs did not reach
significance, regardless of contextual type (combat or
non-combat). Other factors found significant in the HIT-6
linear regression that were also significant in the HA prevalence
logistic regression were female identity (Beta 3.4), younger age
(Beta —0.98), PTSD symptoms (Beta 4.9), and reduced sleep
quality (Beta 1.4). Demographic characteristics that were
significant in the HIT-6 score linear regression model but not
the preceding HA prevalence model were Black racial identity
(Beta 2.3) and Hispanic/Latino ethnic identity (Beta 2.0) as
compared with White/non-Hispanic racial/ethnic identity.
Additionally, risky alcohol use was associated with lower HIT-6
total scores (Beta —2.3) compared to non-drinkers. Overall,
Multiple R* for the model was 0.350, indicating the model
accounted for 35% the variance in HIT-6 total score.

Multivariable regression sensitivity analyses
for mTBIl-positive participants only

When excluding the TBI negative participants, time since last
mTBI was not significant (p > 0.05) in either the logistic regression
prevalence or linear regression HA impact models, nor was HA onset
within 2 weeks of mTBI (full sensitivity analysis results are available
in Supplementary Tables S3, S4).

Discussion

This study provides valuable empirical data on the prevalence, risk
factors and impact of HA among previously combat-deployed SMs
and veterans. The overall sample (n = 1,674), which included 19%
with negative TBI histories, had a HA point prevalence (i.e., HA lately)
of 65%. Even though mTBI (s) were mostly very remote, with a
median 10 years since last mTBI, a greater number of mTBIs was
associated with higher HA prevalence, reaching 78% for participants
with 3 or more mTBIs (see Table 1). Additionally, a greater number of
lifetime mTBIs was associated with more impactful HA when HA was
endorsed (see Table 2). For example, 67% showed substantial or severe
impact on HIT-6 when mTBI history was positive in contrast to 54%
when negative.

A unique aspect of our study was to examine current HA burden
in relation to military-relevant subtypes of mTBI history including
mechanism (blast-related or not) and setting (combat-deployed or

Table 3 Post-hoc comparisons of HIT-6 headache severity categories by # lifetime mTBls.

Dimension Value Never REIEY Sometimes Very Often Always

No TBI Residuals 3782071 0.9440547 ~1.046433 ~1.098988 0.38620065
No TBI P values 0.002333 1.00 1.00 1.00

1-2 mTBIs Residuals ~1.398384 -0.3259913 ~1.297286 2.265382 ~0.23624680
1-2 mTBIs P values 1.00 1.00 0.352338 1.00

3+ mTBIs Residuals ~1.220961 ~0.3282617 2.053412 ~1.538916 ~0.02948149
3+mTBIs Pvalues 1.00 0.600490 1.00 1.00

p-value bolded if <0.05.
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Table 4 Categorical covariates stratified by absence/presence of Headache (HA).

10.3389/fneur.2023.1242871

Overall Experienced HA Lately
Characteristic p-value®
N =1,674° N Missing No, N = 590° Yes, N = 1,084
Gender 1 <0.001
Male 1,458 (87%) 547 (93%) 911 (84%)
Female 215 (13%) 43 (7.3%) 172 (16%)
Race 11 0.6
White 1,224 (74%) 441 (75%) 783 (73%)
Black or African American 307 (18%) 99 (17%) 208 (19%)
American Indian or Alaska Native 15 (0.9%) 4 (0.7%) 11 (1.0%)
Asian 26 (1.6%) 7 (1.2%) 19 (1.8%)
Other 91 (5.5%) 34 (5.8%) 57 (5.3%)
Ethnicity 20 0.005
Not Hispanic or Latino 1,372 (83%) 506 (86%) 866 (81%)
Hispanic or Latino 282 (17%) 79 (14%) 203 (19%)
Blast TBI 606 (36%) 0 117 (20%) 489 (45%) <0.001
Non-blast TBI 1,192 (71%) 0 385 (65%) 807 (74%) <0.001
Deploy TBI 889 (53%) 0 201 (34%) 688 (63%) <0.001
Non-deploy TBI 1,087 (65%) 0 357 (61%) 730 (67%) 0.005
Early HA after TBI* 379 (28%) 0 88 (21%) 291 (31%) <0.001
Controlled blast exposures 0 0.017
None 464 (28%) 179 (30%) 285 (26%)
Minimal (1-9) 422 (25%) 159 (27%) 263 (24%)
Light (10-29) 272 (16%) 100 (17%) 172 (16%)
Moderate (30-98) 228 (14%) 72 (12%) 156 (14%)
Heavy (99+) 288 (17%) 80 (14%) 208 (19%)
Alcohol Use (AUDIT-C) 6 0.019
None 300 (18%) 91 (16%) 209 (19%)
Moderate 788 (47%) 268 (46%) 520 (48%)
Risky 580 (35%) 228 (39%) 352 (33%)
PCL-5/PTSD 8 <0.001
No PTSD (<35) 1,171 (70%) 499 (85%) 672 (62%)
Possible PTSD (36-49) 289 (17%) 60 (10%) 229 (21%)
Highly probable PTSD (=50) 206 (12%) 28 (4.8%) 178 (16%)
PHQ-9/Depression 18 <0.001
No depression (0-4) 598 (36%) 334 (57%) 264 (25%)
Mild depression (5-9) 485 (29%) 146 (25%) 339 (32%)
Moderate depression (10-15) 384 (23%) 85 (15%) 299 (28%)
Moderate/severe depression (>16) 189 (11%) 21 (3.6%) 168 (16%)
BMI category 11 0.093
<20 18 (1.1%) 5(0.9%) 13 (1.2%)
>29 875 (53%) 289 (49%) 586 (54%)
20-29 770 (46%) 292 (50%) 478 (44%)
HTN 581 (35%) 0 187 (32%) 394 (36%) 0.076
Stroke 8 (0.5%) 0 2(0.3%) 6 (0.6%) 0.8
Neuro Disorder 71 (4.2%) 0 24 (4.1%) 47 (4.3%) >0.9
Diabetes 91 (5.4%) 0 32 (5.4%) 59 (5.4%) >0.9
OSA high risk (STOP-BANG) 313 (19%) 23 82 (14%) 231 (22%) <0.001
n (%)
bPearson's Chi-squared test; Fisher's exact test; p-value bolded if <0.05.
*N = 1,353 with positive mTBI histories.
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Table 5 Continuous covariates stratified by absence/presence of Headache (HA).

Overall Experienced HA Lately
Characteristic p-value?
N =1,674 N Missing No, N =590 Yes, N = 1,084

Age (years) 0 0.039
Mean (SD) 41 (10) 42 (11) 40 (9)
Median (IQR) 39 (33, 48) 0 40 (32, 51) 39 (33,47)
Num of lifetime mTBIs <0.001
Mean (SD) 2.15(1.97) 1.58 (1.69) 2.45 (2.04)
Median (IQR) 2.00 (1.00, 3.00) 1.00 (0.00, 2.00) 2.00 (1.00, 3.00)
Time since last TBI (years)* 0 <0.001
Mean (SD) 12 (9) 14 (11) 11(8)
Median (IQR) 10 (6, 14) 11(7,18) 9(5,13)
Num of non-blast TBIs overall 0 <0.001
Mean (SD) 1.61 (1.66) 1.33 (1.48) 1.76 (1.73)
Median (IQR) 1.00 (0.00, 2.00) 1.00 (0.00, 2.00) 1.00 (0.00, 3.00)
Num non-blast TBIs when deployed 0 <0.001
Mean (SD) 0.35 (0.63) 0.23 (0.50) 0.42 (0.69)
Median (IQR) 0.00 (0.00, 1.00) 0.00 (0.00, 0.00) 0.00 (0.00, 1.00)
Num non-blast TBIs not deployed 0 <0.001
Mean (SD) 1.26 (1.42) 111 (1.31) 1.35 (1.46)
Median (IQR) 1.00 (0.00, 2.00) 1.00 (0.00, 2.00) 1.00 (0.00, 2.00)
Num of months combat deployed 34 <0.001
Mean (SD) 20 (13) 18 (12) 21 (13)
Median (IQR) 15 (11, 26) 14 (10, 24) 17 (12, 28)
Combat Intensity (DRRI-2) 3 <0.001
Mean (SD) 37 (15) 33(13) 39 (15)
Median (IQR) 34 (24, 48) 30 (22, 40) 37 (26, 50)
Num of controlled blasts 0 0.001
Mean (SD) 28 (37) 23 (34) 30 (38)
Median (IQR) 7 (0, 45) 5 (0, 30) 9 (0, 50)
Depression (PHQ9) 18 <0.001
Mean (SD) 7.7 (5.9) 5.0 (4.9) 9.2 (5.8)
Median (IQR) 7.0 (3.0, 11.0) 4.0 (1.0, 8.0) 8.0 (5.0, 13.0)
PTSD (PCL5) 8 <0.001
Mean (SD) 25(19) 17 (16) 30 (18)
Median (IQR) 23 (9, 39) 12 (3,25) 28 (15, 43)
Sleep Quality (PSQI) 28 <0.001
Mean (SD) 10.2 (4.8) 7.9 (4.5) 11.4 (4.4)
Median (IQR) 10.0 (6.0, 14.0) 8.0 (4.0, 11.0) 12.0 (8.0, 15.0)
Social Support (DRRI-2) 2 <0.001
Mean (SD) 39 (8) 40 (8) 38(8)
Median (IQR) 40 (34, 45) 42 (36,47) 39 (33, 44)
Self-Efficacy (GSE) 3 <0.001
Mean (SD) 32.1(4.8) 33.3 (4.5) 31.4 (4.8)
Median (IQR) 32.0 (29.0, 36.0) 34.0 (30.0, 37.0) 31.0 (28.0, 35.0)

“Wilcoxon rank sum test; p-value bolded if <0.05.

*Time since last mTBI only applies to participants with positive mTBI histories (N = 1,353).
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Table 6 Multivariable logistic regression—experience headaches lately yes/no.

Multivariable

Characteristic

95% CI°

Gender

Male — —

Female 3.57 2.37,5.48 <0.001
Num of blast TBIs (combat and noncombat) 1.80 1.47,2.22 <0.001
Num of combat/nonblast TBIs 1.41 1.13,1.78 0.003
Num of noncombat/nonblast TBIs 1.23 1.02, 1.49 0.035
Num of months combat deployed 1.23 1.04, 1.45 0.014

Controlled blast exposures

None — —

Minimal (1-9) 1.06 0.76, 1.48 0.7
Light (10-29) 0.98 0.67, 1.44 >0.9
Moderate (30-98) 1.23 0.81,1.88 0.3
Heavy (99+) 1.10 0.72, 1.66 0.7
OSA high risk (STOP-BANG) 1.13 0.80, 1.62 0.5
Race

White — _

Black or African American 0.93 0.67,1.29 0.7
American Indian or Alaska Native 2.35 0.57,16.1 0.3
Asian 2.63 1.06,7.22 0.046
Other 0.53 0.30, 0.95 0.030
Ethnicity

Not Hispanic or Latino — —

Hispanic or Latino 1.33 0.93,1.92 0.12

Alcohol Use (AUDIT-C)

None — —
Moderate 1.27 0.89, 1.81 0.2
Risky 0.87 0.60, 1.26 0.5
HTN

No — —

Yes 1.20 0.92,1.57 0.2
Age 0.76 0.62,0.93 0.009
BMI categories

20-29 — _

<20 1.00 0.31, 3.62 >0.9
>29 1.03 0.79,1.33 0.8
Depression (PHQ-9 total score) 1.56 1.13,2.15 0.007
PTSD (PCL-5 total score) 1.54 1.07,2.23 0.021
Sleep Quality Disturbance (PSQI total score) 1.78 1.40,2.28 <0.001
Social Support (DRRI-2 social total) 1.15 0.95, 1.40 0.2
Combat Intensity (DRRI-2 combat total) 1.09 0.83, 1.42 0.5
Self-Efficacy (GSE total) 1.08 0.87, 1.35 0.5

*OR = Odds Ratio (expressed as 75% vs. 25" percentile for continuous variables).
"CI = Confidence Interval.
‘p-value bolded if < 0.05.
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Table 7 Multivariable linear regression for HIT-6 total score (multiple R? = 0.350).

Multivariable

Characteristic

95% CI°
Gender
Male — —
Female 3.4 2.1,4.8 <0.001
Num of blast TBIs (combat and noncombat) 0.57 0.02, 1.1 0.043
Num of combat/nonblast TBIs 0.38 -0.32, 1.1 0.3
Num of noncombat/nonblast TBIs -0.09 -0.75, 0.58 0.8
Num of months combat deployed -0.01 -0.59, 0.57 >0.9

Controlled blast exposures

None — —

Minimal (1-9) -0.98 -2.3,0.33 0.14
Light (10-29) -0.32 -1.8,1.2 0.7
Moderate (30-98) -0.71 -2.3,0.86 0.4
Heavy (99+) -0.71 -2.2,0.81 0.4
OSA high risk (STOP-BANG) 0.69 ~0.54,1.9 0.3
Race

White — —

Black or African American 2.3 1.1,3.6 <0.001
American Indian or Alaska Native 2.9 -1.5,7.2 0.2
Asian -1.0 —4.4,2.4 0.6
Other 24 0.28,4.5 0.027
Ethnicity

Not Hispanic or Latino — —

Hispanic or Latino 2.0 0.79,3.3 0.001

Alcohol Use (AUDIT-C)

None — —

Moderate -0.52 -1.8,0.75 0.4
Risky -2.3 -3.6,-0.91 0.001
HTN

No — —

Yes 0.53 -0.47,1.5 0.3
Age —-0.98 -1.8,-0.12 0.026
BMI categories

20-29 — —

<20 0.56 -3.6,4.8 0.8
>29 -0.33 -1.3,0.67 0.5
Depression (PHQ-9 total score) 0.67 -0.39, 1.7 0.2
PTSD (PCL-5 total) 4.9 3.6,6.2 <0.001
Sleep Quality Disturbance (PSQI total score) 1.4 0.48,2.3 0.003
Social Support (DRRI-2 social total) 0.24 -0.47,0.94 0.5
Combat Intensity (DRRI-2 combat total) 0.34 -0.61, 1.3 0.5
Self-Efficacy (GSE total score) -0.70 -1.5,0.09 0.084

“Beta expressed as 75" vs. 25% percentile for continuous variables.
"CI = Confidence Interval.
‘p-value bolded if < 0.05.
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not). This was done while also adjusting for and examining many
other potential HA contributors including demographic, military,
medical, and psychological factors. Thus, our findings provide
additional insights into how HA impact may vary by mechanism and
setting that are unique to SMs and veterans and that are independent
of PTSD, depression, sleep quality and self-efficacy. The covariate-
adjusted logistic regression model for HA prevalence (see Table 6)
showed higher prevalence with a greater number of any subtype of
mTBI (see Table 6), with the nominally highest OR for blast-related
mechanism (OR 1.80; 95% CI 1.47, 2.22). Broadly, these findings
provide strong empirical evidence that lifetime mTBI history is an
independent risk factor for chronic HA symptoms. They are also
consistent with Hoge et al. (33) who showed that HA was the main
symptom linked to combat mTBI history at an earlier timepoint after
adjusting for similar factors including PTSD. Prior work examining
less rigorous ICD coding among combat veterans has also
demonstrated an increased risk of HA diagnosis codes with respect to
mTBI history codes when adjusting for psychiatric condition codes.

In our covariate adjusted models for HA impact (see Table 7), the
most striking finding was greater impact for blast-related mTBI but
not for blunt-only mTBI. On average, the HIT-6 total score was 0.6
points higher for each additional blast mTBI. In contrast, blunt-only
mTBIs were not associated with higher HIT-6 scores in our adjusted
analyses, in either deployed or non-deployed setting. This finding,
together with the nominally higher odds for HA prevalence after blast
mTBI (see Table 6), suggests that veterans and SMs with blast-related
mTBI may have unique susceptibility to chronic HA problems. Animal
model research has identified vascular pathology and inflammatory
changes unique to blast-TBI, and if translatable to humans may
contribute to the poorer HA outcomes after blast-related mTBI. Our
finding of greater HA impact for blast-related mTBI has some parallel
with a prior study in the warrior strong cohort study (n = 1,074)
showing that soldiers with posttraumatic HA (n = 198) had greater
headache complexity (p < 0.001) compared to non-concussed soldiers
(n = 647) (34), but they did not specifically examine blast mechanism.
It is also worth noting again that we observed elevated risk at very
remote time points and even after adjusting for concurrent symptom
measures including PTSD, depression, sleep quality and self-efficacy.

Surprisingly, our sensitivity analysis (see
Supplementary Tables S3, 54) restricted to mTBI positive participants
showed that neither the self-report of early onset HA after mTBI
(within 2 weeks) nor time since last mTBI was associated with either
outcome, HA prevalence or HA impact, when adjusting for other
covariates. The non-association with early onset HA suggests that the
HA in our sample on average does not meet the definition of PTHA
per se, however our study design which lacked acute data could not
directly examine this question. The lack of change over time must
be interpreted with the caveat that we only included participants who
were greater than 6 months since their last mTBI, so all were already
in the “chronic” stage. This non-association does suggest that post-
acute HA in this population does not fade over time, and that there is
a potential unmet care need.

Regarding other covariates, our study indicates that combat
deployment duration itself is a unique risk factor for later HA
prevalence (see Table 6), suggesting a contribution to a general
physiologic and/or psychologic stress exposure that chronically
increases HA risk. This finding has also been demonstrated in prior
research (15), and may help explain why the OR for HA prevalence in
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our study was higher if the blunt-only mTBI was sustained during
deployment compared to some other time of life. A potential
explanation for these findings is that the additional stressors of combat
deployment interfere with early recovery from mTBI, increasing the
odds of late effects such as HA disorders.

Our large sample, which included 215 females (13%), enabled us
to examine their relative risk for HA, a previously understudied
research question in the military population due to insufficient
numbers of females in most prior HA studies. Our results show that
female sex had the nominally highest OR (3.57; 2.37, 5.48) for
experiencing HA lately (see Table 6), and had a strong association
with higher HA impact (Beta 3.4; 2.1, 4.8; see Table 7). These
findings are consistent with the literature from the general
population indicates that females are not only at higher risk for
experiencing general pain (35), but are also at higher risk for HA,
especially migraine-type (36). Given the high rate of migraine type
HA that has been demonstrated after TBI (3, 6, 9, 37), a potential
mechanistic explanation for the risk elevation for female individuals
in our study is related to unmasking a genetic predisposition (38)
and/or hormonally-mediated increases in calcitonin gene-related
peptide levels (39). Younger age was found to be associated with
both HA prevalence and HA impact in our study (see Tables 6, 7),
and this is also similar to studies of HA in the general population. In
our study, Black racial identity and Hispanic/Latino ethnicity were
uniquely associated with higher HA impact compared to White/
non-Hispanic participants (see Table 7). These demographic findings
suggest that individuals representing marginalized or historically
excluded groups (individuals identifying as female, Black, or
Hispanic/Latino) may benefit from treatment programs that use
targeted outreach strategies, address access barriers, and include
appropriate patient education materials.

Symptom measures examined as covariates including depression,
PTSD, and sleep quality, were significantly associated with prevalence
of experiencing HA lately (see Table 6). PTSD and sleep quality were
also associated with HA impact (see Table 7), with higher PTSD
symptom endorsement (75th versus 25th percentile on PCL-5)
showing the nominally strongest relationship to HIT-6 of any covariate
(Beta 4.9; 3.6, 6.2). Thus, combat-exposed military personnel with
PTSD are at greatest risk for having their HA contribute to severe
negative life impact. Given the concurrent data collection for all of
these symptom measures, the pathway of these relationship cannot
be determined. However, a bidirectional relationship seems most
plausible, as has been demonstrated between migraine and depression
in the general population (40). Additionally, sleep quality is likely to
both impact and be impacted by HA presence and severity of HA
impact, as individuals may engage in compensatory behaviors (e.g.,
napping) in response to HA-related sleep disturbances, which are
detrimental to nighttime sleep quality, and ultimately lower headache
threshold (41).

These symptom measure covariate findings demonstrate how HA
could complicate and interact with other aspects of outcome in this
population. These also represent modifiable targets for treatment.
Treatment implications include the potential benefit of cognitive
behavioral therapy for HA in this population. The findings also
support a holistic approach to caring for persons with chronic HA
after TBI that addresses all potential modifiable factors, including
medical-based management of headache and mood disorders along
with psycho-behavioral management. Future longitudinal analysis
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could provide further insights into treatment by elucidating the
directional pathways of these associations.

A seemingly paradoxical finding in our study was a reduced HA
impact for alcohol use at a risky level verses abstinence (see Table 7).
This is consistent with a systematic review showing that people with
migraine HA consume less alcohol than peers (42). While it is possible
that alcohol use is a protective factor, it may be that alcohol use
patterns are measuring one or more latent trait variables that may
better explain this association. Support for this comes from prior
research on alcohol often showing an asymmetrical U-shaped
relationship with a variety of health outcomes in the general
population. For HA in particular, data identifying alcohol as a trigger
for migraine is limited (42), with a recent large study showing no
association (43).

For other exposures or medical factors, covariates with no
significance in either model included hypertension, hyperlipidemia,
obstructive sleep apnea risk level, body mass index, combat intensity,
and number of controlled blast exposures. Psychosocial variables with
negative findings in both models included social support and general
self-efficacy.

Study strengths

Study strengths included our large sample (n = 1,674) of
individuals with military combat exposure drawn from the LIMBIC-
CENC multicenter cohort with rigorously determined lifetime mTBI
histories and a large breadth of data available from their comprehensive
assessments. The sample was also diverse racially (19% Black identity)
and ethnically (17% Hispanic or Latino identify). The inclusion of
non-TBI comparators and incorporation of sociodemographic and
symptom measures allowed us to better determine the unique
contribution of their prior mild TBIs on current HA burden. The
inclusion of military-relevant mTBI classification also allowed us to
parse out the effects of blast-related mechanism and combat-deployed
setting. By demonstrating TBI and other risk factors for HA prevalence
and HA impact in this population and showing the association with
psychological functioning, our study also highlights an opportunity
to advance clinical care and patient outcomes.

Study limitations

A limitation of this study was the use of self-report
questionnaires for most of the measures including mental health
comorbidities and the HA outcome. Other study limitations
with respect to the HA outcome included a lack of information
on pre-morbid HA, a previously shown predictor of HA after
TBI (2), and on premorbid migraine and psychological health
with both previously shown predictors of persistent PTHA (10).
We also lacked that data differentiating continued HA
persistence versus de novo onset long after mTBI. We did collect
and include HA symptoms within 2 weeks of mTBI as a
covariate, which had no significant effect t in either the HA
prevalence or the HA impact regression model. Thus, the HA
prevalence associations with remote combat and non-combat
mTBIs and HA impact association with combat mTBIs we found
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suggest a risk elevation that does not fit criteria for the current
diagnostic term of posttraumatic HA as per The International
Classification of Headache Disorders (ICHD) (7): HA onset (or
worsening of premorbid HA) “within 7 days following trauma
or injury, or within 7 days after recovering consciousness and/
or within 7 days after recovering the ability to sense and report
pain” (8). Regardless, we cannot determine if the HA reported
may have persisted since injury or developed at some period of
time after injury in relation to other factors or co-occurring
health conditions. Our assessment of headache did not include
data on specific quality, location, duration, and additional
features (e.g., photophobia, nausea) of headaches that would
allow further investigation between differences in headache type
(e.g., tension-type, migraine-type, cervicogenic, mixed).
Further, prior research has shown medication overuse is
associated with persistence of PTHA (10) and some participants
may had HA resolution with proper treatment, but we did not
examine the potential mediating effect of medications and other
treatments received. Lastly, although we used a validated
structured interview method with layers of quality assurance,
the retrospective identification of historical mTBI is prone to
recall bias. More recent mild TBI diagnosis criteria guidelines
include the use of blood biomarkers (44), an emerging area of
research which so far is only validated for acute head CT
decision making with respect to complicated mild TBI with
associated intracerebral hemorrhage (45).

Implications for future research

Future research is needed to better understand the
relationships we found between HA and these other symptom
measures and to study effective treatments and behavioral
interventions for HA after mTBI. Future research is also
recommended to examine in greater depth factors that may
be contributing to the increased HA susceptibility among female
SM and veterans. Longitudinal research could offer more
insights on causal or directional pathways, especially for the
psychologic factors. Our finding of worse HA burden after
blast-related mTBI suggests that individuals with blast-related
mTBI may need a different type of clinical care pathway and/or
treatments compared to blunt-only mTBI, with further research
needed including studies examining the mechanism underlying
this association. Potential mechanisms may include damage to
head and neck tissues resulting in neurogenic inflammation,
hyperexcitability of peripheral nociceptors, chronic allodynia/
hyperalgesia, damage to spinothalamic/thalamocortical
pathways, damage to or dysfunction of pain-inhibition
pathways, and/or vascular contributors, including dysregulation
of pericranial, intracranial and dural arteries (46).

Conclusion

Experiencing recent HA is extremely common among
formerly combat-exposed military personnel and is associated
with substantial to severe negative impact on life quality.
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We demonstrated that remote mTBI history is associated with
elevated odds of HA and a higher degree of HA impact,
especially for mTBIs that were blast-related. This was shown in
both bivariate analyses and multivariable regression adjusting
for numerous sociodemographic, health, and symptom
measures - including PTSD. These findings highlight the
ramifications of mTBI in the military population, and will
inform clinical screening, education, and monitoring strategies.
Clinical strategies to provide early or targeted intervention
should also incorporate the other risk factors we identified
among our covariates including female sex, Black racial identity,
Hispanic/Latino ethnicity, and younger age. Modifiable
treatment targets we identified include PTSD, depression, and
sleep quality.
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