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ORIGINAL ARTICLE MILITARY

White Matter Organization and Cortical Thickness Differ
Among Active Duty Service Members With Chronic Mild,
Moderate, and Severe Traumatic Brain Injury
Sarah I. Gimbel,1–3 Lars D. Hungerford,1–3 Elizabeth W. Twamley,4,5 and Mark L. Ettenhofer1–4,*

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 TBI-negative controls (n = 21). Data were collected on a
Philips Ingenia 3T MRI with DTI 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 DTI and volumetric MRI findings across the
spectrum of TBI severity. These results provide support for the use of DTI and volumetric MRI to identify dif-
ferences in white matter microstructure and volume related to TBI. In particular, DTI 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).1 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.2-4 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.5-7 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-

ry8,9 and often persist for many years.10–14 Midline brain

structures such as the corpus callosum are believed to be

most susceptible to the shearing and rotational forces of

traumatic brain injury.15-17 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;18 subse-

quent in vivo studies have supported this finding.11,19

Additionally, other major white matter structures includ-

ing the internal capsule,11 superior and inferior longitudi-

nal fasciculi,19 and cerebellar fibers20,21 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.22 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,11 as well as other

long and short white matter fibers.13 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,23 but in a

subset of individuals, these deficits may persist many

years post-injury.24-26 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.11,27 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.28 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,29 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.30

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.31 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.32 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.33

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.34 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.35 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.36 Although many studies have shown a vari-

ety of regional changes in cortical thickness, including

evidence for frontotemporal vulnerability following

TBI,37–48 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,49-51 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.52 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.54 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, <24 h confusion/disorientation,

and/or <24 h post-traumatic amnesia; moderate TBI as

30 min-24 h loss of consciousness, >24 h confusion/

disorientation, and/or >24 h post-traumatic amnesia; and

severe TBI as >24 h 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

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)55,56 and verified using available medical records.

Participants completed a brief screening battery of

standardized self-reported symptom surveys, including

Neurobehavioral Symptom Inventory (NSI),57 PCL-5

(Post-Traumatic Stress Disorder Checklist for Diagnostic

and Statistical Manual of Mental Disorders, Fifth Edi-

tion),58 and Headache Impact Test-6 (HIT6).59-61 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

Table 1. Demographic Information and Self-Report Scores

noTBI mTBI msTBI pa

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

(max: 13, min: 1)
1.94 – 2.19

(max: 10, min: 1)
.004*

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*

aStatistical 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) = 890 msec, TE = 3.0 msec, shot interval

time = 3000 msec, 218 shots, flip angle = 8�, 256 · 256

matrix, phase encoding direction = y). One hundred and

seventy slices covering the entire brain were acquired

with a voxel resolution of 0.94 · 0.89 · 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 = 112 ·
110, slice thickness = 3.00 mm, flip angle = 90�, EPI

factor = 55). Forty-eight slices covering the entire brain

were acquired with an inplane resolution of 2 · 2.04 ·
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/).62-64 The skull was removed from the

T1 images using the BET brain extraction tool65 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.66

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.45,67–79 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,45,75 intensity normalization,80 tessellation of the

gray matter white matter boundary, automated topology

correction,74,81 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.67,72,73 Once the cortical models were com-

plete, surface inflation77 was performed to match cortical

geometry across subjects.78 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.73 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),82 within FSL.63

First, FA images were created by fitting a tensor model

to the raw diffusion data using FDT, and then brain-

extracted using BET.65 All subjects’ FA data were then

aligned into a common space using the nonlinear registra-

tion tool FNIRT,66,83 which uses a b-spline representation

of the registration warp field.84 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 DTI 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.85-87

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 DTI 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,88 specifically in mTBI, in previous stud-

ies.31,89,90 To begin, a normative template based on the

MNI-registered DTI volumes of the noTBI participants

was generated using tools available within FSL. FSL

FAST91 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 mm3.90 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 [v2(2,90) = 3.289, p = 0.193].

Age varied significantly among the three groups

[F(2,87) = 9.404, p < 0.001, g2 = 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

[v2(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 [v2(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, g2 = 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, g2 = 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,

g2 = 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, g2 = 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, g2 = 0.077], driven

by significant post hoc differences in average FA between

the noTBI group (0.40 – 0.06) 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, g2 = 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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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, g2 = 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, g2 = 0.165]. Many individual

segmentations of white matter showed decreased volume

FIG. 1. 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-
significant, 0.25 < p < 0.05).
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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).

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
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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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Cortical segmentation—gray matter thickness
Gray matter thickness differed significantly among the

three groups (g2 = 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,

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

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
(B) mildTBI (mTBI) groups.
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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, g2 = 0.089] and bilateral

accumbens [L: F(2,87) = 6.582, p = 0.002, g2 = 0.131; R:

F(2,87) = 6.126, p = 0.003, g2 = 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

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.

828 GIMBEL ET AL.



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

(noTBI: r = -0.862, p < 0.001; mTBI: 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,

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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the frequency, pattern, and neuroanatomical distribution

of these MRI findings varied substantially by severity

of injury.

DTI 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,28 increases in FA may repre-

sent axonal swelling or effects of compensatory neuro-

plasticity.92 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.93 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.94–99 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.90,100 However, it remains

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 -88 7 85
Caudal middle frontal L -33 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 -44 -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 mm3.

Hemi, hemisphere; TBI, traumatic brain injury; mTBI, mild TBI;
msTBI, moderate or severe TBI; L, left; R, right.
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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.101 These results have been

replicated in both humans102,103 and animal models.104-106

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

mTBI;33 specifically, this finding of orbitofrontal thin-

ning fits into previous work noting thinning in this region

in the mTBI group.107,108 Similar to one previous study

conducted in a military population,109 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,110

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 P.M.

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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53. Wang J, Doré S. Inflammation after intracerebral hemorrhage. J Cereb
Blood Flow Metab 2007;27(5):894–908; doi: 10.1038/sj.jcbfm
.9600403

54. Victoroff J, Bigler ED. Concussion and traumatic encephalopathy: causes,
diagnosis, and management. Brain Inj 2020;34(7):574–582; doi: 10
.1017/9781139696432

55. Bogner J, Corrigan JD. Reliability and predictive validity of the Ohio State
University TBI identification method with prisoners. J Head Trauma
Rehabil 2009;24:279–291; doi: 10.1097/HTR.0b013e3181a66356

56. Corrigan JD, Bogner J. Initial reliability and validity of the Ohio State
University TBI Identification Method. J Head Trauma Rehabil
2007;22:318–329; doi: 10.1097/01.HTR.0000300227.67748.77

57. Cicerone KD, Kalmar K. Persistent postconcussion syndrome: the struc-
ture of subjective complaints after mild traumatic brain injury. J Head
Trauma Rehabil 1995;10:1–17.

58. Weathers FW, Litz BT, Herman DS, et al. The PTSD Checklist (PCL): Reli-
ability, validity, and diagnostic utility. Annu Meet Int Soc Trauma Stress
Stud 1993;1–3.

59. Rendas-Baum R, Yang M, Varon SF, et al. Validation of the Headache
Impact Test (HIT-6) in patients with chronic migraine. Heal Qual Life
Outcomes 2014;12:117; doi: 10.1186/s12955-014-0117-0

60. Yang M, Rendas-Baum R, Varon SF, et al. Validation of the Headache
Impact Test (HIT-6) across episodic and chronic migraine. Cephalalgia
2011;31:357–367; doi: 10.1177/0333102410379890

61. Kosinski M, Bayliss MS, Bjorner JB, et al. A six-item short-form survey for
measuring headache impact: the HIT-6. Qual Life Res 2003;12(8):963–
974; doi: 10.1023/A:1026119331193

62. Woolrich MW, Ripley BD, Brady M, et al. Temporal autocorrelation in
univariate linear modeling of FMRI data. Neuroimage
2001;14(6):1370–1386; doi: 10.1006/nimg.2001.0931

63. Smith SM, Jenkinson M, Woolrich MW, et al. Advances in functional and
structural MR image analysis and implementation as FSL. Neuroimage
2004;23:S208–S219.

64. Jenkinson M, Beckmann CF, Behrens TEJ, et al. FSL. Neuroimage
2012;62(2):782–790; doi: 10.1016/J.NEUROIMAGE.2011.09.015

65. Smith SM. Fast robust automated brain extraction. Hum Brain Mapp
2002;17(3):143–155; doi: 10.1002/hbm.10062

66. Andersson JLR, Jenkinson M, Smith S. Non-linear registration aka spatial
normalisation FMRIB Technial Report TR07JA2. 2007. Available from:
https://www.fmrib.ox.ac.uk/datasets/techrep/tr07ja2/tr07ja2.pdf [Last
accessed October 27, 2023].

67. Dale AM, Fischl B, Sereno MI. Cortical surface-based analysis. I. Seg-
mentation and surface reconstruction. Neuroimage 1999;9:179–194;
doi: 10.1006/nimg.1998.0395

68. Jovicich J, Czanner S, Greve D, et al. Reliability in multi-site structural MRI
studies: Effects of gradient non-linearity correction on phantom and
human data. Neuroimage 2006;30(2):436–443; doi: DOI: 10.1016/j
.neuroimage.2005.09.046

69. Segonne F, Dale AM, Busa E, et al. A hybrid approach to the skull
stripping problem in MRI. Neuroimage 2004;22(3):1060–1075; doi:
DOI: 10.1016/j.neuroimage.2004.03.032

70. Reuter M, Rosas HD, Fischl B. Highly accurate inverse consistent regis-
tration: A robust approach. Neuroimage 2010;53(4):1181–1196; doi: 10
.1016/j.neuroimage.2010.07.020

71. Reuter M, Schmansky NJ, Rosas HD, et al. Within-subject template esti-
mation for unbiased longitudinal image analysis. Neuroimage
2012;61(4):1402–1418; doi: 10.1016/j.neuroimage.2012.02.084

72. Dale AM, Sereno MI. Improved localizadon of cortical activity by com-
bining EEG and MEG with MRI cortical surface reconstruction: a linear
approach. J Cogn Neurosci 1993;5(2); doi: 10.1162/JOCN.1993.5.2.162

73. Fischl B, Dale AM. Measuring the thickness of the human cerebral cortex
from magnetic resonance images. Proc Natl Acad Sci U S A
2000;97:11050–11055; doi: 10.1073/pnas.200033797 200033797

74. Fischl B, Liu A, Dale AM. Automated manifold surgery: constructing
geometrically accurate and topologically correct models of the human
cerebral cortex. IEEE Med Imaging 2001;20(1):70–80; doi: 10.1109/42
.906426

75. Fischl B, Salat DH, van der Kouwe AJW, et al. Sequence-independent
segmentation of magnetic resonance images. Neuroimage 2004:23
Suppl 1:S69–S84; doi: 10.1016/j.neuroimage.2004.07.016

76. Fischl B, van der Kouwe A, Destrieux C, et al. Automatically parcellating
the human cerebral cortex. Cereb Cortex 2004;14(1):11–22; doi: 10
.1093/cercor/bhg087

77. Fischl B, Sereno MI, Tootell RBH, et al. High-resolution intersubject av-
eraging and a coordinate system for the cortical surface. Hum Brain
Mapp 1999;8(4):272–284; doi: 10.1002/(SICI)1097-0193(1999)8:4<272::
AID-HBM10>3.0.CO;2-4

78. Fischl B, Sereno MI, Dale A. Cortical surface-based analysis: II: inflation,
flattening, and a surface-based coordinate system. Neuroimage
1999;9(2):195–207; doi: 10.1006/nimg.1998.0396

79. Han X, Jovicich J, Salat D, et al. Reliability of MRI-derived measurements
of human cerebral cortical thickness: the effects of field strength,
scanner upgrade and manufacturer. Neuroimage 2006;32(1):180–194;
doi: 10.1016/j.neuroimage.2006.02.051

80. Sled JG, Zijdenbos AP, Evans AC.. IEEE Trans Med Imaging 1998;17:87–97.
81. Segonne F, Pacheco J, Fischl B. Geometrically accurate topology-

correction of cortical surfaces using nonseparating loops. IEEE Trans
Med Imaging 2007;26:518–529; doi: 10.1109/42.668698

82. Smith SM, Jenkinson M, Johansen-Berg H, et al. Tract-based spatial
statistics: voxelwise analysis of multi-subject diffusion data. Neuro-
image 2006;31(4):1487–505; doi: 10.1016/j.neuroimage.2006.02.024

83. Andersson J, Jenkinson M, Smith S. Non-Linear Optimisation. 2007.
Available from: https://www.fmrib.ox.ac.uk/datasets/techrep/tr07ja1/
tr07ja1.pdf [Last accessed October 27, 2023].

84. Rueckert D, Sonoda LI, Hayes C, et al. Nonrigid registration using free-
form deformations: application to breast MR images. IEEE Trans Med
Imaging 1999;18(8):712–21; doi: 10.1109/42.796284

85. Mori S, Wakana S, Nagae-Poetscher LM, Van Zijl, PCM. (eds.) MRI atlas of
human white matter. Elsevier: St Louis, MO; 2005.

86. Wakana S, Caprihan A, Panzenboeck MM, et al. Reproducibility of
quantitative tractography methods applied to cerebral white matter.
Neuroimage 2007;36(3):630–644; doi: 10.1016/j.neuroimage.2007.02.049

87. Hua K, Zhang J, Wakana S, et al. Tract probability maps in stereotaxic
spaces: analyses of white matter anatomy and tract-specific quantifi-
cation. Neuroimage 2008;32(7):736–740; doi: 10.1016/j.neuroimage
.2007.07.053

88. de Mol CL, Neuteboom RF, Jansen PR, et al. White matter microstructural
differences in children and genetic risk for multiple sclerosis: a
population-based study. Mult Scler J 2022;28(5):730–741; doi: 10
.1177/13524585211034826

89. Taber KH, Hurley RA, Haswell CC, et al.. 2015;30(1):1–20; doi: 10.1097/
HTR.0000000000000030

90. Jurick SM, Hoffman SN, Sorg S, et al. Pilot investigation of a novel white
matter imaging technique in Veterans with and without history of
mild traumatic brain injury. Brain Inj 2018;32(10):1256–1265; doi: 10
.1080/02699052.2018.1493225

834 GIMBEL ET AL.

http://dx.doi.org/10.1016/B978-0-444-64196-0.00010-8
http://dx.doi.org/10.1016/B978-0-444-64196-0.00010-8
http://dx.doi.org/10.1080/02699052.2018.1494853
http://dx.doi.org/10.1016/s0896-6273(02)00569-x
http://dx.doi.org/10.1080/02699052.2017.1327672
http://dx.doi.org/10.1080/02699052.2017.1327672
http://dx.doi.org/10.1089/neu.2017.5022
http://dx.doi.org/10.1089/neu.2017.5022
http://dx.doi.org/10.3389/fneur.2018.00878
http://dx.doi.org/10.1177/0883073816654143
http://dx.doi.org/10.1089/neu.2017.5002
http://dx.doi.org/10.1016/j.nicl.2018.01.005
http://dx.doi.org/10.1097/00075198-200204000-00002
http://dx.doi.org/10.1097/00075198-200204000-00002
http://dx.doi.org/10.1038/sj.jcbfm.9600403
http://dx.doi.org/10.1038/sj.jcbfm.9600403
http://dx.doi.org/10.1017/9781139696432
http://dx.doi.org/10.1017/9781139696432
http://dx.doi.org/10.1097/HTR.0b013e3181a66356
http://dx.doi.org/10.1097/01.HTR.0000300227.67748.77
http://dx.doi.org/10.1186/s12955-014-0117-0
http://dx.doi.org/10.1177/0333102410379890
http://dx.doi.org/10.1023/A:1026119331193
http://dx.doi.org/10.1006/nimg.2001.0931
http://dx.doi.org/10.1016/J.NEUROIMAGE.2011.09.015
http://dx.doi.org/10.1002/hbm.10062
https://www.fmrib.ox.ac.uk/datasets/techrep/tr07ja2/tr07ja2.pdf
http://dx.doi.org/10.1006/nimg.1998.0395
http://dx.doi.org/10.1016/j.neuroimage.2005.09.046
http://dx.doi.org/10.1016/j.neuroimage.2005.09.046
http://dx.doi.org/10.1016/j.neuroimage.2004.03.032
http://dx.doi.org/10.1016/j.neuroimage.2010.07.020
http://dx.doi.org/10.1016/j.neuroimage.2010.07.020
http://dx.doi.org/10.1016/j.neuroimage.2012.02.084
http://dx.doi.org/10.1162/JOCN.1993.5.2.162
http://dx.doi.org/10.1073/pnas.200033797
http://dx.doi.org/10.1109/42.906426
http://dx.doi.org/10.1109/42.906426
http://dx.doi.org/10.1016/j.neuroimage.2004.07.016
http://dx.doi.org/10.1093/cercor/bhg087
http://dx.doi.org/10.1093/cercor/bhg087
http://dx.doi.org/10.1002/(SICI)1097-0193(1999)8:4&lt;272::AID-HBM10&gt;3.0.CO;2-4
http://dx.doi.org/10.1002/(SICI)1097-0193(1999)8:4&lt;272::AID-HBM10&gt;3.0.CO;2-4
http://dx.doi.org/10.1006/nimg.1998.0396
http://dx.doi.org/10.1016/j.neuroimage.2006.02.051
http://dx.doi.org/10.1109/42.668698
http://dx.doi.org/10.1016/j.neuroimage.2006.02.024
https://www.fmrib.ox.ac.uk/datasets/techrep/tr07ja1/tr07ja1.pdf
https://www.fmrib.ox.ac.uk/datasets/techrep/tr07ja1/tr07ja1.pdf
http://dx.doi.org/10.1109/42.796284
http://dx.doi.org/10.1016/j.neuroimage.2007.02.049
http://dx.doi.org/10.1016/j.neuroimage.2007.07.053
http://dx.doi.org/10.1016/j.neuroimage.2007.07.053
http://dx.doi.org/10.1177/13524585211034826
http://dx.doi.org/10.1177/13524585211034826
http://dx.doi.org/10.1097/HTR.0000000000000030
http://dx.doi.org/10.1097/HTR.0000000000000030
http://dx.doi.org/10.1080/02699052.2018.1493225
http://dx.doi.org/10.1080/02699052.2018.1493225


91. Zhang Y, Brady M, Smith S. Segmentation of brain MR images through a
hidden Markov random field model and the expectation-
maximization algorithm. IEEE Trans Med Imaging 2001;20(1):45–57;
doi: 10.1109/42.906424

92. Kimura-Ohba S, Yang Y, Thompson J, et al. Transient increase of frac-
tional anisotropy in reversible vasogenic edema. J Cereb Blood Flow
Metab 2016;36(10):1731–1743; doi: 10.1177/0271678X16630556

93. Asken BM, DeKosky ST, Clugston JR, et al. Diffusion tensor imaging (DTI)
findings in adult civilian, military, and sport-related mild traumatic
brain injury (mTBI): a systematic critical review. Brain Imaging Behav
2018;12(2):585–612; doi: 10.1007/s11682-017-9708-9

94. Matthews SC, Strigo IA, Simmons AN, et al. A multimodal imaging study
in U.S. veterans of Operations Iraqi and Enduring Freedom with and
without major depression after blast-related concussion. Neuroimage
2011;54(SUPPL. 1):S69–S75; doi: 10.1016/j.neuroimage.2010.04.269

95. Matthews SC, Spadoni AD, Lohr JB, et al. Diffusion tensor imaging evi-
dence of white matter disruption associated with loss versus alteration
of consciousness in warfighters exposed to combat in Operations
Enduring and Iraqi Freedom. Psychiatry Res 2012;204(2–3):149–154;
doi: 10.1016/j.pscychresns.2012.04.018

96. Davenport ND, Lim KO, Armstrong MT, et al. Diffuse and spatially vari-
able white matter disruptions are associated with blast-related mild
traumatic brain injury. Neuroimage 2012;59(3):2017–2024; doi: 10
.1016/j.neuroimage.2011.10.050

97. Morey RA, Haswell CC, Selgrade ES, et al. Effects of chronic mild traumatic
brain injury on white matter integrity in Iraq and Afghanistan war vet-
erans. Hum Brain Mapp 2013;34(11):2986–2999; doi: 10.1002/hbm.22117

98. Mac Donald C, Johnson A, Cooper D, et al. Cerebellar white matter ab-
normalities following primary blast injury in US military personnel.
PLoS One 2013;8(2); doi: 10.1371/journal.pone.0055823

99. Petrie EC, Cross DJ, Yarnykh VL, et al. Neuroimaging, behavioral, and
psychological sequelae of repetitive combined blast/impact mild
traumatic brain injury in Iraq and Afghanistan war veterans.
J Neurotrauma 2014;31(5):425–436; doi: 10.1089/neu.2013.2952

100. Jorge RE, Acion L, White T, et al. White matter abnormalities in veterans
with mild traumatic brain injury. Am J Psychiatry 2012
Dec;169(12):1284–1291; doi: 10.1176/appi.ajp.2012.12050600

101. Johnson VE, Stewart JE, Begbie FD, et al. Inflammation and white matter
degeneration persist for years after a single traumatic brain injury.
Brain 2013;136(1):28–42; doi: 10.1093/brain/aws322

102. Chen XH, Johnson VE, Uryu K, et al. A lack of amyloid b plaques despite
persistent accumulation of amyloid b in axons of long-term survivors
of traumatic brain injury. Brain Pathol 2009;19(2):214–223; doi: 10
.1111/j.1750-3639.2008.00176.x

103. Tomaiuolo F, Bivona U, Lerch JP, et al. Memory and anatomical change
in severe non missile traumatic brain injury: *1 vs. *8years follow-
up. Brain Res Bull 2012;87(4–5):373–382; doi: 10.1016/j.brainresbull
.2012.01.008

104. Pierce JES, Smith DH, Trojanowski JQ, et al. Enduring cognitive, neuro-
behavioral and histopathological changes persist for up to one year
following severe experimental brain injury in rats. Neuroscience
1998;87(2):359–369; doi: 10.1016/S0306-4522(98)00142-0

105. Chen XH, Siman R, Iwata A, et al. Long-term accumulation of amyloid-b,
b-secretase, presenilin-1, and caspase-3 in damaged axons following
brain trauma. Am J Pathol 2004;165(2):357–371; doi: 10.1016/S0002-
9440(10)63303-2

106. Byrnes KR, Loane DJ, Stoica BA, et al. Delayed mGluR5 activation limits
neuroinflammation and neurodegeneration after traumatic brain in-
jury. J Neuroinflammation 2012;9(1):43; doi: 10.1186/1742-2094-
9-43

107. Patel JB, Wilson SH, Oakes TR, et al. Structural and volumetric brain MRI
findings in mild traumatic brain injury. Am J Neuroradiol
2020;41(1):92–99; doi: 10.3174/ajnr.A6346

108. Sussman D, da Costa L, Chakravarty MM, et al. Concussion induces focal
and widespread neuromorphological changes. Neurosci Lett
2017;650:52–59; doi: 10.1016/j.neulet.2017.04.026

109. Eierud C, Nathan DE, Bonavia GH, et al. Cortical thinning in military
blast compared with non-blast persistent mild traumatic brain
injuries. NeuroImage Clin 2019;22:101793; doi: 10.1016/j.nicl.2019
.101793

110. Mac Donald CL, Barber J, Andre J, et al. Longitudinal neuroimaging
following combat concussion: sub-acute, 1 year and 5 years post-
injury. Brain Commun 2019;1(1):1–13; doi: 10.1093/braincomms/
fcz031

GREY AND WHITE MATTER DIFFERENCES IN TBI 835

http://dx.doi.org/10.1109/42.906424
http://dx.doi.org/10.1177/0271678X16630556
http://dx.doi.org/10.1007/s11682-017-9708-9
http://dx.doi.org/10.1016/j.neuroimage.2010.04.269
http://dx.doi.org/10.1016/j.pscychresns.2012.04.018
http://dx.doi.org/10.1016/j.neuroimage.2011.10.050
http://dx.doi.org/10.1016/j.neuroimage.2011.10.050
http://dx.doi.org/10.1002/hbm.22117
http://dx.doi.org/10.1371/journal.pone.0055823
http://dx.doi.org/10.1089/neu.2013.2952
http://dx.doi.org/10.1176/appi.ajp.2012.12050600
http://dx.doi.org/10.1093/brain/aws322
http://dx.doi.org/10.1111/j.1750-3639.2008.00176.x
http://dx.doi.org/10.1111/j.1750-3639.2008.00176.x
http://dx.doi.org/10.1016/j.brainresbull.2012.01.008
http://dx.doi.org/10.1016/j.brainresbull.2012.01.008
http://dx.doi.org/10.1016/S0306-4522(98)00142-0
http://dx.doi.org/10.1016/S0002-9440(10)63303-2
http://dx.doi.org/10.1016/S0002-9440(10)63303-2
http://dx.doi.org/10.1186/1742-2094-9-43
http://dx.doi.org/10.1186/1742-2094-9-43
http://dx.doi.org/10.3174/ajnr.A6346
http://dx.doi.org/10.1016/j.neulet.2017.04.026
http://dx.doi.org/10.1016/j.nicl.2019.101793
http://dx.doi.org/10.1016/j.nicl.2019.101793
http://dx.doi.org/10.1093/braincomms/fcz031
http://dx.doi.org/10.1093/braincomms/fcz031



