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White Matter Organization and Cortical Thickness Differ
Among Active Duty Service Members With Chronic Mild,
Moderate, and Severe Traumatic Brain Injury

Sarah I. Gimbel, ™ Lars D. Hungerford,  Elizabeth W. Twamley,** and Mark L. Ettenhofer'™**

Abstract

This study compared findings from whole-brain diffusion tensor imaging (DTI) and volumetric magnetic res-
onance imaging (MRI) among 90 Active Duty Service Members with chronic mild traumatic brain injury (TBI;
n=>52), chronic moderate-to-severe TBI (n=17), and TBl-negative controls (n=21). Data were collected on a
Philips Ingenia 3T MRI with DTl in 32 directions. Results demonstrated that history of TBI was associated with
differences in white matter microstructure, white matter volume, and cortical thickness in both mild TBI and
moderate-to-severe TBI groups relative to controls. However, the presence, pattern, and distribution of these
findings varied substantially depending on the injury severity. Spatially-defined forms of DTI fractional anisot-
ropy (FA) analyses identified altered white matter organization within the chronic moderate-to-severe TBI
group, but they did not provide clear evidence of abnormalities within the chronic mild TBI group. In contrast,
DTI FA “pothole” analyses identified widely distributed areas of decreased FA throughout the white matter in
both the chronic mild TBI and chronic moderate-to-severe TBI groups. Additionally, decreased white matter
volume was found in several brain regions for the chronic moderate-to-severe TBI group compared with the
other groups. Greater number of DTI FA potholes and reduced cortical thickness were also related to greater
severity of self-reported symptoms. In sum, this study expands upon a growing body of literature using ad-
vanced imaging techniques to identify potential effects of brain injury in military Service Members. These find-
ings may differ from work in other TBI populations due to varying mechanisms and frequency of injury, as well
as a potentially higher level of functioning in the current sample related to the ability to maintain continued
Active Duty status after injury. In conclusion, this study provides DTl and volumetric MRI findings across the
spectrum of TBI severity. These results provide support for the use of DTl and volumetric MRI to identify dif-
ferences in white matter microstructure and volume related to TBI. In particular, DTl FA pothole analysis may
provide greater sensitivity for detecting subtle forms of white matter injury than conventional DTI FA analyses.

Keywords: cortical thickness; diffusion tensor imaging (DTI); fractional anisotropy (FA); magnetic resonance
imaging (MRI); pothole analysis; traumatic brain injury (TBI)
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Introduction
More than 473,000 United States Military Service Mem-
bers have been diagnosed with traumatic brain injury
(TBI) since 2000. The majority of these injuries are clas-
sified as ““mild”” (mTBI), with roughly 12% classified as
“moderate” or “severe’’ (msTBI).' Brain computed to-
mography and conventional magnetic resonance imaging
(MRI) results are often negative after TBI, especially for
those with mTBI. However, based on findings from ad-
vanced forms of imaging, cortical thinning and diffuse
axonal injury (a shearing injury in which the white matter
of the brain is damaged) are common following TBI and
are thought to underlie many persistent cognitive
impairments.”>* Diffusion tensor imaging (DTI), which
is often used to characterize white matter microstructure
in the form of fractional anisotropy (FA), has grown in
popularity as a method for detecting injury-related abnor-
malities that may not be visible on commonly used clin-
ical scans such as T1 or T2 imaging.””’ However, given
the heterogenous spatial distribution of white matter pa-
thology in TBI, voxel-wise and tractographic methods
for examining white matter organization in group data
may not have sufficient power to truly reflect the effects
of TBI on white matter organization.

In the general population, many studies have examined
white matter organization across the spectrum of TBI

severity, both in the acute (< 3 month) and chronic (> 3
month) phases of injury. Changes in white matter organi-
zation have been documented as early as the day of inju-
ry®? and often persist for many years.'®'* Midline brain
structures such as the corpus callosum are believed to be
most susceptible to the shearing and rotational forces of
traumatic brain injury.'>'” Indeed, a landmark postmor-
tem study reported damaged axons in the corpus cal-
losum and fornix following TBI, providing evidence
that these regions are most vulnerable to trauma;'® subse-
quent in vivo studies have supported this finding.' 119
Additionally, other major white matter structures includ-
ing the internal capsule,'" superior and inferior longitudi-
nal fasciculi,'® and cerebellar fibers?>>! have commonly
shown abnormalities following TBI.

A recent meta-analysis of white matter organization
following TBI confirmed that DTI findings can differ
substantially for mild versus moderate/severe TBI popu-
lations.?? For those who have suffered msTBI, DTI stud-
ies reliably reveal decreased FA persisting into the
chronic stage of injury, suggesting loss of axonal integ-
rity, specifically in the corpus callosum, internal capsule,
and superior longitudinal fasciculus,'’ as well as other
long and short white matter fibers."® Although variability
exists in the tracts demonstrating abnormalities following
mTBI, there are some consistent findings as well. Many
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mTBI studies have demonstrated white matter abnormal-
ities in the acute and subacute stages of injury,*’ but in a
subset of individuals, these deficits may persist many
years post-injury.”*?® Similar to the msTBI group,
white matter changes in the mTBI group are most fre-
quently identified in commissural and long coursing
fiber tracts, albeit typically to a lesser extent.'""*” Ante-
rior corona radiata, forceps major, and corpus callosum
have shown increased loss of integrity in the chronic
stage of mTBI recovery, predicting the persistence of
post-concussion syndromes.?® Thus, certain tracts may
provide an objective biomarker for tracking the patholog-
ical recovery process following mTBI.

There is, however, less anatomical consistency for in-
jured regions in mTBI compared with the msTBI popula-
tion, possibly related to differences in mechanisms and
type of injury. While one study of chronic stage mTBI
found no difference in corpus callosum FA between the
mTBI and non-brain injured control groups,” a meta-
analysis including both acute and chronic studies con-
cluded that the corpus callosum is indeed vulnerable in
mTBI, with no significant moderation of this effect
based on time since injury.*®

The lack of consistent findings at a sub-regional level
in chronic TBI is likely related to the diffuse and hetero-
geneous spatial distribution of injury in the brain, espe-
cially in the mild group. One approach to address this
issue, known as ‘‘pothole’” analysis, identifies heteroge-
neous areas of decreased FA using voxel-wise compari-
son of an injured individual’s FA to a reference control
population. In a study of veterans with mTBI, Jorge and
colleagues found no voxel-wise differences between the
mTBI group and a healthy control group in FA, but the
mTBI group had a greater number of potholes across
the brain than the control group.’' However, relatively
few studies to date have used this approach for examining
white matter abnormalities, despite consensus that stan-
dard practices for examining FA in a heterogeneous
group of TBI patients may be inadequate.

While significantly less is known about cortical struc-
ture changes following TBI, early understanding comes
from animal models, which have showed cortical thick-
ening (likely due to edema) immediately following
brain injury, followed by thinning over time.*? Since
most mTBI patients fail to show detectible cortical abnor-
malities using traditional neuroradiological examina-
tions, more advanced cortical segmentation, with
inspection of gray matter thickness, may elucidate con-
nections between cortical findings following TBI and
sustained effects of injury.*

A study of veterans in the chronic stage of mTBI
(>3 months post-injury) showed thinning of cortex in
the left dorsal superior frontal and superior temporal
gyri, signifying early effects of mTBI in the cerebral cor-
tical architecture.*® In a longitudinal study following pa-

tients from acute injury to 3 months post-injury, patients
showed significant cortical thinning in the middle tempo-
ral gyrus compared with orthopedic-injury controls.*> An
additional study of sports-related mTBI found cortical
thinning in the left dorsolateral prefrontal cortex and
right inferior parietal cortex compared with uninjured
participants.’® Although many studies have shown a vari-
ety of regional changes in cortical thickness, including
evidence for frontotemporal vulnerability following
TBL*® no consistent findings across studies have
emerged. Additionally, a number of recent studies have
reported no differences in cortical thickness between
brain injured and uninjured groups,*~' limiting the gen-
eralizability of differences that have been identified in
this population.

These changes in white matter organization and corti-
cal thickness following TBI may be understood in the
context of previous findings related to cellular neuropa-
thology. TBI is known to trigger the release of pro-
inflammatory cytokines and chemokines, which can
activate the brain’s immune response in both microglia
and astrocytes. This can then lead to the release of addi-
tional pro-inflammatory molecules, creating a cycle of in-
flammation that can cause neuronal damage.’” This
response can contribute to neuronal and glial cell death
as well as the disruption of the blood—brain barrier, exac-
erbating inflammation and leading to tissue damage.53
Damaged fiber tracts and disruption of myelin surround-
ing neurons can lead to cellular loss, ultimately expressed
as volume loss in the brain.>* In sum, previous findings
related to the cellular neuropathology of TBI underscore
the need to examine both white matter organization and
gray matter thickness when seeking to understand brain
markers of injury.

This study was conducted to evaluate structural white
matter and gray matter changes in Active Duty Service
Members with a history of chronic/symptomatic TBI
(mild, moderate, or severe). These participants were
compared with a group of healthy control Service Mem-
bers with no history of brain injury. A goal of this study is
to use the same procedures to examine white and gray
matter integrity across the TBI severity spectrum, com-
paring mild, moderate/severe, and uninjured groups all
within an Active Duty Service Member population.
Mild and moderate/severe injury groups were evaluated
separately to identify differential brain structure changes
related to injury severity. Moderate and severe TBI
groups did not differ in white matter microstructure or
gray matter cortical thickness, and thus were grouped to-
gether for analysis. Voxel-wise and region of interest
(ROI)-based analyses of FA and cortical thickness
were performed in conjunction with the more novel pot-
hole analysis approach to increase sensitivity for identify-
ing potential lasting effects of TBI in an Active Duty
population.
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Methods

Participants

Participants included U.S. Active Duty military volun-
teers recruited from military treatment facilities in the
San Diego area. The TBI groups consisted of adults
(>18 years old) with persistent self-reported symptoms
related to TBI sustained more than 3 months before
study participation; the control group consistent of adults
with no history of TBI or other neurological conditions
(noTBI). Participants were divided into groups based
on VA/DOD guidelines, defining mild TBI as <30 min
loss of consciousness, <24h confusion/disorientation,
and/or <24 h post-traumatic amnesia; moderate TBI as
30min-24h loss of consciousness, >24h confusion/
disorientation, and/or >24 h post-traumatic amnesia; and
severe TBI as >24h loss of consciousness, GCS 3-8,
and/or >7 days post-traumatic amnesia. Ninety partici-
pants (n=21 noTBI, n=52 mTBI, n=17 msTBI) met
full eligibility requirements and were included in analy-
sis. After determining that there were no significant dif-
ferences in brain metrics between the two groups, the
moderate (n=12) and severe (n=5) TBI groups were
combined for the purposes of this study. Participants
were excluded from this study if they had a neurological

Table 1. Demographic Information and Self-Report Scores

condition, psychiatric disorders, contraindications for
MRI, or a history of a medical condition that would be
expected to affect cognitive or motor abilities.

Experimental procedure

After providing written informed consent, participants
provided demographic information and medical history
(Table 1). History of TBI was obtained using the Ohio
State University TBI Identification Method (OSU TBI-
ID)>>° and verified using available medical records.
Participants completed a brief screening battery of
standardized self-reported symptom surveys, including
Neurobehavioral Symptom Inventory (NSD),>” PCL-5
(Post-Traumatic Stress Disorder Checklist for Diagnostic
and Statistical Manual of Mental Disorders, Fifth Edi-
tion),’® and Headache Impact Test-6 (HIT6).>°-%! Partic-
ipants then completed structural and functional MRI.
This research was approved by the Institutional Review
Board at Naval Medical Center San Diego.

MRI data acquisition

Imaging was performed using a Philips Ingenia 3T MRI
running software R5.3.1 with a 16-channel matrix head
coil. A T1-weighted high-resolution image was acquired

noTBI mTBI msTBI p
n 21 52 17 -
Sex 14M, 7F 42M, 10F 15M, 2F 193
Age (years) 29.62+7.28 35.00+7.81 26.41+7.88 <.001*
Number of lifetime TBIs - 3.92+2.46 1.94+2.19 .004*
(max: 13, min: 1) (max: 10, min: 1)

Time since last TBI (months) - 48.04+44.19 10.29+£18.30 .001*
Cause of most recent TBI -

Motor vehicle accident 13 (25%) 5 (29%)

Military training/deployment 17 (33%) 1 (6%) .034%*

Fall/accident 13 (25%) 9 (53%)

Sports 7 (13%) -

Assault/abuse 2 (4%) 2 (12%)
Race/ethnicity

White 13 (62%) 35 (67%) 8 (47%)

Hispanic 5 (24%) 6 (11%) 4 (24%) .619

Asian 0 2 (4%) 1 (6%)

Black/African American 0 4 (8%) 3 (17%)

Native Hawaiian/Pacific Islander 1 (5%) 2 (4%) 0

American Indian/Alaska Native 0 1 2%) 0

Other 2 (9%) 2 (4%) 1 (6%)
U.S. Military Branch of Service

Army 1 (5%) 3 (6%) 0

Marine Corps 1 (5%) 2 (4%) 6 (35%) .020%*

Navy 19 (90%) 43 (82%) 11 (65%)

Air Force 0 2 (4%) 0

Coast Guard 0 2 2%) 0
Years of education 14.83+£2.79 14.75+2.23 13.00+1.54 .018%*
NSI-22 Total Score 8.52+12.46 33.10+18.53 18.06+ 15.98 <.001*
PCL-5 Total Score 9.33+15.13 30.36+20.91 21.24+19.74 <.001*
HIT-6 Total Score 4.81+4.39 35.64+26.50 6.24+7.41 <.001*

“Statistical significance of t-test, analysis of variance, or chi-square, as appropriate.

*Statistically significant at p <0.05.

TBI, traumatic brain injury; M, male; F, female; NSI, Neurobehavioral Symptom Inventory; PCL-5, Post-Traumatic Stress Disorder Checklist for Diag-

nostic and Statistical Manual of Mental Disorders, Fifth Edition; HIT-6, Headache Impact Test-6.
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using a 3D T1w Turbo Field Echo (TFE) pulse sequence
(TFE factor =256, repetition time (TR)=6.7 msec, inver-
sion time (TI)=890msec, TE=3.0 msec, shot interval
time =3000 msec, 218 shots, flip angle=8°, 256 x256
matrix, phase encoding direction=y). One hundred and
seventy slices covering the entire brain were acquired
with a voxel resolution of 0.94x0.89x 1 mm. Total
scan time was 10:57. Diffusion tensor images were ac-
quired with a pulsed gradient-spin echo sequence with
an echo-planar imaging readout in 32 directions (TR =
6853 msec, TE=103 msec, acquisition matrix=112X
110, slice thickness=3.00mm, flip angle=90°, EPI
factor=55). Forty-eight slices covering the entire brain
were acquired with an inplane resolution of 2x2.04 X
3 mm. Total scan time was 8:46.

MRI data analysis

Structural MRI analysis. MRI structural images were
first analyzed using FSL’s fMRI analysis tool, FEAT ver-
sion 6.0.1 (FMRIB’s Software Library http://fsl.fmrib.ox
.ac.uk/fsl/fslwiki/).®>** The skull was removed from the
T1 images using the BET brain extraction tool®® with a
fractional intensity thresholding of 0.4, specifying the
voxel that represented the approximate center of the
brain. Next, the T1 was registered to the standard MNI
atlas with a 12 degrees of freedom affine transformation.
This transformation was refined using FNIRT nonlinear
registration with a warp resolution of 10 mm.®®

Cortical reconstruction and volumetric segmentation
were performed with the FreeSurfer image analysis
suite  (http://surfer.nmr.mgh.harvard.edu), using the
built-in command recon-all with default settings. The
technical details of these procedures are described in prior
publications.“s’mf79 Processing included motion correc-
tion, removal of non-brain tissue using a hybrid water-
shed/surface  deformation procedure,69 automated
Talairach transformation, segmentation of the subcortical
white matter and deep gray matter volumetric struc-
tures,*>’> intensity normalization,® tessellation of the
gray matter white matter boundary, automated topology
correction,”*®! and surface deformation following in-
tensity gradients to optimally place the gray/white and
gray/cerebrospinal fluid borders at the location where the
greatest shift in intensity defines the transition to the other
tissue class.®”">7* Once the cortical models were com-
plete, surface inflation”” was performed to match cortical
geometry across subjects.”® A variety of surface-based
data including maps of curvature and sulcal depth were
created using both intensity and continuity information
from the entire three-dimensional magnetic resonance
volume. Cortical thickness was calculated as the closest
distance from the gray/white boundary to the gray/CSF
boundary at each vertex on the tessellated surface.”” The
maps were created using spatial intensity gradients across

tissue classes and were therefore not simply reliant on
absolute signal intensity. Volume, surface area, and
thickness for the Desikan-Killiany atlas cortical struc-
tures, as well as volume for subcortical structures and
white matter segmentations, were extracted for each
subject and scaled by total intercranial volume, where
appropriate.

Voxel-wise DTI analysis of fractional anisotropy. DTI
data were analyzed using FSL’s FDT toolbox. Voxel-
wise statistical analysis of FA was carried out using
Tract-Based Spatial Statistics (TBSS),** within FSL.®
First, FA images were created by fitting a tensor model
to the raw diffusion data using FDT, and then brain-
extracted using BET.®® All subjects’ FA data were then
aligned into a common space using the nonlinear registra-
tion tool ENIRT,**® which uses a b-spline representation
of the registration warp field.>* Next, the mean FA image
was created and thinned to create a mean FA skeleton
with a threshold FA value of 0.2, representing the centers
of all tracts common to the group. Each subject’s aligned
FA data was then projected onto this skeleton and the
resulting data were fed into voxel-wise cross-subject sta-
tistics. Statistical analysis was performed using the ‘‘ran-
domize’’ command in FSL. The number of permutations
was set to 10,000, and correction for multiple compari-
sons was achieved using threshold-free cluster enhance-
ment with a family-wise error rate of p <0.05.

Region of interest DTl analysis of fractional anisot-
ropy. To evaluate average FA in pre-defined white mat-
ter regions of interest, the brain was separated into 48
white matter regions based on the ICBM-label atlas %7
Average FA was extracted for each region for each par-
ticipant using the mean FA image created in the FDT pro-
cess described above. Following FA value extraction, the
three participant groups were compared using an analysis
of variance (ANOVA) to determine regions of significant
difference.

Pothole DTl analysis. Because of the heterogeneous na-
ture of white matter damage in TBI, additional analyses
were implemented examining DTI “‘potholes.”” Potholes
represent white matter with FA values that are abnor-
mally low compared with a healthy control group. Pot-
hole analysis has been shown to be sensitive to white
matter changes, specifically in mTBI, in previous stud-
ies. 318990 1o begin, a normative template based on the
MNI-registered DTI volumes of the noTBI participants
was generated using tools available within FSL. FSL
FAST®! results were used to restrict the calculations to
white matter voxels common among noTBI participants.
Volumes representing the mean and standard deviation
(SD) of each white matter voxel were then calculated
via fslmaths. For each TBI participant, their own FAST
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white matter map was used to restrict their DTI volume to
white matter, and a z-score map was generated by sub-
tracting the control group mean volume and dividing by
the control group SD volume. The resulting z-maps
were thresholded at z=-3, and FSL cluster was used to
label contiguous voxels below this threshold. These
resulting clusters are considered potholes. These potholes
were then thresholded at >10 mm?>.°® The sum of pothole
clusters for each participant was then used as the measure
of reduced white matter organization in further analyses.

Statistical analysis

SPSS 28.0 software (IBM Corp., Armonk, NY, USA) was
used for statistical analysis. An independent samples
t-test or Mann-Whitney test was used to compare group
differences depending on data normality. A one-way
ANOVA was used when comparing differences among
all 3 groups, with post hoc Bonferroni analysis for signif-
icant difference between two-group pairs. Chi-square
analyses were used to compare groups on categorical var-
iables. Effect sizes (d) were computed to demonstrate the
magnitude of observed differences. Spearman’s corre-
lation coefficients were used to examine associations
between white matter and gray matter metrics. The sig-
nificance level was adjusted by using the Bonferroni cor-
rection with p <0.05.

Results

Participant demographic

and clinical characteristics

Participant characteristics for the three study groups are de-
tailed in Table 1. The proportion of men and women in the
study matched expectations, given the sex breakdown in
this military population as a whole. There was no signifi-
cant difference in the distribution of men and women
among the three groups [7*(2,90)=3.289, p=0.193].
Age varied significantly among the three groups
[F(2,87)=9.404, p<0.001, *=0.178], with msTBI partic-
ipants being the youngest overall, followed by the noTBI
group, with the mTBI participants being the oldest. Age
was controlled in all volumetric analyses. Number of life-
time TBIs ranged from one to 13 and differed between the
mTBI and msTBI groups [t(67)=2.953, p=0.004,
d=0.825]. Sensitivity analyses controlling for repeated
injuries were performed, but the results did not meaning-
fully differ; therefore, this variable is not controlled in fur-
ther analyses. Time since injury in the mTBI group was
significantly greater than in the moderate-severe group
[t(67)=3.413, p<0.001, d=0.954]. Causes of participants’
most recent TBIs varied, including motor vehicle acci-
dents, military training and deployment, falls and acci-
dents, sports-related injuries, and incidences of assault or
abuse. There was a significant overall difference between
the mTBI and msTBI groups in cause of injury
[)(2(4,69)= 10.437, p=0.034], with greater observed pro-

portions of mTBIs caused by military activity and sports
injuries, and a greater proportion of moderate-severe
TBIs caused by accidents/falls. The three groups did not
differ significantly in race/ethnicity [;%(12,90)=9.963,
p=0.619]. Average years of education was significantly
different among the three groups [F(2,87)=4.229,
p=0.018, n”=0.089], driven by slightly fewer years of ed-
ucation in the msTBI group. The NSI score differed across
the three groups [F(2,87)=17.443, p<0.001, 172=0.286],
with lowest symptom severity in the noTBI group, fol-
lowed by the msTBI group and greatest severity of symp-
toms in the mTBI group. PCL-5 total scores differed
among the three groups [F(2,87)=8.635, p<0.001,
n*=0.174], driven by a post hoc significant difference be-
tween the noTBI and mTBI groups. Headache Impact Test
(HIT-6) total scores also differed among the 3 groups
[F(2,87)=23.422, p<0.001, 112=0.364], driven by post
hoc significant differences between the mTBI group and
both other groups.

Voxel-wise DTI analysis of fractional anisotropy

In a voxel-wise analysis of white matter organization,
there were no significant differences in FA between the
mTBI group and either the noTBI or msTBI groups
(Fig. 1A, 1C). There were, however, many areas in
which the msTBI group had lower FA than the noTBI
group, including voxels in bilateral anterior and superior
corona radiata, bilateral external capsule, bilateral ante-
rior limb of internal capsule, left superior longitudinal
fasciculus, left posterior corona radiata, bilateral cingu-
lum, left posterior limb and retrolenticular limb of the in-
ternal capsule, left posterior thalamic radiation, left
sagittal striatum, the full length of the corpus callosum,
and bilateral uncinate fasciculus, cerebral peduncle and
corticospinal tract (Fig. 1B, warm colors). For display
purposes, non-significant differences between groups
(0.25 > p>0.05) are presented in cool colors.

Region of interest DTI analysis

of fractional anisotropy

Separating the brain into 48 white matter regions based
on the ICBM-label atlas, two regions were identified
where FA values differed significantly among groups.
In the middle cerebellar peduncle (Fig. 2, yellow), there
was a significant difference among the three groups in re-
gional FA [F(2,87)=3.562, p=0.033, #*=0.077], driven
by significant post hoc differences in average FA between
the noTBI group (0.40x0.06) and the two TBI groups
(mTBI: 0.42+0.06; msTBI: 0.43£0.03). In the fornix
(Fig. 2, magenta), there was a significant difference
among the 3 groups in regional FA [F(2,87)=3.824,
p=.026, 17 =0.082], driven by post hoc significant differ-
ence in average FA between the noTBI group
(0.37£0.05) and the msTBI group (0.31£0.06).
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A noTBI>mTBI

25
FIG. 1.

significant, 0.25 < p<0.05).

N\

.05 0

Differences in whole-brain voxel-wise fractional anisotropy (FA) by group. No significant voxel-wise
whole brain differences were found between the mild traumatic brain injury (mTBI) group and either of the
other two groups. (A) Regions with lower FA in the mTBI group compared with the noTBI group; these
differences did not reach statistical significance. (B) Statistically significant differences in FA between the
noTBI group and the moderate or severe TBI (msTBI) group. (C) Regions with lower FA in the msTBI group
compared with the mTBI group; these differences did not reach statistical significance. Average
skeletonized white matter, to which the analysis was restricted, is represented in yellow. Regional
differences between groups have been “thickened” for visualization purposes to fill the skeleton into the
local white matter tract, and are represented in warm colors (significant at p <0.05) and cool colors (non-

J

Pothole DTI analysis

Next, clusters with abnormally reduced FA (DTI “‘pot-
holes’’) were identified for each individual, as defined
by FA >3 SD below the noTBI population average. Indi-
vidual participants in the noTBI control group demon-
strated a relatively low frequency and small size of DTI
potholes, relative to the broader noTBI group, spread in
small clusters across the white matter (Fig. 3A). In the
mTBI group, potholes were identified in each segment of
white matter in the ICBM atlas, with 35% of the mTBI
group demonstrating potholes in each of the fornix, corpus
callosum, bilateral superior longitudinal fasciculus, left ex-
ternal capsule, right cerebral peduncle, and bilateral inter-
nal capsule (Fig. 3B). Potholes in the msTBI group were
located in corpus callosum, bilateral cingulum, superior,
anterior, and posterior corona radiata, posterior thalamic
radiation, superior longitudinal fasciculus, internal cap-
sule, stria terminalis, left sagittal stratum, superior fronto-

occipital fasciculus, external capsule, pontine crossing
tract, medial lemniscus, and middle cerebellar peduncle
(Fig. 3C). These potholes were less widely distributed
than the mTBI group, potentially related to the smaller
number of msTBI relative to mTBI participants.

Global number of potholes across the brain differed sig-
nificantly by group [F(2,87)=4.642,p=0.012, n>=0.097].
Post hoc, this result was driven by significant differences
between the noTBI group (2.45+3.87) and both the mTBI
group (10.60%£12.93, p=0.019) and the msTBI group
(12.00+10.54, p=0.032; Fig. 4B). Average volume of
pothole clusters did not differ between groups (p=0.513).

Cortical segmentation—white matter volume

The msTBI group demonstrated significantly less cerebral
white matter volume compared with the other two groups
[F(2,87)=8.602, p<0.001, n*=0.165]. Many individual
segmentations of white matter showed decreased volume
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FIG. 2. Differences in regional fractional anisotropy (FA) by group. Regions with differential fractional
anisotropy among the three groups included the middle cerebellar peduncle (yellow) and the fornix
(magenta). Box plots showing the distribution of FA values within each group are presented for the two
regions with difference in FA as defined by the ICBM atlas. *post hoc p <0.05

in the msTBI group compared with the other two groups,
including the left superior temporal sulcus, fusiform, infe-
rior temporal, lateral orbitofrontal, right caudal anterior
cingulate, lateral occipital, and bilateral medial orbito-
frontal white matter. Compared with the noTBI group,
msTBI had smaller volume in left inferior parietal, fron-
tal pole, and right posterior cingulate white matter

(Fig. 5A). Compared with the mTBI group, the msTBI
group showed decreased volume in left lateral occipital,
lingual, middle temporal, paracentral, pars orbitalis, and
right fusiform, inferior temporal, postcentral, temporal
pole, and bilateral parahippocampal, precentral, superior
frontal, superior temporal, and insular white matter
(Fig. 5B).
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FIG. 3. Distribution of potholes for (A) noTBI, (B) mild traumatic brain injury (mTBI), and (C) moderate or
severe TBI (msTBI) groups. Colors represent percentage of subgroup population with voxel-wise potholes at
Z <3 below the mean, with a cluster size of at least 10 voxels. Pothole analysis was masked by the white
matter tract anatomical regions of interest in the ICBM-label atlas.
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FIG. 4. Whole-brain white matter organization. (A) There was no difference among groups in average
global fractional anisotropy (FA). (B) There was a significant difference in number of potholes between the
noTBI group (red) and both the mild traumatic brain injury (mTBI) group (green) and moderate or severe
TBI (msTBI) group (blue). *p <0.05
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Cortical segmentation—gray matter thickness

Gray matter thickness differed significantly among the
three groups (°=0.069-0.138) in 19 regions, including
the left posterior superior temporal sulcus, caudal middle
frontal gyrus, middle temporal gyrus, pars orbitalis, pars
triangularis, posterior cingulate, rostral anterior cingu-
late, rostral middle frontal gyrus, right pars opercularis,

superior and inferior parietal gyrus, and bilateral lateral
occipital gyrus, medial orbitofrontal gyrus, precuneus,
and superior frontal gyrus (Fig. 6A). Of these regions,
12 showed post hoc differences between at least two
groups driving the overall group significance. The
noTBI group had thicker gray matter than the mTBI
group in left lateral occipital gyrus, pars triangularis,

A noTBI > msTBI

(B) mildTBI (mTBI) groups.

FIG. 5. White matter segmentation differences. White matter segmentations with smaller volume in the
moderate or severe traumatic brain injury (msTBI) group compared with the (A) noTBI group and
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B noTBI > mTBI

A All reglons of significant difference among the 3 groups

20 &S5 G

FIG. 6. Cortical thickness differences among noTBI, mild traumatic brain injury (mTBI), and moderate or
severe TBI (msTBI) groups. FreeSurfer segmentation regions where gray matter thickness differed among
noTBI, mTBI, and msTBI groups. (A) All regions of significant difference among the three groups. (B) Five
regions including left lateral occipital gyrus, pars triangularis, rostral anterior cingulate, and superior frontal
gyrus were thicker in the noTBI group than in the mTBI group, (C) left rostral middle frontal gyrus was
thicker in the noTBI group than the msTBI group, and (D) five regions including left superior frontal gyrus,
rostral middle frontal gyrus, and pars orbitalis, and right medial orbitofrontal gyrus and pars opercularis
were thicker in the msTBI group than in the mTBI group.

C noTBI > msTBI

>

rostral anterior cingulate, superior frontal gyrus, and right
inferior parietal gyrus (Fig. 6B). The noTBI group had
thicker gray matter than the msTBI group in left rostral
middle frontal gyrus (Fig. 6C). The msTBI group had
thicker gray matter than the mTBI group in left caudal
middle frontal gyrus, pars orbitalis, posterior cingulate,
rostral middle frontal gyrus, inferior parietal gyrus, bilat-
eral superior frontal gyrus, right medial orbitofrontal
gyrus, and pars opercularis (Fig. 6D).

In a whole-brain voxel-wise comparison of gray mat-
ter thickness, there were significant clusters of thickness
differences between the noTBI and TBI groups (always
noTBI > TBI), and also between the two TBI groups (al-
ways msTBI > mTBI). These clusters are depicted in
Figure 7 and detailed in Table 2.

Sub-cortical segmentation—gray

matter volume

Subcortically, volume differed between groups in left thal-
amus [F(2,87)=4.249, p=0.017, 112 =0.089] and bilateral

accumbens [L: F(2,87)=6.582, p=0.002, 112 =0.131; R:
F(2,87)=6.126, p=0.003, n”=0.123]. In the left thala-
mus, this finding was driven by greater volume in the
msTBI group versus the noTBI group. In the left accum-
bens, the difference was driven by the msTBI group hav-
ing smaller volume than both the noTBI and mTBI groups,
and right accumbens was driven by smaller volume in the
msTBI group compared with the mTBI group.

White and gray matter correlations
Across the full sample, white matter volume was positively
correlated with total gray matter volume (r=0.363,
p<0.001) and global FA (r=0.301, p=0.004) and nega-
tively correlated with both number of potholes
(r=-0.227, p=0.009) and global pothole volume
(r=-0.243, p=0.022). Global FA was negatively corre-
lated with both number of potholes (r=-0.484, p<0.001)
and global pothole volume (r=-0.440, p <0.001).

In the noTBI and mTBI groups, the correlation be-
tween cerebral white matter volume and total gray matter
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FIG. 7. Voxel-wise clusters of gray matter thickness differences. (A) Clusters of thicker gray matter in the
noTBI group compared with the mild traumatic brain injury (mTBI) group. (B) Clusters of thicker gray matter
in the noTBI group compared with the msTBI group. (C) Clusters of thicker gray matter in the msTBI group
compared with the mTBI group.
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volume was maintained (noTBI: r=0.444, p=0.044;
mTBI: r=0.420, p=0.002). In each of the three groups,
the correlations between global FA and pothole volume
(moTBI: r=-0.862, p<0.001; mTBL: r=-0.439,
p=0.002; msTBI: r=-0.694, p<0.001) and number of
potholes (noTBI: r=-0.870, p<0.001; mTBI: r=-0.522,
p=0.002; msTBI: r=-0.713, p<0.001) were maintained.
Additionally, in the msTBI group, cerebral white matter
volume was negatively correlated with pothole volume
(r=-0.531, p=0.028) and cluster count (r=-0.488,
p=0.047) and positively correlated with global average
FA (r=0.507, p=0.038). In this group, total gray matter
volume was also correlated with pothole cluster count
(r=-0.568, p=0.017) and global average FA (r=0.525,
p=0.031).

Symptomatology correlation with white

and gray matter thickness

The NSI was used as a measure of symptom severity. In
the full sample, total NSI score was positively correlated
with number of brain-wide potholes (r=0.266, p=0.012)
and negatively correlated with global mean gray matter
thickness (r=-0.234, p=0.026), likely driven by the sig-
nificant correlation in the mTBI group (r=-0.298,

p=0.034). NSI total score was not, however, correlated
with average global FA (p=0.517). Total score for the
PCL-5 was negatively correlated with global mean gray
matter thickness, (r=-0.254, p=0.019), likely driven
by the significant correlation in the mTBI group
(r=-0.369, p=0.011). PCL-5 total score was also posi-
tively correlated with number of brain-wide potholes
(r=0.319, p=0.003). The total score for the HIT-6 was
negatively correlated with global mean gray matter thick-
ness (r=-0.312, p=0.004), driven in part by the signifi-
cant correlation in the mTBI group (r=-0.302,
p=0.039). HIT-6 total score was also correlated with
global average FA (r=0.228, p=0.036).

Discussion

This study compared whole-brain DTI and volumetric
MRI among 90 Active Duty Service Members with
chronic mild TBI (mTBI), chronic moderate-to-severe
TBI (msTBI), and TBI-negative controls (noTBI).
Results demonstrated that history of TBI was associated
with differences in white matter microstructure, white
matter volume, and cortical thickness. These white and
gray matter abnormalities were also associated with
greater severity of self-reported symptoms. However,
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Table 2. Clusters of Differential Cortical Gray Matter
Thickness Between Groups

Region Hemi x 'y z Volume
noTBI > mTBI Rostral middle frontal L -39 39 5 249
Superior frontal L -16 40 42 100
Posterior cingulate L -4 -15 39 95
Lateral occipital L -21 -92 14 93
Lateral occipital L -28 -8 7 85
Caudal middle frontal L -3 7 32 83
Superior frontal L -8 53 27 74
Superior frontal L -13 37 15 71
Rostral middle frontal L -38 32 18 59
noTBI > msTBI Lateral occipital L -29 -86 6 140
Middle temporal L -44 -61 3 89
Superior temporal sulcus L -51 45 8 66
msTBI > mTBI Rostral middle frontal L 24 45 17 438
Rostral middle frontal L -32 49 -11 321
Superior frontal L -13 2 67 156
Superior frontal L -23 16 52 118
Caudal middle frontal L -36 12 54 103
Posterior cingulate L -4 -18 35 101
Rostral middle frontal L -33 31 35 86
Lateral occipital L -4 -72 4 55
Superior frontal R 11 23 56 168
Superior frontal R 17 53 24 113
Posterior cingulate R 5 -5 39 109
Entorhinal R 28 -17 -31 101
Precuneus R 8 -64 50 99
Posterior cingulate R 12 -29 38 83
Precuneus R 11 47 41 56

Regions are identified based on the FreeSurfer Desikan-Killiany atlas.
Coordinates are in MNI space, volume is mm?>.

Hemi, hemisphere; TBI, traumatic brain injury; mTBI, mild TBI;
msTBI, moderate or severe TBI; L, left; R, right.

the frequency, pattern, and neuroanatomical distribution
of these MRI findings varied substantially by severity
of injury.

DTTI has shown promise as an advanced MRI technique
to detect potentially-subtle white matter changes related
to TBI; however, results of previous studies have been
somewhat inconsistent (especially for chronic mTBI).
Lacking consensus regarding its utility for diagnosis, pa-
tient characterization, and treatment planning, DTI has
not yet achieved widespread use in clinical settings.
Examination of white matter FA in this study provides
an illustration of the varying sensitivity of this imaging
modality across different levels of analysis, from aggre-
gated/global white matter FA, to pre-defined white matter
ROIs, post hoc voxelwise clusters, and quantification of
subject-specific FA potholes.

In the most aggregated form (average global FA), DTI
results did not differ between mTBI, msTBI, and noTBI
groups, and no trends were apparent on plots. Global FA
was also unrelated to self-reported neurobehavioral
symptoms. However, examination of DTI FA within indi-
vidual, pre-defined white matter ROIs provided evidence
of decreased FA within the fornix of the msTBI group rel-
ative to controls, and increased FA within the middle cer-
ebellar peduncle for mTBI and msTBI groups relative to
controls. Additionally, voxelwise comparison of DTI
white matter FA by group demonstrated widely distrib-

uted clusters of reduced FA in the msTBI group relative
to controls, but no significant voxelwise findings in the
mTBI group. While decreased FA is often interpreted
as reflecting axonal injury,?® increases in FA may repre-
sent axonal swelling or effects of compensatory neuro-
plasticity.”® Collectively, these spatially-defined DTI
analyses readily identified altered white matter organiza-
tion within the msTBI group, but did not provide clear ev-
idence of abnormalities within the mTBI group.

There is reason to believe that white matter organiza-
tion following TBI may differ between civilian and mil-
itary populations. This could be due to the mechanism of
injury, repeated injury, and the choice of comparison
groups. A recent meta-analysis separating studies into ci-
vilian, military, and sports-related mTBIs in the acute,
subacute, and chronic stages post-injury demonstrated
that nine out of 12 studies of civilians with chronic
mTBI found reduced FA in white matter tracts through-
out the brain.”® In a military population, however, re-
duced FA was only found in six out of 15 studies.
Regions of lower FA in this military group included the
corpus callosum, superior and inferior longitudinal fas-
ciculus, corona radiata, cingulate, inferior fronto-
occipital fasciculus, internal capsule, anterior thalamic
radiations, forceps minor and major, corticospinal tract,
tapetum, middle cerebellar peduncle, uncinate fasciculus,
and cingulum.’*%° The current study falls into the camp
of the 11 studies that did not find voxelwise differences in
FA between mTBI and non-injured groups. In our popu-
lation, this could be due to our mTBI group having more
remote injury than our msTBI group, since our msTBI
group did not show significant FA decreases in any
specific brain areas relative to our noTBI group. Addi-
tionally, because individuals with severe or chronic im-
pairment are likely to separate from active duty, it is
possible that the mTBI and msTBI groups in the current
sample may be less severely impacted than individuals
drawn from other populations.

However, in contrast to the results of our more conven-
tional, spatially-defined DTI analyses, identification of
spatially heterogeneous areas of decreased FA (i.e., pot-
hole analysis) provided unique evidence regarding
white matter organization in the mTBI group. In the cur-
rent study, DTI FA potholes were widely distributed
through the white matter in both the mTBI and msTBI
groups, with elevated prevalence relative to controls.
These DTI FA potholes were also related to greater sever-
ity of self-reported neurobehavioral symptoms and post-
traumatic stress. Importantly, the elevated rates of DTI
FA potholes were driven by a subset of the mTBI
group, as many mTBI participants had few or no FA pot-
holes. This study joins previous work in military popula-
tions showing the utility of pothole measures as
potentially-sensitive biomarkers of axonal injury at
chronic stages of TBI recovery.’*'% However, it remains
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unclear whether presence, frequency or distribution of
FA potholes may simply provide greater sensitivity to
TBI relative to traditional DTI analyses, or whether it
may represent a distinct biomarker with unique clinical
significance relative to mean FA within a given white
matter region.

In addition to examining white matter microstructure,
analyses also examined white matter volume, with results
demonstrating decreased white matter volume in many
brain regions for the msTBI group, compared with the
other two groups. Previous work, including studies of
in vivo neuroimaging and postmortem brain specimens,
has shown that white matter degradation persists for
many decades post-injury. Postmortem studies of severe
TBI patients compared with matched controls found reac-
tive microglia present up to 18 years post-injury. This in-
flammatory pathology was accompanied by ongoing
white matter degradation, including a 25% reduction in
corpus callosum thickness.'® These results have been
replicated in both humans'®*'*® and animal models.'**'%

Examining cortical thickness across the brain, this
study found differences among the three groups, along
with greater severity of self-reported neurobehavioral
symptoms, post-traumatic stress, and headaches among
those with greater cortical thinning. Gray matter differ-
ences were most prominent within the mTBI group, in
frontal and posterior regions, and in msTBI in the middle
frontal gyrus. The results of this study are in line with
previous findings, with aggregate evidence suggesting
that fronto-temporal areas may be most vulnerable to
mTBIL* specifically, this finding of orbitofrontal thin-
ning fits into previous work noting thinning in this region
in the mTBI group.'"”'°® Similar to one previous study
conducted in a military population,wg the current study
also provided evidence that mTBI can also be associated
with alterations in thickness of the cingulate cortex. Since
previous studies have confirmed the stability of these vol-
umetric changes over a 5-year post-injury timeframe,''°
cortical thickness may be a viable biomarker for assess-
ing long-term effects of injury.

Volumetric analysis also identified areas in which cor-
tical thickness was greater in the msTBI group relative to
the mTBI group. However, it is notable that there were no
areas with significantly greater cortical thickness in TBI
groups relative to noTBI controls. Additionally, out of
48 total ROIs, one region (middle cerebellar peduncle)
demonstrated greater FA in the msTBI group relative to
noTBI controls. Considering the total number of compar-
isons, one or more of these counterintuitive findings
may represent Type I statistical error. Alternately, these
findings may reflect different trajectories of recovery/
adaptation for individual moderate-severe injuries, in
comparison to the repetitive injuries that were common
in our mTBI group. For example, it is plausible that
repetitive mTBI could interfere with some aspects of

compensatory neuroplasticity that may be preserved in
single-incident msTBI.

This study is among the relatively small number of
DTI or volumetric MRI studies of TBI that includes
data from the full spectrum of injury severity (mild, mod-
erate, and severe TBI). This design provides a number of
important advantages for interpretation of data. First, the
inclusion of results from chronic msTBI (a group which
might be expected to exhibit clear findings on TBI-
relevant metrics) provides a point of comparison for
mTBI findings, which might otherwise be difficult to in-
terpret in terms of distinguishing statistical versus clinical
significance. Additionally, results from this study showed
that on some metrics within this population (such as num-
ber of DTI FA potholes), chronic-stage mTBI and msTBI
may demonstrate similarities to one another, in contrast
to uninjured controls. As discussed above, comparisons
between these two populations might also provide clues
about mechanisms of injury and recovery that can differ
based on injury severity.

There are several limitations inherent to studies of TBI,
given the heterogenous nature of the injury and the differ-
ent populations in which TBIs are most common. This
study addresses some of these limitations by separating in-
jury into groups of mild and moderate/severe, and limiting
participation to those in the chronic stage of injury
(> 3 months). Our sample included many more men than
women in all groups, though our ratio of men to women
mirrors the breakdown found in this military population.
Additionally, statistical controls for intracranial volume
and age were used where appropriate to manage this po-
tential confound. Results may also have been influenced
by the Active Duty military setting from which partici-
pants were obtained. For example, the number of total
TBIs in our mTBI group was higher than would be
expected in a civilian (non-athlete) population, and since
permanent/major disability typically results in a medical
discharge from active military service, our msTBI group
may represent a higher-functioning group than msTBI
samples obtained from other settings.

Additionally, mirroring severity prevalence within the
TBI population, our msTBI group was smaller than our
mTBI group, and had twice as many moderate as severe
TBI participants. The moderate and severe groups were
combined in this analysis after determining that differ-
ences in brain metrics were non-significant between the
two groups. Medication, alcohol, and nicotine use were
not controlled for in this study, though certain classes
of medication were exclusionary for participation. Blast
exposure was not controlled for in this study. Since all
participants are from an Active Duty military population,
it stands to reason that many participants will have had
blast exposure in addition to their TBIs. Blast exposure
should be examined more systematically in future studies
in this population. The addition of an orthopedic injury
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control group in future studies may also aid in our under-
standing of TBI effects on white matter microstructure
and gray matter integrity. Finally, the problem of cross-
ing fibers is fundamental in DTI due to FA being artifi-
cially suppressed within multi-directional fiber tracts. In
future work we hope to acquire scans with increased res-
olution and directions to resolve crossing fibers and
achieve increased sensitivity to potential abnormalities
in these white matter tracts.

Conclusions

This study of whole-brain DTI and volumetric MRI in
Active Duty Service Members with chronic TBI demon-
strated that a history of TBI was associated with differences
in white matter microstructure, white matter volume, and
cortical thickness in both mild and moderate-to-severe
TBI groups relative to uninjured controls. These white
and gray matter abnormalities were also associated with
greater severity of self-reported symptoms. Further explo-
ration showed that the presence, pattern and neuroanatom-
ical distribution of MRI findings varied substantially by
severity of injury. This study expands upon a growing
body of literature using advanced imaging techniques to
identify potential effects of brain injury in military service
members.

Transparency, Rigor,

and Reproducibility Summary

This study was not formally registered because it is not a
clinical trial. The analysis plan was not formally pre-
registered, but the team member with primary responsibil-
ity for the analysis (lead author) certifies that the analysis
plan was pre-specified. Sample size was 21 healthy con-
trols, 52 mTBI, and 17 msTBI subjects, and the observed
effect sizes were moderate. Ninety-eight participants were
enrolled in MRI portion of the study and had images col-
lected. Ninety participants had images that passed system-
atic quality assessments and were analyzed. Imaging
quality control decisions and analyses were performed
by investigators who were aware of relevant characteris-
tics of the participants. Imaging data were acquired be-
tween February 2018 and May 2022 between 12-2 pm.
Imaging data were collecting using a Philips Ingenia 3T
MRI running software R5.3.1 with a 16-channel matrix
head coil. All imaging was collected using the same scan-
ner. The time required for image acquisition was 48 min.
Complete imaging parameters are presented in the meth-
ods. All equipment and software used to perform acquisi-
tion and analysis are widely available from Philips and
FSL. The key inclusion criteria (TBI diagnostic criteria)
are established standards in the field. Correction for mul-
tiple comparisons was performed within FSL as described
in the methods. No replication or external validation stud-
ies have been performed or are planned/ongoing at this

time to our knowledge. De-identified data from this
study are not available in a public archive. De-identified
data from this study will be made available (as allowable
according to institutional IRB standards) by emailing the
corresponding author. Analytic code used to conduct the
analyses presented in this study are not available in a pub-
lic repository. They may be available by emailing the cor-
responding author. The authors agree to provide the full
content of the manuscript on request by contacting the cor-
responding author.
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