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Abstract

In a motor vehicle collision (MVC), survivors often receive mild traumatic brain injuries (mTBI). Although there have been

some reports of early white matter changes after an mTBI, much less is known about early cortical structural changes. To

investigate early cortical changes within a few days after an MVC, we compared cortical thickness of mTBI survivors with non-

mTBI survivors, then reexamined cortical thickness in the same survivors 3 months later. MVC survivors were categorized as

mTBI or non-mTBI based on concussive symptoms documented in emergency departments (EDs). Cortical thickness was

measured from MRI images using FreeSurfer within a few days and again at 3 months after MVC. Post-traumatic stress

symptoms and physical conditions were also assessed. Compared with the non-mTBI group (n = 23), the mTBI group (n = 21)

had thicker cortex in the left rostral middle frontal (rMFG) and right precuneus gyri, but thinner cortex in the left posterior

middle temporal gyrus at 7.2 – 3.1 days after MVC. After 3 months, cortical thickness had decreased in left rMFG in the mTBI

group but not in the non-mTBI group. The cortical thickness of the right precuneus region in the initial scans was positively

correlated with acute traumatic stress symptoms for all survivors and with the number of reduced activity days for mTBI

survivors who completed the follow-up. The preliminary results suggest that alterations in cortical thickness may occur at an

early stage of mTBI and that frontal cortex structure may change dynamically over the initial 3 months after mTBI.
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Introduction

In the United States, approximately 1.7 million traumatic

brain injuries (TBIs) occur each year. Of these, approximately

75% are categorized as mild (mTBI) (http://www.cdc.gov/traumatic

braininjury/causes.html). Symptoms that characterize mTBI include

brief loss of consciousness (LOC; < 30 min), post-trauma amnesia

(PTA; < 24 h), alterations in mental state (e.g., dizziness or disori-

entation), or focal neurological deficit(s).1 mTBI survivors, however,

show minimal abnormalities on conventional neuroradiological ex-

aminations or none at all. Relative to non-mTBI survivors, mTBI

survivors experience significantly more subjective physical, emo-

tional, and cognitive symptoms, possibly associated with brain

changes caused by mTBI.2–6 Although most symptoms resolve

spontaneously in the majority of survivors 3 to 6 months after a single

mTBI, about 5% of survivors continue having some symptoms years

after trauma, suggesting sustained changes in brain structure or

function in these chronic mTBI survivors.7,8 In addition, those who

experience mTBIs repeatedly over their lifetime may develop a

progressive neurodegenerative condition known as chronic traumatic

encephalopathy.9,10

Identifying brain changes in the early stage after mTBI remains a

challenge, because conventional radiological examinations detect

few changes. Recent diffusion tensor imaging (DTI) studies re-

ported differences in fractional anisotropy (FA) or mean, radial, or

axial diffusivity in the white matter of mTBI survivors compared

with persons without mTBI, suggesting changes in white matter

integrity after mTBI.11–17 Less is known about early changes in

cortical structure after mTBI. Animal studies suggest that mTBI

can cause rapid alterations in the cortex of affected animals.18–20

For example, a study in rats reported that a mild impact on the

cortical surface produced rapid focal cortical thickening in the

periphery of impact regions within a day of injury, with thickened

cortex progressively thinning in the subsequent 21 days.21 These

animal findings raise a possibility that mTBI may alter cortical

thickness of survivors in the early post-trauma period. Until re-

cently, however, it was not possible to make a detailed examination

of cortical thickness in mTBI survivors after the trauma.

A recent analytical advance, automated vertex-based measure-

ments of cortical thickness, now allows assessment of cortical

changes using high resolution T1-weighted anatomical MRI

(aMRI) images. Recent studies using this approach revealed
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progressive cortical thinning in moderate to severe TBI in children

and adults.22–24 To date, however, few studies have examined

cortical thickness in mTBI survivors during the early post-mTBI

period.

A study of veterans reported thinner regions in left dorsal su-

perior frontal and superior temporal gyri at an average of 3 months

after mTBI caused by blast compared with healthy controls, sug-

gesting early effects of mTBI on the cerebral cortex.25 In contrast, a

second study examining the cortical structures of survivors who

experienced a heterogeneous set of head traumas reported no dif-

ferences in cortical thickness at approximately 14 days and at 4

months after mTBI compared with healthy controls.16 Finally, a

study using thickness-based measures of gray matter volume

(thickness times surface area) reported no volumetric difference in

the initial weeks (average 23 days) after heterogeneous head trau-

mas, while finding a significant decrease in the gray matter volume

of right precuneus cortex from initial weeks to a year after mTBI,

compared with healthy controls.26

Currently, cortical thickness studies conducted shortly after an

mTBI remain inconclusive, with several factors potentially contrib-

uting to differences in findings. The animal study cited above sug-

gests that detecting dynamic changes in cortical thickness after mTBI

may depend on the timing of the investigation.21 For example, some

cortical thickening may occur rapidly after mild cortical impact, but

may not be detectable at several weeks after mTBI because of sub-

sequent thinning of the same region. Thus, repeated studies soon after

trauma might be needed to detect alterations of cortical thickness

after mTBI. Another important factor may be the character of the

mTBI. For example, a study of a homogeneous injury mechanism (all

survivors had blast injuries) detected change in cortical thickness,25

but a study of heterogeneous injuries did not.16 Different injury

mechanisms may result in different pathophysiological processes

and patterns of injuries. Therefore, studying a homogeneous injury

mechanism may increase the likelihood of detecting subtle, dynamic

cortical thickness changes after mTBI.27

In the current study, we examined cortical thickness in mTBI

survivors within 2 weeks after a motor vehicle collision (MVC) to

address the question of early cortical thickness alteration after

mTBI. Cortical thickness was also re-examined in survivors who

completed a follow-up session 3 months later to explore subsequent

progressive changes in the cortex. MVC is the leading cause of

mTBI treated in emergency departments (EDs) in the United

States.28,29 The injury mechanism of TBI caused by MVC is

characterized by very forceful acceleration-deceleration of the head

and/or the head striking an object.30,31 We compared cortical

thicknesses in survivors who experienced mTBI symptoms in the

peritrauma period after MVC and MVC survivors who did not

experience mTBI symptoms.

Methods

Survivors and assessment

Survivors who had an MVC and visited an ED within 48 h of the
accident were recruited from EDs of local Level I centers. The study
included English-speaking adults (18–60 years old) of all races/
ethnicities, but excluded pregnant women or survivors who were
under the influence of alcohol or recreational drugs when the acci-
dent happened. Survivors were also excluded if they had Glasgow
Coma Scale (GCS) scores less than 13 or any abnormality on con-
ventional CT examination in the ED. An Abbreviated Injury Scale
(AIS) score was calculated to evaluate the severity of physical injury
in each survivor (Association for the Advancement of Automotive
Medicine, 1998 update), and survivors with an AIS score greater than

3 were excluded. All survivors gave written Institutional Review
Board approved informed consent. All survivors were alert and
oriented on testing. Most selected survivors had severe acute pain as
measured with the Numeric Rating Scale (NRS; ‡ 6) in the ED.

Survivors completed self-report measures in the ED that included
questionnaires about the incidence and duration of LOC and PTA, as
well as other information about the MVC. To provide information on
traumatic stress symptoms at each MRI session, survivors completed
a post-traumatic stress disorder (PTSD) Checklist-Stressor Version
(PCL) questionnaire, in which the MVC was specified as the index
traumatic event.32,33 Survivors’ physical health was evaluated during
the follow-up session using questionnaires, during which they were
asked to estimate the number of days when some of their usual
activities could not be performed. Police traffic reports were obtained
from the Ohio Department of Public Safety https://ext.dps.state
.oh.us/CrashRetrieval/OHCrashRetrieval.aspx to confirm informa-
tion on the MVC collected in EDs.

mTBI diagnosis

mTBI was diagnosed by reviewing ED medical records and self-
report questionnaires. According to the American Congress of
Rehabilitation Medicine (ACRM) criteria, persons who experi-
enced head impact or acceleration-deceleration during MVC are
considered to have sustained mTBI if they had LOC for < 30 min,
PTA for < 24 h, or severe neurological symptoms such as disori-
entation, dizziness, or headache.1 Survivors with a GCS score less
than 13 or positive radiological examinations for any brain lesions
were excluded. Survivors who did not experience any concussive
symptoms served as a non-mTBI control group. All survivors were
invited to undergo an initial MRI session within 2 weeks and a
follow-up MRI session at 3 months after MVC.

MRI data acquisition

Survivors were scanned using a 3.0 Tesla General Electric Signa
HDX MRI scanner at the University of Toledo. Survivors were
positioned in the MRI scanner with their heads comfortably re-
strained to reduce movement. Heart rate and respiration were
monitored throughout the experiment. A high-resolution T1-
weighted aMRI image was obtained with a 3-D Volume Inversion
Recovery Fast Spoiled Gradient Recall Echo (IR-FSPGR) protocol
(repetition time [TR] = 7.9 msec, echo time [TE] = 3 msec, TI =
650 msec, field of view [FOV] = 25.6 · 25.6 cm, matrix = 256 ·
256, slice thickness = 1 mm with no gap, voxel dimensions = 1 ·
1 · 1mm, 164 contiguous axial slices to cover the whole brain).34

T2*-weighted images were acquired with Echo Planar Imaging
pulse sequence: multiphase gradient echo pulse sequence, (TR =
2000 msec, TE = 30 msec, flip angle (FA) = 90�, FOV = 3.75 ·
3.75 mm, matrix = 64 · 64, slice thickness = 3.5 mm with no gap, 34
axial interleveled slices to cover the whole brain. Both images were
reviewed by an experienced radiologist to screen for any clinical
abnormalities.

Cortical thickness measurement

Automated cortical thickness measurements were made on a Li-
nux workstation from the aMRI images with FreeSurfer programs
(version 4.5.1) (http://www.surfer.nmr.mgh.harvard.edu/fswiki)35–37

that have been shown to be valid and reliable.34,38–40 Structural an-
alyses involved preprocessing high resolution T1-weighted MRI data
(including motion correction, transformation to Talairach space, in-
tensity normalization, skull stripping, segmentation, tessellation,
smoothing of the cortical gray/white border, and inflating sulci to
create a spherical model of each hemisphere).

Thickness measures were based on spatial intensity gradients of
white matter, gray matter, and cerebrospinal fluid and were derived
from determination of the average of the shortest distances from the
gray/white border to pial surface and from the pial surface to gray/

456 WANG ET AL.



white border for each vertex (1 · 1 mm2 area on the surface).
Cortical thickness measure iteration of this process provided a
continuous grid of vertex thickness measures covering each
hemisphere (approximately 150,000 vertices/hemisphere). All in-
dividual MRI slices were visually inspected and inaccuracies in
borders were manually corrected if necessary.

A vertex-based group analysis was performed using Freesurfer.
Individual spherical models of hemispheres were normalized to
the spherical atlas of Freesurfer based on alignment of the corti-
cal folding patterns.41 The normalized cortical thickness maps of
individuals were spatially smoothed along the surface using a
two-dimensional Gaussian filter with a full width at half maxi-
mum (FWHM) kernel of 8 mm. Group comparisons of cortical
thickness were performed at every vertex using a general linear
model (GLM) of two independently sampled t tests, controlling
for age and sex.

A cluster-wise correction for multiple comparisons within each
hemisphere was performed by means of Z Monte Carlo simulations
as implemented in Freesurfer.42–44 The data were tested against an
empirical null distribution of maximum cluster size across 5000
iterations synthesized with an initial cluster forming at vertex-wise
threshold of p < 0.01. Differences were considered significant after
a multiple comparison correction with a cluster-wise p value < 0.05
and a surface area > 50 mm2.43,45 The minimal size is set relatively
low to detect the small, subtle brain changes that are characteristic
of mTBI. The cluster-wise p value is a False Positive Rate (FPR),
meaning that a cluster of the given size would occur by chance only
5% of the time ( p < 0.05). The cluster-wise correction using Z
Monte Carlo simulations is considered suitable for surface-based
analysis and is recommended by the FreeSurfer group. These sig-
nificant clusters were defined as regions of interest (ROIs) and were
studied longitudinally by extracting and comparing regional mean
cortical thickness from each survivor’s initial and follow-up scans.

Statistical analysis

SPSS (Version 21) was used for statistical analyses. Age and

intervals between MVC and the MRI sessions were compared using

two-sample t tests between mTBI and non-mTBI groups. The

univariate analysis of variance (ANOVA) of PCL scores and acute

NRS pain scores at ED admission were conducted using mTBI

diagnosis as an independent variable. Changes in the mean regional

cortical thickness of each ROI were compared over time from acute

to 3 months after MVC within each group using the general linear

model of repeated measures—RM-ANOVA. Sex was used as a

random factor, and age was used as a covariate in all ANCOVAs. In

all the repeated measures ANOVA, the Mauchly Test of Sphericity

indicated that the assumption of sphericity had not been violated,

supporting the validity of the F-statistic.

Relationships between cortical alteration and stress symptoms

were examined using a partial correlation analysis between the

mean regional cortical thickness of each ROI and PCL scores,

controlling for age and sex. Spearman Rho nonparametric corre-

lations were used to examine the association between mean re-

gional cortical thickness and the survivors’ estimate of the number

of days when some of their usual activities could not be performed.

The results are reported as mean – standard deviation, with p < 0.05

considered to be significant.

Results

Demographics and acute traumatic symptoms

Forty-four MVC survivors who were recruited from EDs com-

pleted the initial scan session within 2 weeks after the MVC. The

majority experienced a frontal/rear collision. All survivors reported

dramatic acceleration/deceleration of the head during the MVC,

and 16 also reported the head striking an object. None had a GCS of

< 15 or significant radiological findings in the ED. Twenty-one

experienced symptoms that met the diagnostic criteria of mTBI,

including altered state of consciousness (confused/disoriented,

[n = 2], PTA [n = 8], and/or LOC [n = 10]), and/or neurological

symptoms (dizziness [n = 2], headache/nausea/vomiting [n = 9]).

The remaining 23 survivors were free of any mTBI symptoms. The

characteristics of the two groups are summarized in Table 1.

There were no significant differences between the mTBI and

non-mTBI groups with respect to age or the interval between MVC

and the initial MRI session (mTBI: 7.2 – 3.1 days vs. non-mTBI:

9.0 – 4.6 days; t tests, p > 0.1, Table 1). Gender and direction of

collision were similarly distributed in both groups. The NRS pain

scores at ED admission and the PCL scores at the initial MRI

session did not significantly differ when age and gender were

controlled (univariate ANOVA, Table 1).

Early cortical thickness differences between mTBI
and non-mTBI groups

Vertex-based group comparisons revealed that the mTBI group

had thicker regions in left rostral middle frontal gyrus (rMFG)

(peak vertex [-21.4, 50.6, - 4.8], p = 10 - 3.581) and in right

Table 1. Demographic and Behavioral Information

mTBI non-mTBI

Initial MRI session
Post-MVC days (range) 7.2 – 3.1 (3–14) 9.0 – 4.6 (2–20) T = -1.5 df = 42 p = 0.13
N (male/female) 21 (9/12) 23 (9/14)
Age (years) 34.3 – 11.2 33.8 – 11.0 T = 0.15 df = 42 p = 0.88
Frontal/rear vs. lateral/angle collision 15 vs. 6 19 vs. 4
NRS pain scores at ED admission 6.71 – 2.24 6.73 – 227 F = 0.01 df = 1,39 p = 0.92
PCL scores 39.69 – 14.51 36.26 – 15.38 F = 0.54 df = 1,39 p = 0.47

Follow-up MRI session
Post-MVC days (range) 114.2 – 12.9 (95–137) 104.3 – 16.0 (88–137) T = 1.6 df = 21 p = 0.12
N (male/female) 11 (4/7) 12 (3/9)
Age 31.5 – 10.1 36 – 12.9 T = -0.91 df = 21 p = 0.37
Frontal/rear vs. lateral/angle collision 7 vs. 4 9 vs. 3

mTBI, mild traumatic brain injury; MRI, magnetic resonance imaging; MVC, motor vehicle collision; NRS, Numeric Rating Scale; ED, emergency
department; PCL, Post-Traumatic Stress Ddisorder Checklist-Stressor Version.

EARLY CORTICAL THICKNESS CHANGE AFTER mTBI 457



precuneus (peak vertex [9.2, - 51.2, 54.6], p = 10 - 4.237) at the

initial MRI session, compared with the non-mTBI group (Fig. 1,

Table 2). A region in the left posterior middle temporal gyrus

(pMTG) was thinner in the mTBI group than in the non-mTBI

group at this time [peak vertex (-47.9, - 59.1, 2.4), p = 10 - 3.433;

Fig. 1, Table 2].

The mean cortical thicknesses of regions with significant group

differences were calculated using individual thickness measures.

After controlling for age and sex, the mean cortical thicknesses of the

region in the right precuneus were positively correlated (R = 0.37,

df = 40, p = 0.02) with the survivors’ PCL scores at the initial MRI

session pooling data from both the mTBI and the non-mTBI groups

(N = 44, Fig. 2). There was not a significant correlation unless the

data were pooled across diagnostic groups (mTBI: R = - 0.09,

df = 16, p = 0.74; non-mTBI: R = 0.20, df = 19, p = 0.38).

Follow-up at 3 months after MVC

Subgroups of 11 mTBI survivors and 12 non-mTBI survivors

completed a follow-up MRI session at 114.2 – 12.9 days after

MVC. The characteristics of the two groups are summarized in

Table 1. These groups were not significantly different in age or

interval since MVC (Table 1), and sex and direction of collision

were similarly distributed (Table 1). The left rMFG, pMTG, and

right precuneus regions where group thickness differences were

found at the initial MRI session were used as ROIs to determine

individual regional cortical thicknesses from the follow-up MRI

session data. The mean thickness of the left rMFG region signifi-

cantly decreased from the first scan to the 3 months after MVC scan

in the mTBI survivors (repeated measure Greenhouse-Geisser

F = 18.1, dfs = 1,8, p = 0.03; Table 2). In contrast, the mean thick-

ness of this region did not change in non-mTBI survivors (F = 4.99,

dfs = 1,9, p = 0.50). Regional mean thickness changes over time in

the other regions were not significant in either group (Table 2).

During the initial 3 months after MVC, the number of days when

some usual activities could not be performed ranged from 0–90

days in the mTBI survivors (Fig. 3). A similar range was seen in

non-mTBI survivors. The number of days of reduced usual activ-

ities was positively correlated with the mean cortical thicknesses of

the right precuneus region during the initial scan in the mTBI

subgroup (Spearman Rho test, R = 0.715, n = 11, p = 0.01) (Fig. 3).

This relationship was not seen in the non-mTBI subgroup (Spear-

man Rho test, R = 0.419, n = 14, p = 0.14).

All high-resolution sMRI and low resolution T2*-weighted

images were reviewed by an experienced radiologist, and no clin-

ical abnormalities were found.

Discussion

Previous findings on alterations in cortical thickness after mTBI

are limited and inconsistent. In this pilot study, we used vertex-

based analyses and found thickness increases in left rMFG and right

precuneus and thickness decreases in left pMTG, comparing mTBI

survivors with non-mTBI survivors at an average of 7 days after

MVC. Interestingly, the early increased thickness of left rMFG

subsequently decreased in the mTBI group at 3 months, with no

similar change in the non-mTBI group.

While a study of heterogeneous head trauma found no changes in

cortical thickness at 13 days and at 4 months, we have found sig-

nificant changes studying mainly uniaxial frontal-rear MVC sur-

vivors at an average of 7 days after the MVC. Given that early brain

responses to mTBI are likely to be subtle, dynamic and highly

dependent on the specific nature of the head trauma,27 the homo-

geneity of the injury mechanism we studied and the early time

points for scans may have enhanced our detection of subtle and

transient cortical thickness changes.21,31

In our control group of injured survivors with a similar trauma,

we were able to document comparable levels of body injuries and

psychological distress, thus controlling for potentially important

confounding factors, such as stress and pain.46,47 Differences in

cortical thickness findings between our study and a previous study

that assessed cortical thickness 3 months after a blast injury may be

attributed to differences in trauma types, post-trauma durations, or

the nature of the control groups.48

Early cortical thickening in mTBI survivors after MVC

We have identified thickness increases in the left rMFG around

the Brodmann area (BA) 10 region. This region is reportedly in-

volved in a range of cognitive functions, including working

memory, executive functions, and emotion regulation.49,50 Inter-

estingly, a similar region in mTBI survivors showed decreased

activation during high processing load conditions of an auditory

working memory task at around 26 days after head trauma.51 The

current findings raise the possibility that early changes in working

memory activations after mTBI may involve mTBI related changes

in frontal cortical thickness.

FIG. 1. Vertex-based comparison of cortical thickness in the mild traumatic brain injury (mTBI) and non-mTBI groups at initial days
after motor vehicle collision. Numbers 1–3 correspond respectively to the suprathreshold clusters in right precuneus, left rostral middle
frontal gyrus, and left middle temporal gyrus. Color image is available online at www.liebertpub.com/neu
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The cortical thickness of this region decreased from initial days

to 3 month after MVC in mTBI survivors, but not in non-mTBI

survivors. Similar progressive normalization of cortical thickness

reported in the animal model of mTBI suggests that cortical

thickness changes may reflect recovery from brain lesion.21

Meanwhile, in children from 3 to 18 months with moderate and

severe TBI, longitudinal thickness changes in the medial frontal

cortices of patients with TBI appear correlated with deficits in

behavioral regulation and emotional control measures at 18 months

after TBI.23 The functional relevance of progressive structural

cortical changes in adults soon after mTBI is still unclear, how-

ever.26 Progressive thickness changes in left rMFG may affect

working memory activation in mTBI survivors, as evidenced by co-

localization of abnormal working memory in this region soon after

mTBI. This possibility needs to be tested by future studies that

concurrently examine progressive structural and functional chan-

ges after mTBI.

We have also found thickening in the right precuneus region of

mTBI survivors. The thickness of the right precuneus region has

been linked to symptom severity in psychiatric survivors. In vet-

erans with chronic symptoms years after mTBI, the cortical

thickness of the right precuneus was negatively correlated with

current or cumulative post-traumatic stress symptoms, as measured

with the Clinician Administrated PTSD Scale (CAPS), in combined

groups of veterans who did and did not have PTSD.52

Table 2. Cortical Thickness Differences at Post-Motor Vehicle Collision Days and Progressive Changes

in Region of Interest Cortical Thickness Over Initial Post-Motor Vehicle Collision 3 Months

Cluster # 1 2 3

Location Right precuneus Left rostral middle frontal gyrus Left middle temporal gyrus
Thickness in days mTBI > non-mTBI mTBI > non-mTBI mTBI < non-mTBI
Peak vertex p value 10 - 4.237 10 - 3.581 10 - 3.433

Talairach (x,y,z) 9.2, - 51.2, 54.6 - 21.4, 50.6, - 4.8 - 47.9, - 59.1, 2.4
Size (mm2) 112.17 69.69 78.56
ROI mean thickness mTBI (n = 21) 2.33 – 0.49 2.27 – 0.43 2.37 – 0.29

non-mTBI (N = 23) 2.27 – 0.40 2.20 – 0.39 2.44 – 0.39

ROI thickness change over 3 months No No Decrease* No No No
11 mTBI 12 non-mTBI mTBI Non-mTBI mTBI Non-mTBI mTBI Non-mTBI
ROI mean thickness Initial days 2.50 – 0.47 2.32 – 0.35 2.43 – 0.43 2.31 – 0.39 2.40 – 0.28 2.40 – 0.35

3 months 2.53 – 0.44 2.32 – 0.34 2.29 – 0.25 2.17 – 0.36 2.39 – 0.37 2.48 – 0.41
RM-ANOVA p value 0.45 0.33 0.03 0.5 0.75 0.3

F;dfa;g2 0.6; 1,8; 0.1 1.1; 1,9; 0.1 18; 1,8; 0.7 0.5;1,9;0.1 0.2;1,8;0.0 1.2;1,9;0.1

mTBI, mild traumatic brain injury; ROI, region of interest; RM-ANOVA, repeated measures analysis of variance.
*Statistically significant at p < 0.05 level.
aDegrees of freedom (dfs): hypothesis and error.

FIG. 2. Relationship between post-traumatic stress disorder
Checklist-Stressor Version (PCL) scores and the regional mean
cortical thickness of right precuneus region (cluster 1) defined
from the vertex-based group difference at initial magnetic res-
onance imaging (MRI) session. The positive correlation is sig-
nificant (R = 0.37, df = 40, p = 0.02) across all survivors (mild
traumatic brain injury [mTBI] and non-mTBI). ROI, region of
interest.

FIG. 3. Relationship between the number of reduced usual ac-
tivity days over the initial 3 months after motor vehicle collision
and the regional mean cortical thickness of right precuneus region
(cluster 1) in the mild traumatic brain injury (mTBI) survivors.
The positive correlation was significant (Spearmas Rho test,
R = 0.715, n = 11, p = 0.01) in mTBI group, but correlation in the
non-mTBI group was not significant. ROI, region of interest.

EARLY CORTICAL THICKNESS CHANGE AFTER mTBI 459



In our study, precuneus thickness was associated with overall

stress levels as reflected by PCL, combining our mTBI and non-

mTBI survivor groups. The correlation we found was in a different

direction, however. It is possible that the timing of the measures

could influence these relationships, because progressive atrophic

changes in this region would be suggested by decreased gray matter

volume and density of precuneus from 1 month to 1 year after

mTBI.26 Interestingly, the increased cortical thickness of mTBI

survivors at initial days after MVC was significantly correlated

with the number of reduced usual activity days over the initial 3

months after MVC. An MVC can impair the quality of life of

injured survivors, and a prolonged reduction in usual activities may

reflect poor health.53

The current findings raise the possibility that the thickness of the

right precuneus may predict health status of mTBI survivors in

subsequent months. It is also possible that precuneus thickness

changes are linked to memory deficits reported after mTBI. Pre-

cuneus is involved in episodic memory retrieval,54 and the cortical

thickness of a region in the right precuneus was positively corre-

lated with the response time and errors of a working memory task in

children without TBI.24 Moderate to severe TBI altered these re-

lationships in children as early as 4 days after head trauma.24

Cortical thickness of a region including the left precuneus has been

positively correlated with performance on a declarative memory

task in adult survivors with severe TBI.22 This possible link to

memory function remains interesting but speculative because we

did not assess memory function.

We did not explore the mechanisms that may contribute to

cortical thickening in the current pilot study, but several possibil-

ities in this context can be considered. In animal studies, regional

micro-edema has been found in thickened cortical regions within

a day after cortical impact.21 In the current study, we identified

cortical thickening in rMFG and precuneus areas that are vul-

nerable to direct impacts from coup/contrecoup injury in frontal-

rear axis head injury.31,55 If the mTBI caused a local release of

excitotoxins from damaged cells in these regions,56 these in turn

can contribute to inflammatory reactions, possibly including

micro-edema.57–59 Consistent with this possibility, a recent study

reported elevated cortical fractional anisotropy in similar regions,

14 days to 4 months after mTBI, which could also be the conse-

quence of cytotoxic edema.16 Acute cerebral inflammatory reac-

tions have been reported to resolve within months after injury and

likewise thickened cortical regions in animal studies underwent

thinning over 21 days with reduction of micro-edema.21 Our

finding of subsequent thinning of the initially thickened left rMFG

region over 3 months after MVC may reflect similar dynamics and

recovery from early inflammatory reactions.

Localized micro-hemorrhages may also contribute to the pre-

cuneus thickening we found. The thickened right precuneus region

lies within the mesial extent of BA 7 that is bordered by the falx

cerebri in the interhemispheric fissure and nearby sagittal sinus and

bridging veins. Front-end MVCs frequently cause intracranial

hemorrhages adjacent to the falx, likely from the movement of the

brain against the falx.31 Thus, given the fact that a majority of our

survivors experienced frontal or rear collisions, direct cerebral

contusion or micro-hematoma may have contributed to cortical

thickening in this region, a possibility that will need to be confirmed

in the future studies.

Unlike the progressive reversal of focal thickening in rMFG

over the initial 3 months after MVC, the focally thickened pre-

cuneus region did not show thinning over the subsequent 3 months

in the current study. Another study did find reductions of gray

matter volume (measured based on cortical thickness and surface

area) and density (volume-based morphometry) in the right pre-

cuneus 1 month to 1 year post-injury, raising the possibility that

duration of recovery may be a factor contributing to these dif-

ferences in findings.26

The reported low resolution T2*-weighted echo planar images

are only suitable clinically for the diagnosis of large hematomas.

Detecting micro-hemorrhaging and edema underlying subtle cor-

tical thickness changes may necessitate quantitative vertex-based

analyses of concurrent high-resolution and sensitive diffusion- and

susceptibility-weighted images. These mechanisms remain specu-

lative until examined by future studies.

Early cortical thinning in mTBI survivors after MVCs

Regarding the thinning we found in the left pMTG in mTBI

survivors compared with non-mTBI survivors at an average of 7

days after MVC, no significant relationship between thinning in

this area and functional symptomatology was found in our cohort.

The affected region is located at the junction of BA 21, 20, and 37.

This region has been linked to higher-level modality-nonspecific

language processing and word generation,60,61 as well as rea-

soning.62 Thinning in this region might affect language genera-

tion and similar functions in mTBI survivors, which in turn could

contribute to impairment of cognitive and social functions in

mTBI survivors. These possibilities raise issues to be addressed in

future studies.

This pilot study did not examine the mechanisms of early cor-

tical thinning after an mTBI, but we have some conjectures based

on existing literature. The mechanism of cortical thinning could

involve cell loss because cortical thickness is related to cell den-

sity,63 and chronic cortical thinning after mild, moderate, or severe

TBI has been attributed to loss of cells or neuritis.22,23,52 Similar

atrophic changes have been detected in some cortical regions at 3

days after mTBI in a mice model,64 which raises the possibility

that cortical thinning because of atrophy may start in the early

post-mTBI period. Other pathological mechanisms to consider for

explaining cortical thinning at an early stage after mTBI would

include vascular changes,65 and acute (less than 72 h) hypoperfu-

sion, as has been reported in the cortex of concussed survivors with

persistence in several survivors over the following months.58,66–68

Acute hypoperfusions are attributed to reversible micro-

vasoconstriction in a rat model of mTBI,69 and acute vasocon-

striction has been reported within an hour after TBI in human

survivors with subarachnoid hemorrhage.70,71 Further, even

transient hypoperfusion may produce prolonged changes in cor-

tical thickness as evidenced by decreased cortical thickness and

less fMRI activation in rats at 4 months after a single episode of

hypoxia-ischemia.72 Future studies that simultaneously measure

cortical thickness and perfusion at an early stage after mTBI may

shed light on this relationship.

Limitations

Our current study has meaningful limitations. First, the number

of subjects involved in both imaging sessions is modest, and the use

of trauma-exposed controls does not allow assessment of non-

specific trauma factors. A trauma-free healthy control group is

needed for identifying these effects on cortical structures. Second,

effects of other confounding factors (e.g., previous head trauma,

handedness) also need systematic investigation. These factors may

have limited our ability to detect more subtle progressive changes

after mTBI. Further, we have only limited data regarding functional
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significance of the cortical changes we have observed. Future

studies should use additional functional outcome measures in

combination with advanced imaging analyses. Finally, while we

have used advanced cortical surface-based analysis to address a gap

in current knowledge of early cerebral cortical changes in mTBI

survivors, the current study was limited to examining neocortex.

Subcortical and archicortical structure were excluded from the

current analysis. We plan to examine the structural alterations in

other brain structures using different analytical approaches.

Conclusion

Cortical thickness changes detected in the current study suggest

that structural cortical alteration may occur at early post-mTBI

stages and these cortical changes might be linked to functional

outcomes in mTBI survivors. It has been suggested that cortical

reactions to mTBI are dynamic over the initial period. We have

detected changes in the thickness of the frontal region over time

that is consistent with this viewpoint. The specific correlation of

thickness in precuneus, the severity of early traumatic stress

symptoms, and the number of reduced usual activity days during

the initial 3 months suggest possible links between cortical thick-

ness and specific post-mTBI symptomology. The predictive value

of early cortical structural findings may ultimately prove to be of

clinical usefulness.

The promising results of this pilot study raise many interesting

possibilities for future investigations. Additional studies of cortical

thickness in larger samples are needed to further examine early

cortical alteration after mTBI and its contribution to symptomatology

and functional outcomes of mTBI survivors. Quantitative analyses of

high-resolution diffusion- or perfusion- and susceptibility-weighted

images can explore the mechanisms of structural changes. It is also

important to examine the relationship between alterations of cortical

thickness and severity of TBI.
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