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Reduced Brainstem Volume After Mild Traumatic Brain Injury

Eunkyung Kim, PhD, Han Gil Seo, MD, PhD, Hyun Haeng Lee, MD, Seung Hak Lee, MD, PhD,

Seung Hong Choi, MD, PhD, Roh-Eul Yoo, MD, PhD, Won-Sang Cho, MD, PhD, Seo Jung Yun, MS,
Min-Gu Kang, MD, and Byung-Mo Oh, MD, PhD
What Is Known

• There have been inconsistent reports on whether
concussion causes structural brain changes and
whether these changes correlate with the severity of
postconcussion symptoms.

What Is New

• Individuals with concussion had reduced brainstem
volume, particularly in the pontine reticular forma-
tion. Time post-injury was not significantly associated
with regional volume changes. Neurocognitive func-
tions, such as memory and executive function, were
positively correlated with regional cerebral volume
changes, which means that the smaller regional vol-
ume is related to worse cognitive performance after
injury.
Objective: The aims of this study were to investigate changes in regional
brain volume after concussion (mild traumatic brain injury) and to examine
the relationship between change in brain volume and cognitive deficits.
Design: Twenty-eight patients with mild traumatic brain injury and 27
age-matched controls were included in this study. Magnetic resonance
imaging (3 T) data were obtained from the participants. Structural
brain volume changes were examined using tensor-based morphome-
try, which identifies regional structural differences in the whole brain,
including cerebrospinal fluid, gray matter, and white matter. Volume
contraction and expansion were compared between groups using a
two-sample t test. The association between time post-injury or neuro-
cognitive function and volumetric changes was examined using re-
gression analysis.
Results: Individuals with mild traumatic brain injury exhibited vol-
ume reduction in the brainstem, including the pontine reticular forma-
tion. Regional cerebral volume changes were not associated with time
post-injury but were significantly associated with neurocognitive
function, especially with executive card sorting test, forward digit span
test, and performance on verbal learning test. The greater regional ce-
rebral volume was associated with better cognitive performance after
mild traumatic brain injury.
Conclusion:Decreased brainstem volumemay indicate its vulnerabil-
ity to traumatic injury, and cerebral volume in specific regions was
positively associated with patients’ cognitive function after injury.
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M ild traumatic brain injury (mTBI), also known as concus-
sion, is still underrecognized despite its high incidence

rate and clinical significance.1 Many individuals with mTBI
experience cognitive deficits,2 which can last for more than a
month. However, computed tomography and magnetic reso-
nance imaging (MRI) of the brain do not reveal conspicuous
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abnormal findings, such as contusion or hemorrhage, after
mTBI, even in patients with severe symptoms. Technical ad-
vances in neuroimaging have aided in the detection of subtle
structural brain changes and its association with cognitive defi-
cits after mTBI. It has been reported that patients with mTBI ex-
hibit significant changes in brain volume, particularly reduced
volume of the gray and white matter.3 Neurocognitive measures
of memory, attention, and various postconcussive symptoms are
significantly associated with regional changes in brain volume
after mTBI.3 It has also been postulated that structural brain
changes after mTBI should be considered in the context of time
post-injury, which may reflect compensatory remodeling of cor-
tical regions correlated with cognitive performance after the in-
jury.4 Notwithstanding these clinical findings, there is one study
that reported no structural volume changes after mTBI.5 Further
studies are still needed to identify useful imaging biomarkers for
diagnosing and predicting mTBI outcomes.
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In previous studies, structural volume changes after trau-
matic brain injury (TBI) have been examined using several
approaches: region-of-interest (ROI) analysis,6 whole-brain
voxel-based morphometry (VBM) analysis,3,4 and tensor-based
morphometry analysis (TBM).5 The first approach ignores other
brain areas except the ROI. The second approach analyzes the
brain based on different tissue types, such as gray andwhite mat-
ter. TBM captures regional structural changes in the whole brain
without analyzing brain tissue subtypes independently. Be-
cause of this advantage, TBM has been successfully used
for the evaluation of structural changes in the injured brain,
which makes it harder to separate brain tissue subtypes.7 In
addition, TBM offers good registration results with highly
deformable transformation models over VBM.8 It can avoid
the complicated process of the independent analysis of brain tis-
sue subtypes, which can increase the possibility of false-positive
ratio. Therefore, TBM has the advantage of assessing struc-
tural changes in the whole brain of mTBI patients. Among
the seven observational (cross-sectional and longitudinal)
studies that examined brain changes after TBI, only one fo-
cused on mild injury.5,7,9–13 The study found no difference
between the mTBI group and controls and between the initial
and follow-up scans.5

The aims of this study, therefore, were to examine changes
in brain volume after mTBI and to determine the relationship
between changes in brain volume and time post-injury and be-
tween brain volume changes and cognitive deficits, using
TBM. Based on previous volumetric studies on mTBI, the fol-
lowing hypotheses were considered: (1) reduced brain volumes
would be observed in patients with mTBI compared with con-
trols, (2) regional brain volume may be significantly associated
with time post-injury, reflecting vulnerability of the brain to in-
jury or cortical plasticity,14 (3) regional brain volume changes
would be significantly associated with neurocognitive mea-
sures inmTBI patients, and (4) volume changes in white matter
would be greater than in gray matter, reflecting diffuse axonal
injury due to mTBI.15

METHODS

Participants
This retrospective study was approved by the institutional

review board of the hospital and has beenwritten in accordance
with the Strengthening the Reporting of Observational Studies
in Epidemiology guidelines (see Checklist, Supplemental Dig-
ital Content 1, http://links.lww.com/PHM/B117). Of the 120
patients who visited the concussion clinic between October 2016
and February 2018, 28 patients with mTBI (9 men; mean ±
SD age, 47.4 ± 10.4 yrs) were included (Fig. 1). In this study,
mTBI was defined by the following criteria: loss of conscious-
ness (<30 mins), posttraumatic amnesia (<24 hrs), mental sta-
tus change, or focal neurological deficits. Most of the patients
visited the hospital several days after the accident because of
persisting symptoms; therefore, Glasgow Coma Scale score
within 24 hrs after injury was unavailable in many cases. Be-
cause this study was designed to retrospectively analyze elec-
tronic medical records and information on the clinical,
behavioral, and cognitive symptoms, written informed consent
was not obtained from the patients, as the institutional review
board waived this requirement.
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Control patients were selected from the radiology report
database.16 The patients had visited the outpatient clinic of
the neurology department for various neurologic symptoms,
particularly for mild headache or migraine, and had undergone
MRI between October 2016 and June 2017. In total, 27 age- and
sex-matched subjects (8men; 48.3 ± 11.6 yrs old) were included
in this study as controls. Age matching was achieved through
10-yr age stratification. One mTBI patient had no matched con-
trol. The control group showed no abnormalities or had few non-
specific mild T2 high-intensity signals onMRI scans and had no
previous history of trauma or other serious illnesses outside the
brain that might potentially cause neurologic dysfunction.16

Data are available upon reasonable request.

Clinical Assessment
The patients’ symptoms and status were routinely assessed

using several clinical assessment tools and questionnaires, includ-
ing the Rivermead Post-Concussion Symptom Questionnaire
(RPCSQ),17 Extended Glasgow Outcome Scale,18 Patient Health
Questionnaire-9 (PHQ-9),19 and Computerized NeuroCognitive
Function Test (CNT40; MaxMedica, Seoul, Korea).20–22 The
RPCSQ is devised to measure symptom severity by asking pa-
tients to rate the degree of symptoms on a scale of 0 to 4 on 16
items. The ExtendedGlasgowOutcome Scale is ameasure of dis-
ability and recovery after TBI comprising 19 items. The PHQ-9
measures depression with nine items. The CNT incorporates an
auditory continuous performance test (attention), averbal learning
test (memory), a digit span test (memory), and a card sorting test
(executive function).

Outcome measures included the following: the number of
correct responses and commission errors in the auditory con-
tinuous performance test; the number of words recalled in the
first trial (A1), in the fifth trials (A5), and after 20 mins (de-
layed recall) in the verbal learning test; the number of digit
span of the subject in the forward and backward digit span
tests; and the perseverative rate of set-shifting in the card
sorting test. The t scores, which have a mean of 50 and a stan-
dard deviation of 10, based on age-matched normative sam-
ples, were provided.20–22 The response validity of the test has
been previously assessed.20–22

Not all participants underwent all tests, and data were ob-
tained retrospectively. Detailed characteristics of the patients
are summarized in Table 1 and Supplemental Digital Content
Table 1 (Supplemental Digital Content 2, http://links.lww.com/
PHM/B118). Cognitive test scores could not be obtained from
the control subjects because they were selected retrospectively.

Image Acquisition
Brain imaging data were obtained using a Discovery

MR750w 3.0 T scanner (General Electric Healthcare,
Milwaukee, WI) equipped with a 32-channel head coil. Struc-
tural T1 imageswere acquired using a sagittal three-dimensional
fast spoiled gradient-recalled-echo acquisition protocol with the
following parameters: image matrix, 256 � 230 mm; voxel
size, 1 mm3; field of view, 256 mm; flip angle, 12 degrees; rep-
etition time, 8.5 msecs for 18 patients and 16 controls,
8.6 msecs for nine patients and six controls, 8.4 msecs for
one patient and two controls, and 8.7 msecs for one control;
and echo time, 3.2 msecs for all patients and controls. Two
© 2020 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 1. Flowchart of selecting individuals with mTBI in the study.
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controls had the same parameters with repetition time of 8.5 and
8.6 msecs and image matrix of 256 � 256 mm. The numbers of
sagittal slices spanning the whole brain differed slightly among
the subjects, depending on brain size (from 146 to 182 slices).
Data Preprocessing
All structural T1 images were manually inspected to de-

tect high signal noise or motion artifacts. After realigning the
anterior and posterior commissure line using the Statistical
Parametric Mapping tool (SPM12; http://www.fil.ion.ucl.ac.
uk/spm/software/spm12/), the intensity inhomogeneity of the
images was N3-corrected using c3d (http://www.itksnap.org).
The structural images were skull-stripped and linearly regis-
tered to the International Consortium for Brain Mapping
© 2020 The Author(s). Published by Wolters Kluwer Health, Inc.
template (ICBM-53), with the nine-parameter transformation
using mutual information as the similarity function. The linearly
registered subject imageswere used to construct a study-specific
template using symmetric normalization (SyN) through Ad-
vanced Normalization Tools.23 Only the images of control sub-
jects were used to create the study-specific template. The
linearly registered structural T1 images were nonlinearly aligned
to the study-specific template using SyN algorithm.23 The de-
formation and Jacobian determinant maps, representing local
shape changes from the individual T1 images to the stereotaxic
template image, were then estimated. Jacobian determinant
values lower than 1 indicate volume contraction, whereas values
higher than 1 indicate volume expansion. For statistical analy-
ses, the Jacobian determinant maps of the two groups were
log-transformed.
www.ajpmr.com 475

http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
http://www.itksnap.org


TABLE 1. Characteristics of patients

ID Sex Age, years GCS LOC PTA
Duration,

days RPCSQ GOSE PHQ-9 Mode of Injury

Previous Mental
Health

Information

Age of the
Matched
Control

01 F 69 15 – <5 mins 50 NA NA NA Car accident – 67
02 F 60 15 – – 60 32 6 8 Struck by object – 60
03 F 46 15 <30 mins <30 mins 56 NA NA NA Pedestrian car accident – 45
04 F 53 15 <5 mins 1 hr 201 37 6 9 Pedestrian car accident – 52
05 M 47 15 – – 130 NA NA NA Struck by object – 55
06 M 48 15 <1 min <5 mins 65 NA NA NA Struck by object – 58
07 F 41 NA – – 34 45 5 18 Car accident – 41
08 M 53 15 – <10 mins 36 30 5 7 Car accident – 60
09 F 54 15 <5 mins <24 hrs 108 41 6 19 Struck by object – 53
10 F 60 15 <30 mins <10 mins 150 39 6 7 Fell down – 63
11 F 54 15 <30 mins <24 hrs 107 56 5 18 Struck by object – 56
12 F 56 15 – 1 hr 31 25 7 5 Fell down – 56
13 F 49 NA 5–10 mins 3–5 mins 46 NA NA NA Struck by object – 49
14 F 56 15 – – 35 NA NA NA Struck by object NA 56
15 M 44 NA <30 mins <2 hrs 126 43 5 14 Pedestrian car accident – 45
16 M 35 15 <10 mins <24 hrs 162 28 5 12 Car accident NA 33
17 F 50 NA <30 mins <1 hr 66 26 6 4 Pedestrian car accident – 50
18 M 37 15 – – 31 36 NA 11 Struck by object – 36
19 M 45 15 <5 mins – 75 46 5 23 Car accident – 46
20 F 57 15 <1 min – 51 59 5 24 Car accident – 58
21 F 30 15 – <10 mins 26 NA NA NA Car accident – 28
22 F 46 NA <30 mins <3 hrs 57 NA NA NA Bicycle accident NA 45
23 F 31 15 <1 min – 45 34 5 12 Car accident – 34
24 F 24 15 – <1 min 25 36 6 10 Car accident – 23
25 M 47 NA 20 mins – 287 NA NA NA Struck by object – –
26 F 58 NA – – 51 25 5 10 Fell down Depression 58
27 F 40 15 <1 min – 33 33 5 13 Pedestrian car accident – 38
28 M 36 NA 5 mins – 18 25 5 6 Fell down – 34

NA for the GCS indicates “not available” because the patients visited outpatient clinics in postacute phases. NA for previous mental health information indicates

“not available” because therewas no information in the electronic medical records. Only scores measured within a month before or after brain scanning are presented

here.

GCS indicates Glasgow coma scale; LOC, loss of consciousness; PTA, posttraumatic amnesia; GOSE, Extended Glasgow Outcome Scale; F, female; M, male;

NA, not available.
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Statistical Analyses
Statistical analyses were performed using the SPM12 soft-

ware. Statistical significance was set at an uncorrected P < 0.001,
with a cluster-based family-wise error rate correction P < 0.05.
Age and total intracranial volumewere used as nuisance variables
in all statistical tests.

Comparing Volumes Between the Groups
Volume contraction and expansion were compared be-

tween the groups using the log-transformed Jacobian determi-
nant maps and a voxel-wise two-sample t test.

Brain Volume Correlation with Time Post-injury or
Neurocognitive Performance

The effect of time post-injury on structural brainvolumewas
examined using voxel-wise regression analysis. Two-sample t test
was also performed after dividing the individuals with mTBI into
two groups: early (<60 days) and late (≥60 days) phases after
476 www.ajpmr.com
injury. The 60 days cut-off was chosen to represent the optimal
value for early and late phases after injury in this study, which
was similar to the median value of time post-injury (53.5 days
in 28 mTBI patients). The association between neurocognitive
function measured using the CNT in patients with mTBI and
brain volumewas examined using voxel-wise regression analysis.
To investigate the volume difference between the mTBI and con-
trol groups, especially the brain regions that showed a significant
correlation between regional volume and cognitive scores in the
mTBI patients, the averaged log-transformed Jacobian determi-
nant values of the given regionswere calculated and compared be-
tween the groups using an in-house MATLAB (Mathworks,
Natick, MA) script. Attempts were also made to identify the most
probable anatomical localization of whitematter tracts to examine
what areas the observed white matter volume belonged to and to
compare the results with those in previous diffusion tensor imag-
ing studies. Using the atlasquery tool of the FMRIB Software Li-
brary (https://fsl.fmrib.ox.ac.uk), the “JHU ICBM-DTI-81 white
matter labels” was used as an ROI atlas. Among the 48 white
© 2020 The Author(s). Published by Wolters Kluwer Health, Inc.

https://fsl.fmrib.ox.ac.uk


Volume 100, Number 5, May 2021 Reduced Brainstem Volume After Mild TBI
matter tract labels, the tracts with clusters at greater than 1% prob-
ability were reported in this study.

Correlation Among Other Clinical Assessment
The relationship between the outcomes of clinical assess-

ment of mTBI patients and the time post-injury using Pearson
correlation analysis was additionally analyzed. The number of
inputs in this correlation analysis was different in each case be-
cause not all individuals with mTBI underwent all tests. Statis-
tical significance was set at P < 0.05.
RESULTS

Subject Characteristics
The period between injury and brain MRI (i.e., time

post-injury) ranged from18 to 287 days (mean, 77.2 ±62.3 days).
No abnormal findings were observed on MRI with T1-weighted
and susceptibility weighted imaging, except for one patient who
had a tiny old lacunae infarction of the left thalamus, which was
not associated with the symptom after mTBI. The means and
standard deviations of the RPCSQ, Extended Glasgow Outcome
Scale, and PHQ-9 of the patients were 36.6 ± 9.9, 5.4 ± 0.6, and
12.1 ± 5.9, respectively.

Volume Contractions Observed in the
mTBI Group

The ratio of the mean volume in the mTBI group compared
with the control group is visualized in Figure 2. Brainstem vol-
ume was significantly reduced in the mTBI group compared
with the control group (Fig. 3). Volume contraction was promi-
nent mostly around the pontine reticular formation. No volume
expansion was observed. Using the atlasquery tool, the white
matter tracts with volume contraction included the left superior
and bilateral middle cerebellar peduncles, pontine crossing tract,
bilateral corticospinal tracts, and left cerebral peduncle.

Effects of Time Post-injury on Regional
Brain Volumes

Overall, there was no significant association between the
time post-injury and structural brain changes in themTBI group.
No significant difference was observed between mTBI patients
in the early (<60 days) and late (≥60 days) phases after injury.

Association of Regional Brain Volumes with
Neurocognitive Function

Neurocognitive function, assessed using the CNT test, re-
vealed a significant association between regional brain volume
and CNT subtests’ results, including the card sorting test, for-
ward digit span test, and verbal learning performance (A5 and
delayed recall). Brainstem volume reduction in patients with
mTBI did not correlate with neurocognitive function scores.

The executive function assessed by the card sorting test
demonstrated a positive correlationwith volume in the right su-
perior and middle temporal areas (Table 2, Fig. 4A). No white
matter tracts related to these areas were identified.

Forward working memory performance demonstrated a
positive correlation with volume in the left globus pallidus, pu-
tamen, and middle frontal areas (Table 2, Fig. 4B). The right
© 2020 The Author(s). Published by Wolters Kluwer Health, Inc.
posterior limb and the retrolenticular part of the internal cap-
sule, and the external capsule were identified as the white
matter tracts relevant to the above-mentioned structures.

Verbal learning performance measured using the A5 test
demonstrated a significant positive correlation with the volume
of the right frontal subgyral and left cingulate regions (Table 2,
Fig. 4C). The atlasquery tool revealed that the white matter
tracts contained in these areas included the body of corpus
callosum, bilateral superior and posterior corona radiata, and
right superior longitudinal fasciculus.

The delayed recall performance demonstrated a positive
correlationwith the volume of the right frontal, bilateral limbic,
and left temporoparietal lobes and right sublobar areas. It in-
cluded bilateral cingulate and right putamen areas (Table 2,
Fig. 4D). The body, genu, and splenium of the corpus callosum,
bilateral superior, anterior and posterior corona radiata, right ex-
ternal capsule, left cingulum, right superior longitudinal fascicu-
lus, and superior fronto-occipital fasciculus were the relevant
white matter tracts of the observed structures.

The averaged Jacobian determinant value of the brain
areas that were significantly correlated with the CNT subscores
was not different between groups in each test (P > 0.05).

Association Between the Outcomes of Clinical
Assessment and Time Post-injury After mTBI

The time post-injury did not show a significant correlation
with the neurocognitive function assessed by the CNT test, the
post-injury psychiatric status assessed by the PHQ-9, and the
subjective complaints after injury assessed by the RPCSQ
(P > 0.05). The post-injury psychiatric status after mTBI showed
a significant association with the outcomes of RPCSQ (r = 0.83,
P < 0.00001) and the correct response of the auditory continu-
ous performance test from the CNT test (r = −0.56, P = 0.03).
There was no significant relationship between the outcome of
RPCSQ and neurocognitive performance (P > 0.05).
DISCUSSION
Approximately 80% of the estimated 69 million people

who sustain a TBI every year have mTBI.1 In many countries,
a considerable number of mTBI patients are treated by physiat-
rists and receive rehabilitation services for variable physical
and cognitive complaints. This highlights the importance of
concussion management in practice by physiatrists. As a basis
for understanding and searching for an optimal rehabilitation
strategy for physiatrists, this study aimed to investigate the
structural brain changes after mTBI using TBM. To the au-
thors’ knowledge, this present study is the first to demonstrate
that brainstem volume is reduced in mTBI patients compared
with controls. A previous study showed that brainstem volume
in mTBI patients was reduced over time but did not reveal sig-
nificant differences when compared with controls.24 The result
from the present study is consistent with previous findings ob-
served in more severe TBI patients.10 It is interesting to note
that cerebral volume was not significantly different in individ-
uals with mTBI and controls despite the previous evidence.3

The methodologic difference between the two studies could ac-
count for the observed differences. Previous studies showing
reduced cerebral volume after mTBI used VBM or ROI analy-
ses, which did not include the entire brainstem.3,4 The present
www.ajpmr.com 477



FIGURE 2. Ratio of the mean volume in the individuals with mTBI relative to that of controls. Percentage difference between the average volumes of
the two groups were visualized in blue-red representing volume contraction and expansion compared with the controls.
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results suggest that the brainstem, rather than other cerebral re-
gions, is more vulnerable after mTBI, given that the primary
axis of the brainstem crosses at the rostro-caudal axis of the
brain.25 The brainstem has been recognized as the primary site
of damage and dysfunction related to TBI.26 The excessive
shear stress around the brainstem caused by the trauma27

may lead to extensive loss of brainstem volume without signif-
icant contraction of cerebral volume. Brainstem white matter
degeneration after a traumatic event has been observed in ani-
mal studies.28,29

In addition, loss of consciousness—a cardinal sign of
mTBI—is believed to be related to the transient disruption of
brainstem function.30 It has been reported that the Glasgow
Coma Scale, which measures the state of consciousness, is as-
sociated with the location of traumatic axonal injury lesions in
the brainstem (i.e., unilateral and bilateral side) in patients with
moderate to severe TBI.31 In a previous study, volume contrac-
tion of the brainstem was related to symptoms after TBI, such
as processing speed on aworkingmemory task32 and poor pos-
tural controls.33 However, in the present study, changes in
brainstem volume after mTBI did not correlate with cognitive
performance. In addition, the relationship between structural
brain volume and RPCSQ scores was analyzed. The additional
analysis showed that there was no significant relationship be-
tween brain volume changes and subjective TBI complaints.
This study did not assess postural control in these patients.
FIGURE 3. Comparison of volume changes between the mTBI and the cont
individuals with mTBI was compared with controls (uncorrected P < 0.001; w
the areas where volume contraction was observed in the mTBI group.
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The lack of significant correlation between brainstem volume
and cognitive performance or subjective complaints after
mTBI might be a result of the analytical method used in this
study. TBM considers individual voxel as a unique statistical
measurement, and the small association measure may easily
disappear when multiple comparison correction is applied. In
contrast, the ROI analysis could be useful in detecting the asso-
ciation between such compact compartments and the cognitive
performance, which was already reported in the previous
study.32 The brainstem has been known to be involved in tonic
attention,34 but a specifically designed test for assessing tonic
attentional performance was not used in this study. The
brainstem may also be associated with executive function, with
its many connections with the cerebellum and the frontal/
subcortical system. A study of healthy participants demon-
strated high connectivity between the brainstem and executive
control network.35 However, no significant associations be-
tween cognitive functions and brainstem volume changes were
found in this study. Further studies are needed to examine the
relationship between cognitive performance, subjective symp-
tom complaints, autonomic dysfunctions, and poor postural
control and volumetric changes in the brainstem, by using spe-
cific cognitive tests relevant to brainstem function in a diverse
methodological framework.

Investigating the effect of time post-injury on regional vol-
ume was one of the goals in the present study; there was no
rol groups using tensor-based morphometry. Volume contraction in
ith cluster-based family-wise ratio correction, P < 0.05). Blue represents

© 2020 The Author(s). Published by Wolters Kluwer Health, Inc.



TABLE 2. Association of regional brain volumes with neurocognitive performance measured by the CNT

Contrast Cluster Peak T

MNI Coordinates

Region Tissue Type Lobex y z

Card sorting test
1195 6.86 58 2 −10 Superior temporal gyrus White matter Temporal lobe

6.11 47 0 −12 Insula * Sublobar
4.70 54 14 −5 * * Fronto-temporal space
4.04 58 −7 −13 Middle temporal gyrus White matter Temporal lobe
3.92 56 4 −2 Superior temporal gyrus Gray matter Temporal lobe

Forward digit span test
1671 7.72 −13 5 −11 Lentiform nucleus Gray matter Sublobar

7.61 −4 15 −13 Extra-nuclear White matter Sublobar
4.17 −24 8 −12 Lentiform nucleus Gray matter Sublobar

1199 7.44 31 −16 13 Extra-nuclear White matter Sublobar
4.18 31 −28 9 Extra-nuclear White matter Sublobar

1323 6.98 −39 32 37 Middle frontal gyrus Gray matter Frontal lobe
5.12 −26 32 44 Middle frontal gyrus Gray matter Frontal lobe
4.71 −44 34 28 Middle frontal gyrus White matter Frontal lobe

Verbal learning test; A5
3214 7.37 35 −31 27 Extra-nuclear White matter Sublobar

4.51 31 −20 35 Subgyral White matter Frontal lobe
1092 7.33 −17 −30 36 Cingulate gyrus White matter Limbic lobe

4.06 −28 −21 33 Subgyral White matter Frontal lobe
Verbal learning test; delayed recall

5307 7.54 −18 −33 37 Cingulate gyrus White matter Limbic lobe
7.01 −7 −35 29 Cingulate gyrus White matter Limbic lobe
6.91 −23 −48 29 Subgyral White matter Parietal lobe
5.80 −23 −55 20 Subgyral White matter Temporal lobe
5.63 3 −33 27 * * *
5.01 −32 −54 14 Subgyral White matter Temporal lobe

1712 6.89 26 14 6 Extra-nuclear White matter Sublobar
5.11 34 3 8 Extra-nuclear White matter Sublobar
4.73 26 2 −8 Lentiform nucleus Gray matter Sublobar

11211 6.71 20 21 18 Extra-nuclear White matter Sublobar
6.57 21 8 21 Extra-nuclear White matter Sublobar
6.31 19 −28 37 Cingulate gyrus White matter Limbic lobe
6.08 17 33 −2 Extra-nuclear White matter Sublobar
5.76 9 33 2 Extra-nuclear White matter Sublobar
5.66 30 −28 31 Subgyral White matter Frontal lobe

1671 4.93 −17 24 32 Cingulate gyrus White matter Limbic lobe
4.66 −22 11 29 Subgyral White matter Frontal lobe
4.56 −18 30 24 Cingulate gyrus White matter Limbic lobe

*No relevant region, tissue type, or lobe corresponds to the MNI coordinates.

MNI indicates Montreal Neurological Institute.
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association between time post-injury and brain volume in the
mTBI group. The absence of association was similarly ob-
served when the mTBI group was divided into early and late
phases of injury. The rigorous statistical criterion of multiple
comparison, i.e., the cluster-based family-wise ratio correction
applied in the relatively small sample size data in the present
study might account for the findings. There was increased vol-
ume in the white matter area near the right hippocampal gyrus
in the mTBI group with the late phase of injury (≥60 days)
compared with the early phase (<60 days) (uncorrected
P < 0.001) within a cluster of an extent threshold of k > 100
(see Supplemental Digital Content Fig. 1, Supplemental Digital
© 2020 The Author(s). Published by Wolters Kluwer Health, Inc.
Content 3, http://links.lww.com/PHM/B119). In the additional
analysis, the mTBI group with early phase of injury did not
show increased volume in the brain compared with those with
late phase of injury. The result was consistent with previous
studies showing time-dependent plastic changes of the brain,
represented by increased brain volume in mTBI patients.4,24,36

The present results showed a significant positive correla-
tion between regional volume and cognitive performance in
specific brain areas, many in the white matter regions, includ-
ing the corpus callosum, corona radiata, and superior longitu-
dinal fasciculus. These brain areas, previously reported to
experience brain volume reduction, are notoriously vulnerable
www.ajpmr.com 479
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FIGURE 4. Regression analysis of the relationship between regional brain volume and neurocognitive performance. The brain areas show a significant
positive correlationwith (A) executive function assessed using the card sorting test, (B) memory function assessed using the forward digit span test, (C)
A5 verbal learning test, and (D) delayed recall verbal learning test (uncorrected P < 0.001;with cluster-based family-wise ratio correction, P < 0.05). The
hot color map represents the brain region where its volume is positively correlated with cognitive scores. The scatterplots display the correlation
between the averaged log-transformed Jacobian determinant values of the brain areas in the individuals with mTBI and the T scores of (A) the card
sorting test, (B) forward digit span test, (C) A5 verbal learning test, and (D) delayed recall verbal learning test.
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to injury.37 Nevertheless, in the present study, there was no sig-
nificant volume contraction or enlargement in these brain areas
in the mTBI group compared with the control group. The re-
sults indicate the possibility that regional brain volume progres-
sively recovers to normal after mTBI. This finding is similar to
the one from a previous study that reported an association of in-
creased volume with better cognitive performance.36 In another
study, moderate-severe TBI group was divided into TBI-slow
and TBI-normal subgroups, depending on the evidence of func-
tional recovery. Longitudinally, the TBI-slow group exhibited vol-
ume contraction, whereas the TBI-normal group exhibited
volume expansion in several white matter areas.9

Executive function assessed using the card sorting test was
positively correlated with the volume of the right superior and
middle temporal areas. These results were similar to those in a
previous study reporting a positive correlation between the vol-
ume of the superior temporal area and the results of the
Wisconsin Card Sorting test.38 In the forward digit span test,
the observed regions were the left globus pallidus, putamen,
and middle frontal area, which were positively correlated with
working memory capacity in the previous functional MRI
study.39 The brain areas in which volumes are correlated with
cognitive test scores are relevant to that function.

Likewise, in the delayed recall test, the observed regions
were mostly in the fronto-limbic-temporal areas, encompassing
both gray and white matter tissues, and the sublobar areas, in-
cluding the corpus callosum and putamen. The fronto-limbic-
temporal areas are the brain regions in which the greatest
stress-strain actions occur after TBI.40 Cognitive impairment is
480 www.ajpmr.com
frequently observed in TBI patients with reduced volume in
the frontotemporal areas.4

The results of this study showed that a significant correla-
tion between specific brain regional volume and neurocogni-
tive performance was observed mostly in the white matter
areas rather than gray. In the case of the A5 and delayed recall
tests, several white matter tracts belonged to the observed
areas, such as the corpus callosum, the bilateral corona radiata,
right external capsule, left cingulum, right superior longitudi-
nal fasciculus, and superior fronto-occipital fasciculus. These
were consistently observed in white matter tracts in the mTBI
group with altered white matter integrity.13 In a case series in-
vestigating severe TBI, the fractional anisotropy value in the
corpus callosum was positively correlated with neurocognitive
function test performance, such as reading fluency, math
scores, and verbalworkingmemory scores.41 Fractional anisot-
ropy in the left anterior corona radiata is positively correlated
with attentional control in the patients with mTBI.42 Although
changes in volume and tissue integrity are different phenom-
ena, they may be related to one another. For example, the re-
duced compression of axonal tracts could be due to heavy
atrophy in the surrounding areas.10 However, the exact nature
of the relationship remains unclear; therefore, it can only be
speculated whether white matter tracts with altered integrity
also have altered volumetric changes after TBI.

In the present study, time post-injury was not correlated
with cognitive scores, depression, and post-injury complaints
after mTBI. Because this study was a cross-sectional study that
analyzed retrospectively obtained data, initial symptom severity
© 2020 The Author(s). Published by Wolters Kluwer Health, Inc.
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might have affected the results of analysis of time post-injury.
Longitudinal studies are necessary to investigate this relation-
ship. It seems that RPCSQ scores, which encompassed the
question about depression, were positively correlated with de-
pressive mood after mTBI assessed by PHQ-9 test. The result
suggests that the individuals with mTBI who have depressive
mood also experience more severe subjective symptoms
caused by the injury. In addition, the individuals with mTBI
who have higher PHQ-9 scores showed lower cognitive perfor-
mance, assessed by the correct response of the auditory contin-
uous performance test. This highlights the importance of
psychiatric symptoms, which influence or are associated with
subjective complaints and cognitive function after mTBI, re-
gardless of the duration of time post-injury. The results indicate
that depression in mTBI patients can impair improvement of
affected domains.

There were several limitations to the present study. First,
because of the high heterogeneity of TBI in terms of type
and severity, the results of this study may not necessarily be
generalizable. The present results showed no significant asso-
ciation between time post-injury and structural brain changes,
and there was no significant difference between mTBI patients
in early (<60 days) and late (≥60 days) phases after injury.
Without multiple comparison correction, there was a trend to-
ward having increased brain volume (white matter areas near
the right hippocampal gyrus) in the mTBI group with late
phase of injury. In addition, the association between the re-
sponse to the neurocognitive test after mTBI and time
post-injury is important for investigating the structural brain
changes after mTBI. The relationship was analyzed using
the Pearson correlation analysis as an additional analysis,
but no significant association between them was found.
Nevertheless, time post-injury is indeed a significant factor,
which causes brain morphological changes after mTBI.36

Future studies should include larger and more homogeneous
samples to be representative. However, the present results
were consistent with previous studies demonstrating volume
expansion reflecting plastic changes and brainstem dam-
age.10,13 Although volume contraction was not detected in
the cerebral cortices, the discrepant results may have been
caused by differences in methodology and/or sample size.
Individual variation may also explain the discrepant results.
Second, neurocognitive function scores were not assessed in
the control group, making it difficult to conclusively deter-
mine whether the correlation between brain volume and
memory scores was a result of plastic changes in the brain.
The relevance of the association would have been clearer if
the neurocognitive function scores of the control group were
obtained and the relationship between the brain volume and
memory scores of the control group was analyzed. It is also
possible that individuals with mTBI, who had a larger brain
volume, may have had good cognitive performance before
the injury. This might have led to better performance on cogni-
tive tasks after injury. A longitudinal study would be necessary
to clarify the association between regional brain volume
changes and cognitive performance. Third, previous mental
health information of three mTBI patients was unavailable,
and this might have influenced the TBI outcome. Prospective
studies should control for this variable to avoid its potential in-
fluence on mTBI outcome.
© 2020 The Author(s). Published by Wolters Kluwer Health, Inc.
CONCLUSIONS
The results of this study emphasized that specific brain

regions—preferentially the brainstem—are vulnerable to mTBI,
represented by reduced volume. The significant positive corre-
lation between regional cerebral volume and cognitive functions
suggests that larger brain volume is associated with better cogni-
tive performance, such as memory and executive function.
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