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Introduction: Risk factors for young adults with mTBI are not well understood. Improved
understanding of age and sex as risk factors for impaired six-month outcomes in young adults is
needed.

Methods: Young adult mTBI subjects aged 18-39-years (18-29y; 30-39y) with six-month
outcomes were extracted from the Transforming Research and Clinical Knowledge in Traumatic
Brain Injury Pilot (TRACK-TBI Pilot) study. Multivariable regressions were performed for
outcomes with age, sex, and the interaction factor age-group*sex as variables of interest,
controlling for demographic and injury variables. Mean-differences (B) and 95% Cls are reported.

Results: One hundred mTBI subjects (18-29y, 70%; 30-39y, 30%; male, 71%; female, 29%)
met inclusion criteria. On multivariable analysis, age-group*sex was associated with six-month
post-traumatic stress disorder (PTSD; PTSD Checklist-Civilian version); compared with female
30-39y, female 18-29y (B=-19.55 [-26.54, —4.45]), male 18-29y (B=-19.70 [-30.07, -9.33]),
and male 30-39y (B=-15.49 [-26.54, —4.45]) were associated with decreased PTSD
symptomatology. Female sex was associated with decreased six-month functional outcome
(Glasgow Outcome Scale-Extended (GOSE): 8=-0.6 [1.0, —0.1]). Comparatively, 30-39y scored
higher on six-month nonverbal processing speed (Wechsler Adult Intelligence Scale-Processing
Speed Index (WAIS-PSI); B=11.88, 95% CI [1.66, 22.09]).

Conclusions: Following mTBI, young adults aged 18-29y and 30-39y may have different risks
for impairment. Sex may interact with age for PTSD symptomatology, with females 30-39y at
highest risk. These results may be attributable to cortical maturation, biological response, social
modifiers, and/or differential self-report. Confirmation in larger samples is needed, however
prevention and rehabilitation/counseling strategies after mTBI should likely be tailored for age and
Sex.

Keywords

age factors; common data elements; functional disability; mild traumatic brain injury; post-
traumatic stress disorder; risk factors; sex; young adults

INTRODUCTION

Mild traumatic brain injuries (mTBI) represent 70-90% of all treated TBI cases [1]. Up to
30% of mTBI patients may experience residual cognitive, functional, and
neuropsychological symptoms beyond six months [2-4] with resulting social and vocational
consequences [5,6]. Heterogeneity in mTBI demographics, comorbidities, physiologies and
risk factors lead to a wide range of clinical outcomes, for which consensus predictors remain
elusive. While there is sizeable literature on prognostic factors for TBI, studies investigating
the role of age and sex on outcome remain limited especially in mTBI.

Age is commonly stratified into two cohorts in head injury analyses, young and old, with
varying age cutoffs between ages 40 to 65 years [7-9]. Aside from sports-related
concussions in college athletes, there is a comparatively little focus on risk factors for poor
outcome in mTBI patients aged 18 to 39 years. Younger mTBI patients experience
difficulties returning to work or higher education due to cognitive and executive function
deficits [10-13]. Differences in brain maturation rates and social environmental influences
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exist in this population [14,15]. Rarely do studies narrow age stratification further in their
analyses despite preliminary studies that find increasingly poorer TBI outcomes for each
advancing decade of life [16,17]. Due to known ongoing cortical development in the post-
adolescent period [18,19], stratifying young adults into younger and older young adult bands
could improve the assessment of risk factors for mTBI recovery and outcome.

In North American studies, males were found to have 1.4-2.1 greater risk for mTBI
compared with females [1]. While females are less likely to present with TBI of any severity,
they have a greater chance of mortality and poor outcomes [20,21]. Due to varying sex
hormone levels, brain cortical thickening and complexity can differ between sexes [22-25].
These circulating hormones continue to exert their effect on cerebral organization and
neuroplasticity into young adulthood [14,15]. Differences in physiology, societal
expectations, and help-seeking preferences between males and females may also influence
patient outcomes [26,27]. Much literature on the influence of sex in TBI outcomes is based
on military TBI data which includes a disproportionate number of males [28-31]. When
evaluating service members and veterans, multiple studies found that females were more
likely to be diagnosed with depression and/or anxiety following TBI and to report greater
post-concussive and PTSD symptoms compared to males. However, the effect of sex on
long-term outcomes in mTBI remains understudied.

We looked at a multidimensional set of outcomes by age and sex for young adults diagnosed
with mTBI. Improved understanding of how age and sex may influence recovery will better
guide clinical practice by identifying those in need of early and closer monitoring and
tailored intervention. We utilized the prospective Transforming Research and Clinical
Knowledge in Traumatic Brain Injury Pilot (TRACK-TBI Pilot) study to characterize
demographics and injury history by age group and sex, and evaluated associations with a
multidimensional set of outcomes at six-months post-TBI in a cohort of young adults (aged
18-39y).

METHODS
Study design

The prospective, multicenter TRACK-TBI Pilot study was conducted at three U.S. Level 1
trauma centers (Zuckerberg San Francisco General Hospital (San Francisco, CA, USA),
University of Pittsburgh Medical Center (Pittsburgh, PA, USA), and University Medical
Center Brackenridge (Austin, TX, USA)) using the National Institute of Neurological
Disorders and Stroke (NINDS) TBI Common Data Elements (CDEs) [32-36]. Inclusion
criteria for TRACK-TBI Pilot were external force trauma to the head, presentation to one of
the three enrolling trauma centers, and a clinically indicated head computed tomography
(CT) scan within 24 hours of injury. Exclusion criteria were pregnancy, ongoing life-
threatening disease (e.g., end-stage malignancy), police custody, involuntary psychiatric
hold, and non-English speakers due to multiple outcome measures being administered
and/or normed only in the English language. As the goal of the current analysis was to
evaluate the associations between age, sex, and injury characteristics and six-month
outcomes in young adults following mTBI, subjects were included if they were age 18-39y
with an emergency department (ED) admission GCS score of 13-15, loss of consciousness
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(LOC) <30 minutes, Marshall CT score <5 (1=no visible intracranial pathology on CT;
2=cisterns present, midline shift 0-5 mm and/or lesions present, no lesion >25 cm3;
3=cisterns compressed or absent, midline shift 0-5 mm and/or lesions present, no lesion >25
cm3; 4=midline shift >5 mm, no lesion >25 cm3; 5=surgically evacuated lesion; 6=lesion
>25 cm?3 not surgically evacuated) to include those without the need for surgical
decompression and/or large intracranial mass lesions [37], and complete six-month outcome
measures (Figure 1).

In epidemiologic reporting of morbidity and mortality in TBI [38], and large prognostic
studies of moderate to severe head and facial trauma [17,39-41], age has been routinely
grouped by decade of life. Consistent with prior studies, in our young adult cohort we
analyzed age by decade (18-29y, 30-39y) and sex (male, female) as primary variables of
interest.

Eligible subjects were enrolled by convenience sampling from years 2010 to 2012.
Institutional Review Board approval was obtained at each of the participating sites. Informed
consent was obtained prior to study enrollment. For subjects unable to provide consent due
to their injury, consent was obtained from their legally authorized representative. Subjects
were then re-consented, if cognitively able, during the course of their clinical care and/or
follow-up time points for continued participation in the study.

Outcome measures

Outcome measures were collected through in-person interview at six-months postinjury.
Subjects completing all of the following TBI CDE outcome measures were included in the
current analysis:

Glasgow Outcome Scale-Extended (GOSE): The GOSE is a structured interview
which provides an overall measure of disability based on cognition, independence,
employability, and social/community participation, and has been widely used as a standard
outcome measure for TBI studies [42]. Scores include: 1=dead, 2=vegetative state, 3=lower
severe disability, 4=upper severe disability, 5=lower moderate disability, 6=upper moderate
disability, 7=lower good recovery, and 8=upper good recovery. A GOSE score of 8 reflects
recovery to baseline without new disability.

Brief Symptom Inventory 18 (BSI18): The BSI18 is an 18-item self-report measure of
distress each rated from 0=not at all to 4=extremely. These items comprise three subscales of
anxiety, depression, and somatization, the sums of which yield a normed Global Severity
Index (GSI) T score. Higher GSI scores reflect greater psychological distress. Normed T
scores were used [43].

Rivermead Postconcussion Symptoms Questionnaire (RPQ): The RPQ is a 16-
item questionnaire in which subjects rate on a 0-4 Likert scale the extent to which
symptoms have been more problematic after compared to before their injury (O=not
experienced, 1=no worse than preinjury, 2=mild problem, 3=moderate problem, 4=severe
problem). The current analysis examined the RPQ13, a composite of 13 items delineating
later-onset symptoms after TBI. These symptoms are associated with impacts on
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participation, psychosocial functioning. In practice, a clinical referral for specialist
assessment or treatment services is recommended if they do not resolve within three months
[44].

Posttraumatic Stress Disorder (PTSD) Checklist for Civilians (PCL-C): The
PCL-C is a 17-item self-report measure for symptoms of re-experiencing, avoidance, and
hypervigilance, and assesses for PTSD symptomatology per the Diagnostic and Statistical
Manual for Psychological Disorders, Fourth Edition (DSM-1V) criteria. Patients rate the
extent to which they have been bothered by each symptom on a 1-5 scale (1=not at all;
5=extremely) to yield a total score of 17-85. Higher values in the civilian population =36 are
suggestive of PTSD [45].

Satisfaction with Life Scale (SWLS): The SWLS is a 5-item measure of life
satisfaction. Subjects are asked to rate their agreement with each item on a 7-point scale
(1=strongly disagree; 7=strongly agree), with higher scores indicating greater satisfaction. A
score of 20 is considered the “neutral” point below which participants are considered
“unsatisfied” with life to varying degrees [46].

Trail Making Test (TMT): The TMT is a two-part timed test (TMT-A and TMT-B). TMT-
A assesses visual processing and TMT-B assesses mental flexibility and processing speed.
Lower scores suggest better performance. In order to increase the accuracy of the score with
respect to the flexibility and processing speed without accounting for visual processing, the
first trial is subtracted from the second trial to yield the TMT B minus A score (TMT B-A)
[47]

Wechsler Adult Intelligence Scale Fourth Edition, Processing Speed Index
(WAIS-PSI): The WAIS-PSI includes the Symbol Search and Coding tasks, which require
visual attention and motor speed. The processing speed index (PSI) score is normed by age
as part of the scoring process with percentile scores shown [48].

California Verbal Learning Test, Second Edition (CVLT-1l): The CVLT-II is a verbal
learning and memory task in which five learning trials, an interference trial, an immediate
recall trial and a post-20 minute recall trial are performed. The CVLT-1I Trials 1-5 standard
score (CVLT Trials 1-5) provides an age-normed global index of verbal learning ability and
was used in the current analysis [49].

Statistical analysis

Subjects were grouped as young adults aged 18-29y and 30-39y [50], and by male/female
sex as variables of interest. Descriptive statistics are presented as means and standard
deviations (SD) for continuous variables and proportions for categorical variables. Group
differences were assessed using analysis of variance for continuous variables and Pearson’s
chi-squared test for categorical variables, except in cases with cell counts <5 when Fisher’s
Exact Test was used. Multivariable regression was performed for each outcome measure
with age group and sex as target variables, controlling for race (Caucasian, African
American/African, other races), years of education, psychiatric history (no/yes), mechanism
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of injury of assault (no/yes), LOC (none; <30 minutes; unknown), GCS (15 vs. <15), acute
intracranial lesion on CT (no/yes), and polytrauma (Abbreviated Injury Scale (AlS) score of
>2 in any extracranial region) which are validated predictors for outcome following mTBI
[51]. The interaction factor age-group*sex was analyzed in multivariable outcome models,
and if not statistically significant, was removed from the regression. Mean differences (B)
and their associated 95% confidence intervals (Cl) are reported for each predictor in the
regression analyses. Statistical significance was assessed at p<0.05 for descriptive variables.
To account for multiple comparisons, the Benjamini-Hochberg Procedure was utilized for
the 24 main comparisons [three variables (age group, sex, and age group*sex) for each of
eight outcome measures) and 64 regression control comparisons [eight variables (race,
education, psychiatric history, mechanism of injury of assault, LOC, GCS, intracranial
lesion on CT, polytrauma) for each of eight outcome measures] to decrease the false
discovery rate (FDR; g threshold 0.10) [52]. Subsequently, the p-value threshold was
determined to be p<0.025 for main comparisons and p<0.023 for regression control
comparisons.

To evaluate for the possibility of bias between subjects who did and did not return for six-
month outcomes, chi-squared tests and t-tests were performed for demographic and clinical
variables between the 100 included subjects vs. the 83 excluded subjects who did not have
complete six-month outcomes. No statistically significant differences were found between
included vs. excluded subjects for age, sex, education, race, psychiatric history, injury
mechanism, LOC, GCS, CT findings, or polytrauma. We further evaluated demographic and
clinical variables between included and excluded subjects within each age*sex cohort (male
18-29y, male 30-39y, female 18-29y, female 30-39y). With the exception of the included
male 18-29y subjects having a higher incidence of unknown LOC (37% vs. 12%), no
statistically significant differences were found between included and excluded subjects by
age*sex cohort (data not shown).

All analyses were performed using Statistical Package for the Social Sciences, version 25
(IBM Corporation, Chicago, IL).

Demographic and clinical characteristics

Overall, 100 TBI subjects met inclusion criteria. The full cohort was, on average, 26.9+6.1
years of age and 72% were Caucasian. By age group, 70% were 18-29y and 30% were 30—
39y. Seventy-one percent were male. Thirty-five percent had or reported a psychiatric
disorder at baseline. By mechanism of injury, 22% were motor vehicle accident or
motorcycle crash, 14% were pedestrian vs. auto, 41% were falls, 21% were assaults, and 2%
were other. LOC was negative in 24%, positive in 45%, and unknown in 31% of subjects.
ED GCS was predominantly 15 (78%). Intracranial lesions on CT were observed in 23% of
subjects. Thirteen percent of subjects had polytrauma. No differences were observed in
demographic and clinical variables between by age group (Table 1). Female subjects had
higher education level (15.1+2.8 vs. 13.942.3 years, p=0.029) compared with male subjects
(Table 1).

Neurol Res. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yue et al.

Page 7

Age group and sex interact and predict post-traumatic stress disorder

On multivariable analysis of six-month PTSD symptoms using the PCLC, both age group
(p<0.001) and sex (p=0.021) emerged as independent predictors of outcome (Table 2). When
considering the interaction factor age group*sex, compared to female 30-39y, male 18-29y
(B=—19.70 (95% CI [-30.07, —9.33], p<0.001), male 30-39y (B=15.49, 95% CI [-26.54,
-4.45], p=0.007), and female 30-39y showed decreased symptom burden (8=-19.55, 95%
Cl [-26.54, —4.45], p=0.001) (Table 2). Adjusted means for PCLC by age-group and sex are
shown in Figure 2A.

Baseline psychiatric history (8=8.37, 95% CI [2.34, 14.41], p=0.007 and mechanism of
assault (B=10.45, 95% CI [3.13, 17.77], p=0.006) were associated with greater six-month
PTSD symptoms, while higher education level was protective (B=-1.79 per year, 95% CI
[-2.93, -0.66], p=0.002).

Age group and sex interact and marginally predict postconcussion symptoms

On multivariable analysis of six-month PCS using the RPQ13, age group (p=0.007) was an
independent predictor of outcome while sex was marginal (p=0.050) (Table 2). The
interaction factor age-group*sex showed marginal statistical significance below our FDR
threshold (p=0.044); compared with female 30-39y, female 18-29y B=-12.92 (95% ClI
[-22.14, -3.71]; p=0.007), male 18-29y B=-12.81 (95% CI [-21.43, —4.19], p=0.004) and
male 30-39y B=-11.10 (95% CI [-20.27, —1.92], p=0.018) (Table 2). Adjusted means for
RPQ13 by age-group and sex are shown in Figure 2B.

Similar to the results for the PCLC, baseline psychiatric history (8=6.31, 95% CI [1.30,
11.32], p=0.014) and the injury mechanism of assault (B=7.65, 95% CI [1.57, 13.73],
p=0.014) were associated with six-month PCS, while higher education level was protective
(B=—1.40 per year, 95% CI [-2.35, —0.46], p=0.004).Age group and sex did not interact for
the remaining six-month outcome measures.

Six-month functional, other psychiatric, and quality-of-life outcomes

On multivariable analysis of six-month functional outcome using the GOSE, female sex was
associated with a mean decrease of —0.57 ([-1.02, 0.12], p=0.013) compared with male sex.
Mechanism of assault was associated with decreased GOSE (B=-0.73 [-1.26, —0.20],
p=0.007) and higher educational attainment was again protective (B8=0.13 per year, 95% ClI
[0.05, 0.21], p=0.002) (Table 3). Adjusted means for GOSE by age group and sex are shown
in Figure 2C.

For six-month psychiatric outcomes using the BSI18 GSI, those with ages 30-39y showed a
marginal association with increased psychiatric symptom severity (8=4.38, 95% CI [-0.03,
8.79], p=0.052) compared with 18-29y. Sex did not associate with BSI18. Baseline
psychiatric history (8=5.39, 95% CI [0.84, 9.95], p=0.021) was associated with increased
six-month psychiatric symptom severity, while higher education level was protective (8=
-1.18 per year, 95% CI [-2.05, —0.32], p=0.008) (Table 3). Adjusted means for BS118 GSI
by age-group and sex are shown in Figure 2D.
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For six-month quality-of-life outcomes using the SWLS, subjects aged 30-39y showed a
marginal association with decreased life satisfaction (8=-2.99, 95% CI [-6.00, 0.02],
p=0.052) compared with subjects aged 18-29y. Sex did not associate with BSI18. Baseline
psychiatric history (8=-3.94, 95% CI [-7.05, —0.83], p=0.014) was associated with
decreased life satisfaction (Table 3).

Six-month cognitive outcomes

On multivariable analysis of six-month nonverbal processing speed using the WAIS-PSI, the
30-39y group associated with increased processing speed (B=11.88 percentile increase, 95%
Cl [1.66, 22.09], p=0.023) compared with the 18-29y group. Sex did not associate with
WAIS-PSI. Mechanism of assault (B=-22.73, 95% CI [-35.71, —9.75], p=0.001) associated
with decreased performance, while higher education level was protective [ 8=2.62 percentile
increase per year, 95% CI [0.62, 4.63], p=0.011) (Table 4).

For six-month verbal memory using the CVLT1-5SS, age group and sex did not associate
with outcome. Education level was associated with improved outcome (B=1.37 per year,
95% ClI [0.32, 2.42], p=0.011) (Table 4).

For six-month executive function and mental flexibility using the TMT B-A score, age group
and sex did not associate with outcome. Education level was associated with improved
outcome (B=-2.23 [-3.98, —0.48], p=0.013) (Table 4).

DISCUSSION

While age by decade has been routinely evaluated in epidemiologic reporting and as a
demographic risk factor [17,38-40], literature has been sparse in the context of sex
differences in young adults with mTBI. In the first study to evaluate the independent
associations of age and'sex, and the interaction befween age and sex, with multidimensional
outcome measures in young adults diagnosed with mTBI, we found effects of age and sex
interaction for six-month PTSD, and a marginal effect of interaction for six-month PCS.
Females aged 30-39y carried a risk of increased symptomatology compared with the other
three groups (males 18-29y, males 30-39y, females 18-29y). We also found female sex to
be independently associated with decreased functional outcome, and young adults 30-39y to
have increased nonverbal processing speed performance. These results suggest that
clinicians should carefully surveil and assess at-risk young adult patients after mTBI who
might otherwise be missed if considering age and sex factors separately.

Sex-specific differences in brain organization, adaptation and outcomes

Sex-specific differences in brain morphology are well established in neurological research,
specifically in functional brain organization and cortical thickness [18,21,24,53]. While men
tend to have larger brains, on average, with increased white matter volume, women tend to
have thicker cortical gray matter specifically in the right parietal and temporal lobes
[18,24,25]. This variance in brain morphology may be attributable to sex hormones, as both
animal and human research have shown increased gray matter volume in female brain
regions with higher quantities of sex steroid receptors [23,24,53]. The result of these
differences in cortical thickness may be related to sex-specific cognitive functioning [24].
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However, little is known about the relationship between brain morphology and sex hormones
in male vs. female functional recovery following mTBI. In our study, the significant
interaction between age and sex on six-month PTSD and, to a lesser extent PCS, may be
attributable in part to differential aptitudes in perceiving symptoms and symptoms reporting.

Differences in symptom reporting between sexes are well-documented in the psychiatry,
trauma, and TBI literatures. In general, men are less likely to seek help for depression,
substance abuse, physical disabilities and stressful life events [26]. Three principal reasons
are posited for this phenomenon: 1) differences in perception that there is a medical
problem; 2) differences in assessing the severity of the problem; and 3) variances in
likelihood of seeking help. Women are more likely to recognize and label nonspecific
feelings of distress as an emotional problem, while difficulties of seeking care for men may
in part be attributed to a mismatch between available services and traditional masculine roles
of self-reliance and emotional control [26]. Not surprisingly, the evolving pathophysiology
of mTBI in the subacute period may compound or worsen symptoms. Furthermore, societal
incidence of seeking care for mental health conditions is lower than ideal given systemic and
financial barriers to access, and community studies highlight that this reluctance may be
stronger in men due to a multifactorial set of perceived social and cultural norms, combined
with less positive attitudes on psychological openness [27,54].

Differences in diagnosis rates also exist between male and female TBI patients. In the
military literature, multivariable analyses find women to be more likely diagnosed with
depression, anxiety, and comorbid PTSD with depression following blast TBI [28]. After
sports concussion, women have been found to report higher PCS and other neurobehavioral
symptoms compared with their male counterparts [55,56]. A meta-analysis of eight studies
concluded that TBI neurobehavioral problems were worse in women on 17 of 20 outcome
measures [21]. In agreement with prior authors, we concede that it remains clinically
challenging to differentiate symptom severity from overreporting, as a diagnosis of PCS or
PTSD may create not only complexities in social stigma, but also the possibility of improved
access to care and necessary insurance claims to support disability.

In our study, patients generally scored above the civilian screening cutoff of 32 on the
PCLC, showing that PTSD-like symptoms may be present in all young adults after mTBI.
However, women aged 30-39 years had markedly elevated adjusted PCLC scores (>45),
suggesting higher likelihood that the true symptom burden indeed differs across age and sex
cohorts in the young adult population. A similar effect was observed with marginal
statistical significance for the RPQ13, where female patients aged 30-39y suffered high
symptom severity scores, highlighting that women in this age group may be at risk for
concurrent neuropsychiatric conditions leading to further disability. Similar to our findings,
recent data suggests that female sex is associated with worse PCS at 3-months after mTBlI,
and more prominently during childbearing years [57]. While laboratory studies have
described the neuroprotective effects of estrogen and progesterone in downregulating
cerebral inflammation and glutamatergic excitotoxicity to improve survival in glial and
animal models [58-60], the complex dynamics between primary injury, disruption to
hormonal axes (e.g. pituitary-hypothalamic) and disruption of social responsibilities may
constitute reasons for a lack of translation to the bedside. It is possible that in older young
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adults (ages 30-39y), familial responsibilities, societal norms, social anchorage and cultural
perceptions are amplified in women after trauma. These factors, in conjunction with cortical
and neurohormonal differences, respond, adapt and reorganize differently by sex. Effective
treatment options exist for PTSD, including cognitive behavioral therapy and selective
serotonin reuptake inhibitors [61], which could benefit a subset of mTBI patients if they are
properly triaged to follow-up care.

While age and sex did not interact for six-month functional disability as measured by GOSE
in our study, women in general scored 0.6 points lower on the GOSE compared with men.
As shown in Figure 2C, the GOSE for female young adults approached 6 which by
definition is moderate disability. Though the majority of TBI patients are male, women have
been found to be more likely to suffer severe functional disability (OR=1.57) on GOSE after
controlling for age, GCS, and polytrauma [62—64]. The reasons for this are unclear, but may
be due to brain morphology, neurohormonal disruption, sociocultural norms, and self-report.
Our finding of clinically significant impairment on a measure of overall functional recovery
in female young adults with mTBI could in part be attributable to the spectrum of
impairments experienced by this population. These findings, especially in female young
adults aged over 30 years warrant future investigation in larger samples. Considerations for
closer surveillance and monitoring by the treating clinician should include instructions to the
patient for expectations of recovery, return precautions, and continuity of care with the
patient’s primary care physician regarding their injury [65]. While not a primary focus of the
current study, the importance of mental health history, assault/violent mechanism, and lower
education level has been shown both in our study and others to elevate the risk of PTSD and
poorer outcome [66], and collecting these data should be prioritized in what may be limited
time during the clinical encounter after acute TBI. Lastly, our results further support the
notion of the vigilant clinician who is mindful of patient-provider interactions, such as
attention to patient identity and emotion, eliminating unconscious bias, promoting health
literacy and shared decision-making [67], especially following mTBI and traumatic injuries
[68], as these can influence therapeutic efforts and return to needed follow-up in the
healthcare system.

Age-specific differences in rewiring, plasticity, and psychosocial reporting

Rewiring consists of dendritic pruning which abolishes unused synapses, and myelination
which increases the speed of impulse conduction across region-specific neurocircuitry and
optimizes information communication in the central nervous system. This process is not
complete in the prefrontal cortex until at least age 25 years according to well-established
studies [14,69,70]. As the prefrontal cortex is responsible for cognitive analysis and abstract
thought, it is unsurprising that nonverbal cognition scores were nearly 12 percentile points
higher in the 30-39y group. Additionally, while cortical gray matter volumes stabilize and
begin to reduce in adulthood, white matter volume has been shown to increase in a generally
linear manner throughout adolescence, peaking in one’s 40s or 50s [19].

It should be noted that the older young-adults showed marginal associations with increased
psychiatric symptoms burden on the BS118 by 4.4 points (p=0.052) and decreased life
satisfaction on the SWLS by 3.0 points (p=0.052). This may be due to increased demands on
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the cohort aged 30-39y to secure (or re-secure) financial stability and gainful employment,
and to provide for families, as compared with those aged 18-29y. These post-injury
socioeconomic demands, combined with the organic stress and damage from the initial brain
trauma, may lead older young adults to report greater symptomatology [8].

We recognize several limitations. The TRACK-TBI Pilot study collected a convenience
sample without specific focus on the young adult population, and the sample size of young
adults in this study is relatively small, which limits the generalizability of our findings. Due
to the small sample size, we were limited in the number of predictors we could adjust for in
our multivariable models without overfitting. The interactions and influence of age and sex
on risks for trauma are complex, and while we controlled for a number of validated
predictors as well as the age group*sex interaction factor, other confounders may exist. We
were limited by the coding of the employment variable in NINDS TBI CDEs version 1,
which did not code students, retired, or disabled subjects as separate categories [71], and
thus did not analyze for student, employment and/or disability status in our cohort of young
adults. Evaluation of higher education can be performed as years of education or attainable
degrees. In general, the young-adult cohort is more likely to be at a dynamic point between
years of education and nascent employment, and thus we did not stratify by formal degrees
which may take multiple years and financial capital to complete. It is possible that with
larger datasets, the effects of degrees, and other socioeconomic factors available from
detailed history taking such as marriage and family can be delineated in young adults after
mTBI. While we controlled for the presence of intracranial pathology, we did not evaluate
for associations with individual CT findings, which has been shown to have prognostic
significance for functional recovery [72]. Income and insurance data were unavailable for
the TRACK-TBI Pilot, which could influence types of interventions, medications, continuity
of care, and/or family support received by subjects following discharge from acute care;
these data were also unavailable and would be informative for future studies on the topic.

The NINDS TBI CDEs for outcomes designated the six-month time point for data collection
and earlier time points for the full outcomes battery were not available, which limits our
evaluation for trajectories of recovery. While PCS is relatively specific for TBI and/or
concussion, causal relationships between TBI, trauma and PTSD are more complex.
Definitive analysis of effects of age and sex specific to outcomes post-TBI will necessitate
trauma and/or healthy control groups, which were unavailable in TRACK-TBI Pilot. As
shown with ongoing studies from the current 18-center TRACK-TBI study, rates of PTSD
are indeed higher in mTBI patients vs. nonhead orthopedic trauma patients [66]. We also did
not have access to steroid hormone levels at the time of injury or shortly thereafter which
have been shown in rodent models to mediate sex differences in recovery from TBI [73,74].
For these reasons, findings from the current study should be regarded as exploratory, and
confirmation using larger retrospective studies and prospective trials are needed.

Conclusions

Following mTBI, young-adults aged 18-29 years and aged 30-39 years may have different
risks for impairment on specific outcome measures. Sex may interact with age group for
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PTSD, with females aged 30-39 years at highest risk for symptom severity. These results
may be attributable to brain cortical maturation, biological response to injury, social
modifiers during recovery, and/or differential responses to self-report outcomes. Prevention,
resource allocation, rehabilitation/counseling strategies, and clinical trial design in young
adults at risk for and/or suffering from mTBI may benefit from consideration of age and sex.
These results warrant further study and validation in larger, more diverse samples.
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Total Patients in
TRACK-TBI Pilot

(N=586)
1
I 1
Age 18-39 years Age <18 or >39 years
(N=250) (N=336)
1
1 1
Mild TBI Moderate/Severe TBI
(GCS 13-15) (GCS 3-12)
(N=204) (N=46)
1
I 1
No LOC >30 min LOC >30 min
(N=190) (N=14)
|
I |
Marshall Score 1-4 Marshall Score 5-6
(N=186) (N=4)
|
I 1
Demographic Data Demographic Data
Complete Incomplete
(N=183) (N=3)

Complete Six-Month
- Outcomes
(N=100)

Incomplete Six-Month
— Outcomes

(N=83)

Figure 1. Flowchart of included subjects
Flowchart of 100 mild traumatic brain injury subjects aged 18-39 years meeting inclusion

criteria from the TRACK-TBI Pilot study.
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Figure 2. Six-month outcomes by age-group and sex
Six-month adjusted scores on outcome measures displayed by age group on the x-axis (18—

29y, 30-39y) and sex (male: mean displayed as circle; female: mean displayed as square).
Colored lines indicated clinical cutoffs for screening and/or classification. All scores are
adjusted for race, education, psychiatric history, mechanism of injury, loss of consciousness,
Glasgow Coma Scale, intracranial lesion on computed tomography, and polytrauma. Bars
represent standard errors.

Panel A: Posttraumatic stress disorder (PTSD) symptomatology measured by the PTSD
Checklist-Civilian Version (PCLC); higher scores indicate worse severity, and the red line at
PCLC=32 indicates the clinical cutoff for PTSD screening in the civilian population.

Panel B: Postconcussional symptomatology (PCS) measured by the Rivermead
Postconcussional Symptoms Questionnaire-13 item score (RPQ13); higher scores indicate
worse severity, and the red line at RPQ13=20 indicates the clinical cutoff for PCS screening.
Panel C. Functional recovery measured by the Glasgow Outcome Scale-Extended (GOSE);
higher scores indicate better functional recovery, and a score of 8 indicates full recovery to
baseline function. The blue line at GOSE 7 indicates the lower limit of “good recovery”,
while the red line at GOSE 6 indicates the upper limit of “moderate disability”.

Panel D. Global psychiatric burden measured by the Brief Symptom Inventory-18 Global
Severity Index (BSI18 GSI), an overall measure of somatization, depression, and anxiety
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symptoms; higher scores indicate worse severity, and the red line at BSI18 GSI=63 indicates
the clinical cutoff for screening for psychiatric symptoms.
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Table 1A.

Demographic and clinical variables by age-group and sex

Page 24

Variable (%vzelrgtl)l) 18?63%’8;’"'5 30632%’8;“5 Sig. (p) Variable (NM=a7|613) '(:,SIT;QI‘; Sig. (p)

Sex 0.736 Age Group 0.736
Male 71(71.0%) | 49 (70.0%) | 22 (73.3%) 18-9 years 49 (69.0%) | 21 (72.4%)

Female 29 (29.0%) | 21(30.0%) | 8(26.7%) 30-39 years 22 (31.0%) | 8(27.6%)

Education 0.182 Education 0.029
Years (mean, SD) 14.3 (2.5) 14.1(2.1) 14.8 (3.2) Years (mean, SD) 13.9(2.3) 15.1(2.8)

Race 0.129 Race 0.999
Caucasian 72 (72.0%) | 46 (65.7%) 26 (86.7%) Caucasian 51 (71.8%) | 21 (72.4%)
African-American/African 9 (9.0%) 8 (11.4%) 1(3.3%) African-American/African 6 (8.5%) 3(10.3%)

Other Races 19 (19.0%) | 16 (22.9%) | 3 (10.0%) Other Races 14 (19.7%) | 5(17.2%)

Psychiatric History 0.819 Psychiatric History 0.188
No 65 (65.0%) | 45 (64.3%) | 20 (66.7%) No 49 (69.0%) | 20 (55.2%)

Yes 35(35.0%) | 25(35.7%) | 10 (33.3%) Yes 22 (31.0%) | 13 (44.8%)

Mechanism of Injury 0.311 Mechanism of Injury 0.089
MVA/MCC 22(22.0%) | 12 (17.2%) | 10 (33.4%) MVA/MCC 18 (25.3%) | 4 (13.8%)

PVA 14 (14.0%) | 11 (15.7%) | 3 (10.0%) VA 7(9.9%) | 7(24.1%)

Fall 41 (41.0%) | 29 (41.4%) | 12 (40.0%) Fall 27 (38.0%) | 14 (48.4%)

Assault 21 (21.0%) | 17 (24.3%) | 4 (13.3%) Assault 18 (25.4%) | 3(10.3%)

Other 2 (2.0%) 1 (1.4%) 1 (3.3%) Other 1 (1.4%) 1 (3.4%)

Non-Assault 85 (80.2%) | 53 (75.7%) | 26 (86.7%) 0.288 Non-Assault 53 (74.6%) | 26 (89.7%) 0.112
Assault 21(19.8%) | 17 (24.3%) | 4 (13.3%) Assault 18 (25.4%) | 3(10.3%)

Loss of Consciousness 0.614 Loss of Consciousness 0.310
None 24.(24.0%) | 18 (25.7%) | 6 (20.0%) None 15 (21.1%) | 9 (31.0%)
<0.5 hrs 45 (45.0%) | 29 (41.4%) | 16 (53.3%) <0.5 hrs 31 (43.7%) | 14 (48.3%)

Unknown 31(31.0%) | 23(32.9%) | 8(26.7%) Unknown 25 (35.2%) | 6 (20.7%)

ED GCS 0.811 ED GCS 0.409
13 3 (3.0%) 3 (4.3%) 0 (0.0%) 0.999* 13 2 (2.8%) 1 (3.4%) 0.289*
14 19 (19.0%) | 13(18.6%) | 6(20.0%) | (<15 vs.=15) 14 16 (22.5%) | 3(10.3%) | (<15 vs.=15)
15 78 (78.0%) | 54 (77.1%) | 24 (80.0%) 15 53 (74.6%) | 25 (86.2%)

Marshall Score 0.701 Marshall Score 0.213
1 77 (77.0%) | 53 (75.7%) | 24 (80.0%) 1 51 (71.8%) | 26 (89.7%)

2 18 (18.0%) | 12(17.1%) | 6 (20.0%) 2 16 (22.5%) | 2 (6.9%)
3 4 (4.0%) 4 (5.7%) 0 (0.0%) 3 3 (4.2%) 1 (3.4%)
4 1 (1.0%) 1 (1.4%) 0 (0.0%) 4 1 (1.4%) 0 (0.0%)

CT Intracranial Lesion 0.641 CT Intracranial Lesion 0.055
No 77 (77.0%) | 53 (75.7%) | 24 (80.0%) No 51 (71.8%) | 26 (89.7%)

Yes 23 (23.0%) | 17 (24.3%) | 6(20.0%) Yes 20 (28.2%) | 3(10.3%)
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. Overall 18-29 years | 30-39 years . . Male Female :
Variable (N=100) (N=70) (N=30) Sig. (p) Variable (N=71) (N=29) Sig. (p)
Polytrauma 0.749 Polytrauma 0.336
No 87 (87.0%) | 60 (85.7%) 27 (90.0%) No 60 (84.5%) | 27 (93.1%)
Yes 13 (13.0%) | 10 (14.3%) 3(10.0%) Yes 11 (15.5%) 2 (6.9%)

CT = computed tomography; ED = emergency department; GCS = Glasgow Coma Scale; LOC = loss of consciousness; MCC = motorcycle crash;
MVA = motor vehicle accident; PVA = pedestrian vs. auto; SD = standard deviation
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Multivariable regression of outcomes (PCLC, RPQ13), with significant age group*sex interaction

Table 2.

PCLC RPQ13

Variable B [95% CI] Sig. (p) B [95% Cl] Sig. (p)

Age Group “Sex 0.022* 0.044
18-29 years “Male -19.70 [-30.07, -9.33] | <0.001 | -12.81[-21.43,-4.19] | 0.004
18-29 years *Female -19.55[-30.64, -8.47] | 0.001 | -12.92[-22.14,-3.71] | 0.007
30-39 years *Male -15.49 [-26.54, -4.45] 0.007 -11.10 [-20.27, -1.92] 0.018
30-39 years *Female reference reference
Age Group <0.001% 0.007 "
Sex 0.021° 0.050

Race 0.097 0.118
African-American/African reference reference
Caucasian -5.16 [-14.52, 4.19] 0.276 -3.29 [-11.06, 4.49] 0.403
Other races 1.68 [-8.93, 12.29] 0.754 2.35[-6.47,11.17] 0.598

Education Years 0.002 0.004™
Per-Year -1.79 [-2.93, -0.66] -1.40 [-2.35, —0.46]

PMH Psychiatric 0.007” 0.014 "
No reference reference
Yes 8.37 [2.34, 14.41] 6.31[1.30, 11.32]

Mechanism of Assault 0.006™ 0.014"
No reference reference
Yes 10.45 [3.13, 17.77] 7.65 [1.57, 13.73]

LOC Duration 0.896 0.917
Unknown reference reference
None 1.33[-6.57,9.23] 0.738 1.26 [-5.31, 7.82] 0.704
<30 min -0.20 [-6.83, 6.44] 0.954 1.01 [-4.51, 6.52] 0.718

ED GCS 0.074 0.260
<15 reference reference
=15 -6.39 [-13.40, 0.62] -3.32[-9.15, 2.51]

CT Intracranial Lesion 0.496 0.264
No reference reference
Yes -2.19 [-8.57, 4.19] -3.00 [-8.29, 2.31]

Polytrauma 0.313 0.217
No reference reference
Yes -4.10 [-12.14, 3.94] -4.18 [-10.86, 2.50]

1duosnuep Joyiny

*

delineates statistical significance at Benjamini-Hochberg correction threshold of p<0.025 for main comparisons (age group*sex, age group, sex)
and p<0.023 for regression control comparisons (race, education, PMH psychiatric, mechanism, LOC, GCS, CT, polytrauma). B = mean difference;
ClI = confidence interval; CT = computed tomography; ED = emergency department; GCS = Glasgow Coma Scale; LOC = loss of consciousness;
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PCLC = Post-Traumatic Stress Disorder Checklist-Civilian Version. PMH = prior medical history; RPQ13 = Rivermead Postconcussional
Symptoms Questionnaire-13 ltem

Neurol Res. Author manuscript; available in PMC 2020 July 01.

Page 27



Yue et al. Page 28

Table 3.

Multivariable regression of outcomes (GOSE, BSI18, SWLS), without age group “sex interaction

1duosnuen Joyiny 1duosnuey Joyiny
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GOSE BS118 GSI SWLS

Variable B [95% Cl] Sig. (p) B [95% Cl] Sig. (p) B [95% CI] Sig. (p)

Age Group “Sex (0.478) (0.369) (0.942)
Interaction factor (ns, not included) (ns, not included) (ns, not included)

Age Group 0.821 0.052 0.052
18-29 years reference reference reference
30-39 years -0.05 [-0.46, 0.37] 4.38[-0.03, 8.79] -2.99 [-6.00, 0.02]

Sex 0.013% 0.850 0.197
Male reference reference reference
Female -0.57 [-1.02, 0.12] -0.45 [-5.16, 4.27] 2.11[-1.11, 5.33]

Race 0.519 0.386 0.083
African-American/African reference reference reference
Caucasian -0.09[-0.77,0.60] | 0.803 | -1.76[-9.01,5.48] | 0.630 1.58 [-3.37, 6.53] 0.528
Other races -0.35[-1.11, 0.42] 0.372 1.79 [-6.34,9.92] 0.663 -2.42[-7.97,3.13] 0.389

Education Years 0.002* 0.008* 0.030
Per-Year 0.13 [0.05, 0.21] -1.18 [-2.05, -0.32] 0.66 [0.06, 1.25]

PMH Psychiatric 0.603 0.021" 0.014~
No reference reference reference
Yes 0.11 [-0.32, 0.54] 5.39 [0.84, 9.95] -3.94 [-7.05, -0.83]

Mechanism of Assault 0.007 0.050 0.049
No reference reference reference
Yes -0.73 [-1.26, =0.20] 5.61[0.01, 11.21] -3.85 [-7.67, -0.02]

LOC Duration 0.992 0.552 0.233
Unknown reference reference reference
None 0.03 [-0.56, 0.61] 0.924 1.58 [-4.60, 7.77] 0612 | -2.17[-6.39,2.05] | 0.310
<30 min 0.03 [-0.46, 0.52] 0.899 -1.21[-6.40, 3.97] 0.643 0.87 [-2.67, 4.41] 0.625

ED GCS 0.127 0.106 0.083
<15 reference reference reference
=15 0.40 [-0.12, 0.92] -4.51[-10.00, 0.97] 3.31[-0.44, 7.05]

CT Intracranial Lesion 0.547 0.297 0.107
No reference reference reference
Yes -0.14 [-0.62, 0.33] -2.64 [-7.63, 2.36] 2.80 [-0.61, 6.20]

Polytrauma 0.785 0.479 0.672
No reference reference reference
Yes -0.08 [-0.67, 0.51] -2.25[-8.53, 4.03] 0.92 [-3.37,5.20]

1duosnuep Joyiny

*
delineates statistical significance at Benjamini-Hochberg correction threshold of p<0.025 for main comparisons (age group*sex, age group, sex)
and p<0.023 for regression control comparisons (race, education, PMH psychiatric, mechanism, LOC, GCS, CT, polytrauma). B = mean difference;
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BSI118 GSI = Brief Symptom Inventory 18 Global Severity Index; ClI = confidence interval; CT = computed tomography; ED = emergency
department; GCS = Glasgow Coma Scale; GOSE = Glasgow Outcome Scale-Extended; LOC = loss of consciousness; PMH = prior medical
history; SWLS = Satisfaction With Life Scale
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Table 4.

Multivariable regression of cognitive outcomes, without age group “sex interaction

Page 30

WAIS-PSI CVLT Trials 1-5 TMT B-A

Variable B [95% CI] Sig. (p) B [95% Cl] Sig. (p) B [95% CI] Sig. (p)

Age Group”* Sex 0.058 0.839 0.896
Interaction factor (ns, not included) (ns, not included) (ns, not included)

Age Group 0.023" 0.151 0.990
18-29 years reference reference reference
30-39 years 11.88 [1.66, 22.09] -3.88[-9.21, 1.44] -0.05 [-8.99, 8.88]

Sex 0.448 0.194 0.397
Male reference reference reference
Female 4.19[-6.73, 15.11] -3.74 [-9.43, 1.95] 4.11[-5.47, 13.69]

Race 0.043 0.067 0.336
African-American/African reference reference reference
Caucasian 4.60 [-12.18, 21.39] 0.587 9.38 [0.63, 18.12] 0.036 9.68 [-4.99, 24.36] 0.193
Other races 18.85 [0.01, 37.68] 0.050 5.06 [-4.75, 14.88] 0.308 12.08 [-4.37, 28.52] 0.148

Education Years 0.011° 0.011" 0.013"
Per-Year 2.62[0.62, 4.63] 1.37[0.32, 2.42] -2.23[-3.98, -0.48]

PMH Psychiatric 0.761 0.064 0.817
No reference reference reference
Yes 1.62 [-8.93, 12.18] 5.19 [-0.31, 10.69] 1.09 [-8.24, 10.42]

Mechanism of Assault 0.001” 0.071 0.531
No reference reference reference
Yes -22.73 [-35.71, -9.75] -6.22 [-12.98, 0.54] 3.59 [-7.77, 14.95]

LOC Duration 0.378 0.928 0.827
Unknown reference reference reference
None 8.59 [-5.72, 22.92] 0.236 0.04 [-7.42, 7.50] 0.992 -3.86 [-16.33, 8.60] 0.540
<30 min 0.80 [-11.21, 12.80] 0.895 0.99 [-5.27, 7.25] 0.754 -1.83[-12.30, 8.64] 0.728

ED GCS 0.251 0.855 0.220
<15 reference reference reference
=15 7.39 [-5.31, 20.10] -0.61[-7.23, 6.01] -6.89 [-17.98, 4.20]

CT Intracranial Lesion 0.144 0.396 0.259
No reference reference reference
Yes 8.58 [-2.98, 20.14] -2.59 [-8.61, 3.44] 5.93 [-4.44, 16.29]

Polytrauma 0.030 0.522 0.679
No reference reference reference
Yes -16.16 [-30.70, -1.61] -2.45[-10.03, 5.13] -2.66 [-15.38, 10.06]

*
delineates statistical significance at Benjamini-Hochberg correction threshold of p<0.025 for main comparisons (age group*sex, age group, sex)
and p<0.023 for regression control comparisons (race, education, PMH psychiatric, mechanism, LOC, GCS, CT, polytrauma). B =mean difference;
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CI = confidence interval; CT = computed tomography; CVLT = California Verbal Learning Test; ED = emergency department; GCS = Glasgow
Coma Scale; LOC = loss of consciousness; PMH = prior medical history; TMT B-A = Trailmaking Test Trial B minus Trial A; WAIS-PSI =
Wechsler Adult Intelligence Scale-Processing Speed Index
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