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Abstract

This study aimed to determine whether magnetic resonance imaging (MRI) white matter hyperintensities
(WMHs) are associated with symptom reporting and/or cognitive performance in 1202 active-duty service mem-
bers with prior single or multiple mild traumatic brain injury (mTBI). Patients with mTBI evaluated at the National
Intrepid Center of Excellence (NICoE) at Walter Reed National Military Medical Center (WRNMMC) were divided
into those with (n=632) and without (n=570) WMHs. The groups were compared on several self-report scales
including the Neurobehavioral Symptom Inventory (NSI), Post-Traumatic Stress Disorder (PTSD) Checklist-Civilian
Version (PCL-C), Satisfaction with Life Scale (SWLS), and Short Form-36 Health Survey (SF-36). They were also com-
pared on several neuropsychological measures, including tests of attention, working memory, learning and
memory, executive functioning, and psychomotor functioning. After correction for multiple comparisons,
there were no significant differences between the two groups on any self-reported symptom scale or cognitive
test. When comparing a subgroup with the highest (20+) WMH burden (n =60) with those with no WMHSs (n = 60;
matched on age, education, sex, race, rank, and TBI number), only SF-36 Health Change significantly differed be-
tween the subgroups; the multiple WMH subgroup reported worsening health over the past year (t[53]=3.52,
p=0.001, d=0.67) compared with the no WMH subgroup. These findings build on prior research suggesting
total WMHs are not associated with significant changes in self-reported symptoms or cognitive performance
in patients with a remote history of mTBI. As such, clinicians are encouraged to use caution when reporting
such imaging findings.
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injury (TBI) relative to controls,” WMHs are not spe-
cific for TBL*® WMHs have been shown to increase

Introduction
White matter hyperintensities (WMHs) visible on

fluid-attenuated inversion recovery (FLAIR) magnetic
resonance imaging (MRI) are indicative of pathological
findings including axonal/myelin degradation and glio-
sis."? Although the presence of WMHs tends to in-
crease in patients with a history of traumatic brain

with age,” history of migraines,® and vascular risk fac-
tors,” and are identified even in some healthy chil-
dren.'” When one or several WMHs are diagnosed in
patients with a history of mild TBI (mTBI), the clinical
utility of such imaging findings is unclear.
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Prior studies of participants with a history of mTBI
have found isolated and inconsistent relationships be-
tween WMH and cognition in relatively small sam-
ples.!'™"* Clark and colleagues'' found an interaction
between mTBI diagnosis and deep WMH volume on
delayed memory, with patients with mTBI (n=46) per-
forming worse than controls (n=22) as deep WMH vol-
ume increased. In contrast, there was no relationship
between deep WMH volume and executive functioning,
nor peri-ventricular WMH volume and learning/mem-
ory/executive functioning. Tate and associates'”> demon-
strated that within active-duty service members with a
history of mTBI (n=77), those with any WMH had
worse working memory than those without WMH;
however, they did not find any other differences on
tests of processing speed, learning, and memory in this
cohort. Spitz and colleagues'? found that patients with
history of mild-severe TBI (n=38) with high frontal
WMH lesion load were slower to complete Trails B
than patients with TBI with low frontal WMH lesion
volume; however, there were no other differences be-
tween individuals with high and low total WMH volume
or frontal WMH volume on the other 11 cognitive mea-
sures. Berginstrom and co-workers'* recently found no
relationship between WMHs and cognition in patients
with a history of mild-severe TBI (n=59).

With regard to symptoms, one study found that as
the number and size of WMHs increased, fatigue
self-reports decreased."* Other studies have found no
relationship between WMHs and any self-reported
psychological symptom.'""?

The relatively small sample sizes of the prior studies,
combined with the lack of replication of results suggests
that additional research is needed to clarify the relation-
ship between WMHs and cognitive outcomes and
chronic symptom burden following mTBI. The present
study aimed to determine whether the presence of
WMHs years after mTBI exposure is associated with cur-
rent symptom reporting and cognitive performance in a
large sample (1=1202) of active-duty military service
members with a history of mTBI. It also aimed to specif-
ically determine whether individuals with the highest
burden of WMHs (top 5% of the sample) reported in-
creased symptomatology or evidenced reduced cognitive
functioning compared with those with no WMHs.

Methods

Participants

Participants were 1202 U.S. military service members
clinically evaluated 6 or more months following injury
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at the National Intrepid Center of Excellence (NICoE) at
Walter Reed National Military Medical Center
(WRNMMC) in Bethesda, Maryland, USA. Participants
were prospectively enrolled after providing informed
consent. Inclusion criteria for the overall study included
Defense Enrollment Eligibility Reporting System eligi-
bility. A history of major neurological or psychiatric
conditions including psychosis, stroke, multiple sclero-
sis, or spinal cord injury was exclusionary for enrollment
in the overall study. This research was approved by the
Institutional Review Board of WRNMMC, is compliant
with the Health Insurance Portability and Accountabil-
ity Act, and was conducted in accordance with the Dec-
laration of Helsinki guidelines.

Determination of mTBI history was based on medi-
cal record review of NICoE clinical assessments, which
were often based on the patient’s self-report. All partic-
ipants had a diagnosis of mTBI in their record, and in
many, but not all, cases, there was indication of the spe-
cific Veterans Affairs (VA)/Department of Defense
(DoD) criteria'® that supported this diagnosis, includ-
ing presence of loss of consciousness <30 min or pres-
ence of post-traumatic amnesia or alteration of
consciousness <24 h.

Participants were selected from 2137 participants who
underwent neuroimaging at NICoE and consented to
the research protocol between August 2009 and March
2020. Participants were excluded if they did not com-
plete any self-report measures (n=249), did not have
a clinical diagnosis of TBI (n=380), or had a diagnosis
of moderate, severe, or penetrating TBI (n=79). Addi-
tionally, participants who did not complete the Neuro-
behavioral Symptom Inventory (NSI)'® within 35 days
of their scan (n=67), or who scored >22 on the
Validity-10"7 (n=123) were excluded. Participants
were also excluded if their scan had not been inter-
preted by the board-certified NICoE neuroradiologist
(n=28), or if their T2-FLAIR image quality was poor
(e.g., due to motion, artifact, or technical problems;
n=09). This resulted in a final sample size of 1202. Addi-
tionally, for the analysis of cognitive data, we excluded
422 individuals who did not undergo neuropsychologi-
cal testing within 35 days of their scan and 96 individ-
uals who failed performance validity tests (PVTs;
described below), for a final sample size of 684.

Participants were initially divided into two groups
based on the presence/absence of WMHs: No WMHs
(n=570) and Any WHMs (n=632). To investigate
the most extreme participants, additional analyses were
conducted by carefully matching the 60 participants
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Table 1. Demographic and Military Characteristics between Groups in The Total Sample and the Matched
Pair Subsample
Total sample Matched pair subsample
No WMHs (n=570) Any WMHs (n=632) No WMHs (n=60) 20+ WMHs (n=60)
M SD M SD P M SD M SD P
Age 355 7.7 39.0 7.5 <0.001 413 7.0 419 6.9 0.628
Years of education 14.3 2.2 144 22 0.336 14.8 23 14.5 2.1 0.548
Median IQR Median IQR P Median IQR Median IQR P
Number of TBls 2 1-2 2 1-2 0.046* 2 1-2 2 1-2 0.718
N % N % p** N % N % p**
Men 556 97.5 609 96.4 0.236 59 98.3 59 98.3 1.00
Ethnicity 0.449 0.294
American Indian or Alaska Native 7 12 4 0.6 0.279 0 0.0 1 17 1.00
Asian or Pacific Islander 10 1.8 12 1.9 0.852 2 33 2 33 1.00
Black 1 1.9 19 29 0.232 3 5.0 4 6.7 1.00
Hispanic 10 1.8 19 3.0 0.158 1 1.7 1 1.7 1.00
White 376 66.0 425 67.4 0.638 45 75.0 37 617 0.116
Other 13 23 13 2.1 0.231 2 33 0 0.0 049
Unknown 143 251 140 222 0.237 7 11.7 15 25.0 0.059
Branch 0.001 0.351
Army 188 33.0 204 323 0.795 17 28.3 24 400 0178
Air Force 48 84 39 6.2 0.133 6 10.0 3 5.0 0.491
Navy 249 43.7 322 51.0 0.012 35 58.3 29 483 0272
Marines 84 14.7 66 104 0.024 2 33 4 6.7 0.679
Coast Guard 1 0.2 1 0.2 1.00 0 0.0 0 0.0 1.00
Rank 0.003 60 1.00
Cadet 5 0.9 2 0.3 0.266 0 0.0 0 0.0 1.00
E1-E4 61 10.7 38 6.0 0.003 1 1.7 1 1.7 1.00
E5-E9 383 67.2 451 71.6 0.117 42 70.0 42 70.0 1.00
01-03 42 74 28 4.4 0.036 3 5.0 3 5.0 1.00
05-07 58 10.2 79 125 0.205 8 13.3 9 150 0793
Warrant Officer 21 37 33 5.2 0.199 6 10.0 5 83 0.752

*The Any WMHs group had more TBIs than the No WMHs group.

**Chi-square or Fisher's exact test for those with expected cell counts <5.
IQR, interquartile range; M, mean; SD, standard deviation; TBI, traumatic brain injury; WMH, white matter hyperintensity.

with the highest (20+) WMH burden (i.e., those above
the 95th percentile for WMHs in the sample) with
those with No WMHs. Through sorting and inspec-
tion, individual matches were identified aiming for
equal age, education, sex, race, rank, and number of
TBIs. This resulted in two groups with no statistically
significant difference on these matched variables
(Table 1). For analysis of cognitive data, the same
method was used to develop groups, with 312 partici-
pants with No WMHs and 372 participants with any
number of identified WMHs. Additional analyses
were conducted comparing the 35 participants with
highest (20+) WMH burden and valid cognitive data
with their matched pair with No WMHs.

MRI acquisition and coding
Anatomical MR images were obtained as part of an
integrated protocol designed to examine various

structural and functional aspects of TBI. Images
were acquired on two 3T MRI units (Discovery 750;
GE Healthcare, Milwaukee, WI, USA) with a 32-
channel head coil (MR Instruments, Minneapolis,
MN, USA). One unit was at the NICoE at the
WRNMMC campus (April 2010 to March 2020) and
the other was at Walter Reed Army Medical Center
[WRAMC]; Washington, DC; (August 2009 to August
2011). The structural imaging included T1- and T2-
weighted images, and T2-FLAIR images. Acquisition
parameters were carefully optimized for high spatial
resolution (small voxel size) with good contrast and
short imaging times.

The structural MR images were collected in the sagittal
plane with 1.2-mm slice-thickness and 0.6-mm overlap.
The pre-contrast T1, T2, T2-FLAIR and post-contrast
T1 and T2 images were reformatted into 3-mm sections
at the axial and coronal orientations.
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The anatomical imaging was transferred to a pic-
ture archiving and communication system (Agfa
Healthcare, Mortsel, Belgium) for interpretation. The
MR imaging studies were analyzed for the number of
T2 hyperintensities by a single board-certified neuro-
radiologist (G.R.). There were no differences in the av-
erage number of WMHs between sites (WRNMMC
total WMHs Med = 1; interquartile range [IQR]=0-
4; WRAMC total WMHs Med=0; IQR=0-1;
p=0.241).

Measures

Self-report measures included the NSI'® total and cog-
nitive, affective, vestibular, and somatosensory cluster
scores'®; the Post-Traumatic Stress Disorder (PTSD)
Checklist (PCL)" total and re-experiencing, avoidance,
and hyperarousal cluster scores; the Satisfaction with
Life Scale (SWLS)?’; and the nine subscales from the
Short Form-36 Health Survey (SF-36).>' The Validity-
10 scale from the NSI was used to exclude individuals
who may have been exaggerating symptoms
(n=123)."” Given the long timeline of this study,
from August 2009 to March 2020, there was some var-
iation in administration of self-report tests. In most
cases, the PCL-C was administered. In 48 cases, the
PCL-C was not completed, but the PCL-Military Ver-
sion (PCL-M) was completed. The total and cluster
scores of the PCL-C and PCL-M were treated as com-
parable. The PCL-M and PCL-C differ in that the PCL-
M directs the participant to think about military
trauma, whereas the PCL-C directs the participant to
think about lifetime trauma; however, the item content
is otherwise identical.

Neuropsychological test scores analyzed in the cur-
rent study included the Test of Pre-morbid Function-
ing (TOPF);*> Wechsler Adult Intelligence Scale-IV
(WAIS-IV)** Verbal Comprehension Index (VCI),
Perceptual Reasoning Index (PRI), Working Memory
Index (WMI), Processing Speed Index (PSI); Wechsler
Memory Scale-IV (WMS-IV)** Logical Memory I and
II; Trail Making Test?®> A & B; California Verbal Learn-
ing Test (CVLT-II)*® Total Learning and Delayed
Free Recall; Delis-Kaplan Executive Functioning Sys-
tem (DKEFS)?” Color Word Interference Test Word
Reading and Inhibition, Tower Test Total Achieve-
ment, and Verbal Fluency Category Fluency and Letter
Fluency; and Grooved Pegboard.?®

Performance validity was measured with the Medical
Symptom Validity Test (MSVT);* Test of Memory
Malingering (TOMM)*° Trial 1,*! Trial 2, and Reten-
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tion Trial; Advanced Clinical Solutions Word Choice
Test (WCT); and WAIS-IV Reliable Digit Span
(RDS).* Of participants who were administered any
PVT (n=780), most were administered the MSVT
(n=731) and RDS (n=748). Additionally, 77 partici-
pants were administered the TOMM and 55 partici-
pants were administered the WCT. To ensure data
were valid for the analysis of cognitive testing scores,
participants must have been administered at least one
and not failed any PVTs (n=684). If participants
who passed PVTs were missing data on some cognitive
tests, they were excluded only from those relevant an-
alyses.

Statistical analysis

Descriptive statistics were calculated and group com-
parisons were conducted with analysis of variance
(ANOVA), chi-square tests, and Mann-Whitney
U tests. Effect sizes were computed with Cohen’s d for
continuous variables, r for non-parametric analyses
(number of TBIs), and Cohen’s H for binomial variables.
For the comparison of self-reported symptoms between
those with and without T2 WMHs, analyses of covari-
ance (ANCOVAs) were conducted with age, education,
and sex as covariates. For the comparison of cognitive
performance between those with and without T2
WDMHs, ANCOV As were conducted with age, education,
sex, pre-morbid intelligence (measured by TOPF Stand-
ard Score), and PCL-C total score as covariates.

Paired t tests were then conducted to assess differ-
ences in symptom reporting and cognitive perfor-
mance between matched pair groups (No WMHs vs.
20+ WMHs). For the self-report analyses, each group
had 60 participants. For the cognitive analyses, each
group had 35 participants, as 20 of the 60 individuals
with 20+ WMHs did not complete cognitive testing
and 5 participants with 20+ WMHs failed PVTs. The
relationship between number of total WMHs and out-
comes was also evaluated through hierarchical linear
regression, with the same covariates as in the ANCO-
VAs entered in the first step and total number of
WMHs entered in the second step of the model.
Given that this study was exploratory, the Benjamini-
Hochberg False Discovery Rate (FDR)> was used to
keep the FDR at 0.05, correcting separately within
each set of 19 self-report analyses and 18 cognitive an-
alyses. As described by Benjamini and Hochberg,> all
p-values within a set of analyses are ranked from lowest
to highest and compared against a new threshold
p-value, generated from the following equation:
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tm’?k*ialph.‘?. Working from highest to lowest p-values,
otal comparisons

actual p-values are compared against their respective
threshold p-values. Once a p-value is identified that
falls below the threshold value, all lower p-values are
also considered significant. As opposed to a more strin-
gent correction, such as the Bonferroni correction,
which controls the family-wise error rate, or the chance
of making any false-positive error, the FDR was chosen
to control the proportion of false-positive errors made,
limiting it to <5%.

For all models, missing covariate values were
mean-imputed. In the analysis of self-reported symp-
toms, education was missing from 44 out of 1202 in-
dividuals. In the analysis of cognitive performance, 46
out of 684 individuals were missing TOPF Standard
Score and 1 out of 684 participants was missing
PCL-C data.

Results

Just over half of the sample (n =632, 52.6%) had at least
one WMH on brain MRI exam. Those with WMHs
had a median of 3 (IQR: 2-9) WMHs. Descriptive sta-
tistics and group comparisons for demographic and
military characteristics are presented in Table 1.
Those with WMHs were older (p<0.001, Cohen’s
d=0.47), had slightly more TBIs ( p=0.046, r=0.06),
were more likely to be in the Navy (p=0.012, Cohen’s
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H=0.15), less likely to be in the Marines (p=0.024,
H=0.12), and were less likely to have a rank of E1-
E4 (p=0.003, H=0.17) or O1-03 (p=0.036,
H=0.13). There were no statistical differences in edu-
cation or ethnicity between the groups.

White matter hyperintensities

and self-reported symptoms

Those with WMHs reported a worse change in health
over the past year compared with those without
WMHs (F[1,1140] =5.05, p=0.025); however, this result
did not survive the FDR correction. There were no dif-
ferences between WMH groups on any other self-report
scales or subscales (see Table 2). Hierarchical regression
similarly revealed that total number of WMHs was re-
lated only to worse reported health change over the
past year (R?A=0.005, f=—0.074, p=0.012); however,
this also did not survive the FDR correction.

When comparing patients with a remote history of
mTBI with highest (20+) WMH burden (n=60) with a
group with No WMHs (n=60) who were matched on
age, education, sex, race, rank, and number of TBIs,
PCL-C avoidance (t[59]=-2.28, p=0.027, d=0.34),
SF-36 Social Functioning (t[53]=2.23, p=0.030, d=
0.37), SF-36 General Health (t[53]=2.20, p=0.032,
d=0.38), and SF-36 Health Change (t[53]=3.52, p=
0.001, d=0.67) were significantly different between the

Table 2. Self-Reported Symptom Means, Standard Errors, and Comparison between Those with and without WMH,

Adjusted for Age, Education, and Sex

No WMH (n=570)

Any WMH (n=632)

M SE M SE F P N’
NSI Total 33.1 0.6 33.2 0.6 0.050 0.823 0.000
NSI Somatosensory 8.0 0.2 8.2 0.2 0.209 0.647 0.000
NSI Cognitive 8.0 0.2 8.1 0.1 0.054 0.816 0.000
NSI Affective 1.7 0.2 1.7 0.2 0.000 0.995 0.000
NSI Vestibular 2.8 0.1 2.8 0.1 0.126 0.722 0.000
PCL-C Total 440 0.7 445 0.6 0.217 0.641 0.000
PCL-C Reexperiencing 11.0 0.2 11.3 0.2 0.999 0318 0.001
PCL-C Avoidance 174 0.3 17.5 0.3 0.026 0.873 0.000
PCL-C Hyperarousal 15.6 0.2 15.7 0.2 0.048 0.826 0.000
SWLS 224 04 225 0.3 0.044 0.834 0.000
SF-36 Physical Functioning 74.7 0.9 74.5 0.9 0.010 0.921 0.000
SF-36 Role Limitations due to Physical Health 38.1 1.7 364 1.6 0.555 0.457 0.000
SF-36 Role Limitations due to Emotional Problems 483 1.9 48.1 1.8 0.008 0.928 0.000
SF-36 Energy/Fatigue 31.2 0.9 322 0.9 0.647 0.421 0.001
SF-36 Emotional Well-Being 57.0 0.9 57.2 0.8 0.021 0.884 0.000
SF-36 Social Functioning 56.0 1.1 553 1.1 0.219 0.640 0.000
SF-36 Pain 579 0.9 56.6 0.8 1.056 0.304 0.001
SF-36 General Health 59.0 0.9 59.9 0.8 0.515 0.473 0.000
SF-36 Health Change 45.0 1.1 417 1.0 5.054 0.025 0.004

P-values are prior to Benjamini-Hochberg False Discovery Rate correction. No p-values survived this correction.
M, mean; NSI, Neurobehavioral Symptom Inventory; PCL-C, Post-Traumatic Stress Disorder Checklist-Civilian Version; SE, standard error of the mean;
SF-36, Short Form-36 Health Survey; SWLS, Satisfaction with Life Scale; WMH, white matter hyperintensity.
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Table 3. Matched Pair Analyses of Self-Report Data

No WMH 20+ WMH
(n=60) (n=60)

M SO M sSD t P d
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groups, with those with 20+ WMHs reporting more symp-
tomatology. After the Benjamini-Hochberg correction,
only the SF-36 Health Change single question remained
significant, suggesting those with the highest WMH bur-
den reported worsening in their overall health over the

NSI Total 305 127 346 126 -179 0078 032 .

NSI Somatosensory 71 36 80 41 -138 0172 023 Pastyearcompared to those with No WMHs (see Table 3).

NSI Cognitive 75 37 84 34 -133 0.189 025

NSI Affective 112 46 125 50 -1.50 0.138 027 ) . N

NSI Vestibular 24 20 27 18 -073 0468 0.6 White matter hyperintensities

PCL-C Total 405 135 450 155 -1.99 0.052 031 :

PCL-C Reexperiencing 98 45 110 5.1 -1.51 0.138 0.24 and neurOpsyChObglcal test performance

PCL-C Avoidance 156 65 179 7.1 -228 0027 034 Those with WMHs performed worse on the WAIS-IV

PCL-C Hyperarousal 151 47 161 48 -1.12 0266 020 PpS (F[1,665]=5.278, p=0.022) and VCI (F[1,615]=

SWLS 242 60 215 77 200 0056 039 )

SF-36 Physical Functioning 776 202 752 184 070 0485 012 4496, p=0.034), as well as Logical Memory Delayed

SF-36 Role Limitations due 373 39.1 363 388 013 08% 003 Recall (F[1,615]=6.485, p=0.011) and CVLT-II Total
to Physical Health . _ _

SF-36 Role Limitations due 528 441 453 453 088 0381 017 Learning(F[1,638]=6.371, p=0.012). However, these re-
to Emotional Problems sults also did not survive the FDR correction. There were

SF-36 Energy/Fatigue 303 195 306 202 -007 .942 0.2 .

SF-36 Emotional Well-Being 597 187 559 214 115 256 019 DO differences between WMH groups on any other cog-

SF-36 Social Functioning ~ 616 265 519 254 223 030 037 nitive measures (see Table 4). Hierarchical regression

SF-36 Pain 577 196 543 175 094 353 0.18

SF-36 General Health 632 189 560 195 220 .032 038 revealed that total number of WMHs was re;lated only

SF-36 Health Change 514 230 366 210 352 001 067 to worse performance on WAIS-IV PSI (R°A=0.011,

P-values are prior to Benjamini-Hochberg False Discovery Rate correc-
tion. Only SF-36 Health Change survived this correction.

M, mean; NSI, Neurobehavioral Symptom Inventory; PCL-C, Post-
Traumatic Stress Disorder Checklist-Civilian Version; SF-36, Short Form-
36 Health Survey; SWLS, Satisfaction with Life Scale; WMH, white matter
hyperintensity.

p=—0.106, p=0.007) and non-dominant-hand grooved
pegboard (R*A=0.007, f=—0.084, p=0.037); however,
these also did not survive the FDR correction.

When comparing those with 20+ WMHs with a
matched group of those with No WMHs, there
were no differences in cognitive performance on any
neuropsychological test included in the battery be-
tween the groups (see Table 5).

Table 4. Neuropsychological Test Normative Score Means, Standard Errors, and Comparison between Those
with and without WMH, Adjusted for Age, Education, and Sex, Pre-morbid Intelligence, and PTSD Symptom Severity

No WMH (n=312)

Any WMH (n=372)

M SE M SE F P e’
TOPF SS 101.1 0.5 102.2 0.5 2.04 154 .003
PSI SS 105.3 0.7 103.0 0.7 5.28 022 .008
WMI SS 106.6 0.6 105.8 0.6 0.76 384 .001
VCI SS 111.3 0.5 109.8 0.5 45 034 .007
PRI SS 112.6 0.7 1124 0.6 0.08 773 .000
Logical Memory Il ss 1.1 0.2 10.5 0.2 6.49 011 .010
Logical Memory | ss 115 0.1 1.2 0.1 2.38 123 .004
TMT A T-score 53.7 0.6 534 0.6 0.12 725 .000
TMT B T-score 516 0.6 51.9 0.5 0.11 742 .000
CVLT-Il LDFR z-score 0.36 0.06 0.27 0.05 1.07 303 .002
CVLT-Il Trials 1-5 T-score 56.5 0.6 54.5 0.5 6.37 012 .010
DKEFS CWIT Inhibition ss 11.0 0.2 10.7 0.2 1.02 312 .002
DKEFS CWIT Word Reading ss 10.8 0.1 10.9 0.1 0.35 554 .001
DKEFS Tower Total Achievement ss 121 0.2 12.0 0.1 0.64 426 .001
DKEFS Category Fluency ss 12.8 0.2 12.7 0.2 0.02 881 .000
DKEFS Letter Fluency ss 11.5 0.2 1.3 0.2 0.76 383 .001
GP Dominant T-score 53.1 0.6 52.1 0.5 1.82 178 .003
GP Non-dominant T-score 53.2 0.6 522 0.5 134 247 .002

P-values are prior to Benjamini-Hochberg False Discovery Rate correction. No p-values survived this correction.

CVLT-Il, California Verbal Learning Test-Second Edition; CWIT, Color-Word Interference Test; DKEFS, Delis-Kaplan Executive Functioning System; GP,
Grooved Pegboard; LDFR, long delay free recall; M, mean; PRI, Perceptual Reasoning Index; PSI, Processing Speed Index; PTSD, post-traumatic stress
disorder; SE, standard error of the mean; ss, scaled score; SS, standard score; TMT, Trail Making Test; TOPF, Test of Pre-morbid Functioning; VCI, Verbal
Comprehension Index; WMH, white matter hyperintensity; WMI, Working Memory Index
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Table 5. Matched Pair t Tests Comparing Those
with 20+ WMHs and Those with no WMHs
on Neuropsychological Tests

No 20+
WMH WMH
(n=35) (n=35)

M sD M SD t P d

TOPF SS 1019 89 1045 9.2 -1.25 0.220 0.29

PSI SS 1055 125 1019 114 156 0.128 0.30

WMI SS 1043 105 1086 158 -140 0.169 0.33

VCl SS 1135 124 1124 107 040 0692 0.10

PRI SS 1106 149 1161 112 -1.87 0.070 0.42

Logical Memory Il ss  11.8 3.0 10.8 23 176 0.088 0.38

Logical Memory | ss 12.1 2.7 1.2 23 199 0.055 0.36

TMT A T-score 54.3 9.9 533 106 047 0638 0.10

TMT B T-score 524 90 528 10.1 -0.18 0.856 0.04

CVLT-Il LDFR z score 047 090 047 0.80 000 1.00 0.00

CVLT-Il Trials 1-5 575 85 574 96 0.07 0941 0.01
T-score

DKEFS CWIT 107 28 109 24 -028 0.782 0.08
Inhibition ss

DKEFS CWIT Word 11.0 20 106 2.0 080 0430 0.20
Reading ss

DKEFS Tower Total 16 24 127 29 -141 0.172 042
Achievement ss

DKEFS Category 129 3.6 13.1 06 -0.29 0.777 0.10
Fluency ss

DKEFS Letter 11.5 3.0 122 34 -098 0333 0.22
Fluency ss

GP Dominant T-score  51.5 94 53.6 88 -1.05 0303 0.23

GP Non-dominant 516 95 508 112 034 0.735 0.08

T-score

P-values are prior to Benjamini-Hochberg False Discovery Rate correc-
tion. No p-values survived this correction.

CVLT-Il, California Verbal Learning Test-Second Edition; CWIT, Color-
Word Interference Test; DKEFS, Delis-Kaplan Executive Functioning
System; GP, Grooved Pegboard; LDFR, long delay free recall; M, mean;
PRI, Perceptual Reasoning Index; PSI, Processing Speed Index; SD,
standard deviation; ss, scaled score; SS, standard score; TMT, Trail Mak-
ing Test; TOPF, Test of Pre-morbid Functioning; VCI, Verbal Compre-
hension Index; WMH, white matter hyperintensity; WMI, Working
Memory Index.

Discussion
This study sought to determine whether whole-brain
counts of WMHs correspond with increased neuro-
behavioral symptomatology or cognitive dysfunction
in a sample of service members referred for treatment
of a remote history of mTBI. Notably, of 37 self-
report and cognitive measures across three sets of an-
alyses, there was no association with WMHs on 36 of
these measures after correction for multiple compar-
isons. The only significant finding was that those with
20+ WMHs reported a greater decline in health over
the past year than matched individuals with No
WMHs. This effect was medium-large (Cohen’s
d=0.67).

This cross-sectional study cannot speak to the causal
direction of the relationship between self-reported
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deterioration in health status over the past year and
WMHs. Importantly, WMHs are largely non-specific,
can occur in a variety of medical conditions, and are
often observed in healthy people. Although they may
be the result of TBI, they are also present in apparently
healthy individuals and increase with age, and appear
also in individuals with migraines and cerebrovascular
risk factors. The sole significant relationship found in
this analysis derived from a survey question that asked
about subjective worsening in general health over the
past year. Because the majority of patients were referred
to NICoE several years after their injury, it seems un-
likely that WMHs resulting from TBI are influencing
the recent health decline. Rather, other systemic eti-
ologies, such as advancing age and/or associated com-
orbidities (e.g., hypertension, diabetes, migraine) that
developed or progressed more recently may be contrib-
uting to increased WMHs. However, future longitudinal
investigation with serial imaging will be necessary to
confirm the direction of this relationship and clarify
the timing of the appearance of the WMH in relation
to a TBI and other medical conditions.

The absence of a relationship between WMHs and
both self-reported symptoms and objective cognitive
performance suggests that WMHs are not critical to
understanding the clinical presentation of patients
with a history of mTBI. On the other hand, given
that in older individuals WMHs are often an indicator
of cardiovascular disease®® and are associated with in-
creased risk of stroke®® and death,’>?° a large number
of WMHs may warrant additional medical evaluation
and treatment for long-term cerebrovascular health
promotion.’” It is also possible that a large number of
WMHs is more detrimental as one ages, and that al-
though younger individuals, as in our cohort, are able
to compensate for WMHs, there may be a more meas-
ureable detrimental effect in older individuals. Indeed,
our findings stand in contrast to much of the extant lit-
erature investigating the relationship between WMHs
and cognition in samples of older individuals who
have not necessarily sustained a TBI in the past.
Meta-analyses have shown that WMHs are associated
with cognitive decline in healthy older adults,®® as
well as in individuals diagnosed with mild cognitive
impairment and dementia.>

Nevertheless, any discussion of WMHs with patients
with a history of TBI should be careful to avoid misat-
tribution of ongoing observed or reported difficulties to
WMHs. For instance, if WMHs are presented as evi-
dence of mTBI and/or a sign of brain damage, patients
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may misunderstand and conclude that their symptoms
are permanent, potentially impeding their recovery. To
minimize iatrogenesis, it should be emphasized that
WMHs are non-specific, frequently occur in appar-
ently healthy individuals, and are unrelated to both
self-assessed symptoms and cognitive performance,
even in individuals with 20+ WMHs. The lack of rela-
tionship between WMHs and a large variety of mea-
sures of cognition and self-reported symptoms in
this large sample of service members with a history
of TBI should be considered when discussing progno-
ses with individuals with a history of mTBI and WMHs.

Limitations of the present study include that only
one board-certified neuroradiologist reviewed each set
of scans, which may have resulted in a biased count
of WMHs. On the other hand, this is also advantageous
as it ensured that all scans were reviewed by the same
neuroradiologist, removing any potential inter-rater re-
liability issues. Additionally, mTBI diagnosis was deter-
mined from the medical record and the quality of the
information regarding TBI history varied, precluding
a detailed characterization of the sample in this regard.
Further, the TBI diagnosis was often based on self-
reported symptoms years and even decades after injury,
rather than medical records obtained at the time of
acute injury.

Unfortunately, oftentimes records from the injury
event itself are not maintained or readily accessible
and this is a limitation of most retrospective studies
of remote TBL** Recently, the Ohio State University
TBI Questionnaire®** was administered to a cohort
of NICoE participants in person and final determina-
tion of TBI history was determined through consensus
conference. In this recent cohort >80% were diag-
nosed with TBI, which is similar to the rate of TBI di-
agnosis in this analysis. Additionally, this study did
not include a control group of participants without
TBI, as cognitive data were collected clinically with
no corresponding data collection in an appropriate
control group. Finally, this study did not have reliable
access to other medical conditions of interest that
are associated with an increased risk of WMHs
and/or reduced cognitive functioning (e.g., vascular
risk factors, migraines).

Despite these limitations, this study has several
strengths, including the largest sample of participants
with mTBI to-date and removal of participants with
questionable symptom validity and/or performance
validity, which have been shown to greatly impact
self-report® and cognitive test data,** respectively.
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Conclusion

This study investigated the relationship of WMHs and
self-reported symptoms and cognition in active duty
service members with a history of one or more
mTBIs. The findings build on past research that, in ag-
gregate, suggests WMHSs are not meaningfully related
to neurobehavioral symptoms, physical functioning,
or cognitive performance in patients with a remote his-
tory of mTBI. As such, clinicians are encouraged to use
caution when reporting such imaging findings. Future
longitudinal research should continue to investigate
the relationship between vascular risk factors and
long-term outcomes following TBI.
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