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ABSTRACT

Obijective: To investigate longitudinal changes in cortical and subcortical volumes in patients
with mild traumatic brain injury (MTBI) and to evaluate whether such changes were
associated with self-reported post-concussive symptoms, global functional outcomes and
neuropsychological functioning.

Methods: This was a prospective, longitudinal cohort study of patients with complicated (i.e.,
presence of intracranial abnormalities on the day-of-injury CT) and uncomplicated MTBI
(i.e., absence of intracranial abnormalities). MRI was performed at approximately 4 weeks
and 12 months after injury. We utilized a 3T MRI-system (Signa HDxt, GE Medical Systems,
Milwaukee, W1, USA), cortical reconstruction and volumetric segmentation by FreeSurfer
software. We included 33 patients with uncomplicated and 29 with complicated MTBI, aged
16-65 years.

Results: 12 months after MTBI, significant within-group volume reductions were detected in
the left accumbens area and right caudate nucleus for both patients groups, but no significant
differences between groups were revealed. No associations between volumetric variables and
post-concussive symptoms or global functioning were found. The left temporal thickness was
significantly associated with executive functioning.

Conclusion: Structural subcortical alterations occur after complicated and uncomplicated
MTBIs but these findings were not associated with symptoms burden or functional outcomes.
Nonetheless, worse executive functioning was found in patients with shrinkage of the left
temporal lobe.

Keywords: Mild brain injury; Longitudinal; Radiology; Neuroimaging; Intracranial injury;

Cortical thickness.



INTRODUCTION

A considerable number of patients with mild traumatic brain injury (MTBI) experience
cognitive, psychological and somatic symptoms during the acute phase after injury [1, 2].
These symptoms may be present in both patients with minor trauma-related intracranial
changes or depressed skull fractures (complicated MTBI) and patients who lack evidence of
intracranial injury (uncomplicated MTBI) according to computer tomography (CT) or

magnetic resonance imaging (MRI) scans.

The majority of these patients generally fully recover within 3 to 6 months post-injury [3-6].
Yet, a subgroup of patients with MTBI present with persistent cognitive complaints [7].
Investigations including patients with mixed TBI severities have demonstrated brain atrophy
in areas directly related to the injury [8-10]. For example, contusions to the brain tissue are
most likely to occur in the frontal and temporal regions adjacent to the bony protuberances of
the interior base of the skull [11]. Studies of patients with MTBI using diffusion tensor
imaging (DTI) corroborate findings from patients with more severe injuries, demonstrating

that frontal and temporal pathways are most vulnerable to traumatic damage [12-15].

Narayana reported no cross-sectional or longitudinal changes in global or regional volumes in
a cohort of patients with MTBI [16] in a multi-model MRI study with scans performed at
approximately 24 hours and 3 months post-injury. In a review of studies of MRI brain
volumetry in patients with TBI, Ross found that the longitudinal design was more powerful
than the cross-sectional approach [17] for understanding the progression of brain atrophy after
injury. In this study, the amount of atrophy also correlated significantly with important
clinical variables, such as loss of consciousness, duration of coma, and duration of post-

traumatic amnesia, and the rate of atrophy was associated with worse long-term functional



outcomes after injury [17]. Most of these studies, however, were based on relatively small
samples with variable post-injury scanning times, differences in diagnoses and staging
severity of TBI, little-to-no information regarding the specificity of brain atrophy to TBI and

differences in volumetric techniques that may affect volume measurements.

Recent advances in neuroimaging methodology have resulted in a number of sensitive
techniques for in-vivo and non-invasive detection of subtle brain pathologies associated with
MTBI [18-20]. Neuroimaging findings may serve a biomarker role for the investigation of
cognitive outcomes [19]. Monitoring persistent symptoms combined with neuroimaging
biomarkers may be the next line of research examining the effects of MTBI, including

emotional outcomes and the occurrence of non-specific symptoms [13].

However, few MTBI studies have investigated atrophy [21-28] and even fewer have
investigated the associations between amount of atrophy and post-concussive symptoms,
functional outcome and neuropsychological functioning. A recent study demonstrated
significant volume decreases one year after a single concussive episode in the bilateral
anterior cingulate white matter, left cingulate gyrus isthmus white matter and right precuneal
gray matter [25]. Volume loss in the left and right rostral anterior cingulum white matter
correlated with changes in neurocognitive measures of memory and attention, and white
matter volume loss in the left cingulate gyrus isthmus correlated with clinical scores of

anxiety and post-concussive symptoms [25].

Building on previous research, we performed a prospective longitudinal cohort study. The
initial MRI scans were obtained 4 weeks after injury, and the follow-up scans were obtained

12 months post-injury. Cortical reconstruction and volumetric segmentation were performed



to explore neuroanatomical characteristics. Patients were categorized as having
uncomplicated or complicated MTBIs according to intracranial structural changes observed
via conventional brain scans. We usually do clinical follow-ups on patients who exhibit
visible intracranial injuries because this evaluation is considered necessary for the

development and planning of appropriate rehabilitation strategies.

In the first aim of this study, we investigated longitudinal changes in global and regional brain
volumetric and morphometric properties in patients with MTBI from 4 weeks to 12 months
after injury. We hypothesized that there would be evidence of atrophy in patients with both
complicated and uncomplicated MTBIs. We expected the volumetric change to be greater in
the complicated group compared to the uncomplicated group. In the second aim, we evaluated
whether the structural changes were associated with self-reported symptoms, global functional
outcomes and neuropsychological functioning at 12 months post-injury. Based on earlier
research [17, 24, 25], we expected that a larger amount of brain atrophy would be associated
with higher levels of post-traumatic symptoms, global functional outcomes and executive

functioning.

MATERIALS AND METHODS

Design

This was a prospective, longitudinal cohort study of patients with MTBI. MRI data were
obtained at 4 weeks and 12 months post-injury. We assessed the potential associations of the

initial MRI data with the follow-up data at 12 months.



Subjects

Patients with MTBI were admitted to the university-affiliated, trauma-referral center (Oslo
University Hospital) between September 2011 and September 2013. MTBI was defined using
the criteria from the American Congress of Rehabilitation Medicine [29]. The inclusion
criteria were patients aged 16-65 years with injury occurring within the preceding 24 hours,
hospitalization with ICD-10 (International Classification of Diseases) diagnosis S06.0-S06.9
and a Glasgow Coma Scale (GCS) score between 13 and 15, loss of consciousness (LOC)
lasting less than 30 minutes and post-traumatic amnesia (PTA) of less than 24 hours. The

lowest GCS score within the first 24 hours is reported.

Patients were excluded if they had previous ICD-10 diagnosis of substance dependence,
psychiatric disease (e.g., major depression, psychotic or bipolar disorder diagnosed by a
psychiatrist or psychologist), progressive neurological disease, contraindications for MRI

(including pregnancy and claustrophobia) or lacked Norwegian language skills.

Of the 153 patients investigated via MRI at baseline and 12 months, 88 patients were scanned
with different head coils at the two time points and were therefore excluded from this
longitudinal analysis (see Figure 1 for a flowchart of the recruitment process). Of the final

sample, 33 patients had uncomplicated MTBI, and 29 had complicated MTBI.

Insert Figure 1 here

Procedures

The study was approved by the Norwegian Regional Committee for Medical Research Ethics

2010/1899. All subjects provided written informed consent.



Demographic variables (age, gender, education, marital status, and pre-injury employment
status) and injury-related characteristics (cause of injury, GCS, CT scan, PTA, LOC,
associated injuries, and length of hospital stay (LOS)) were obtained from medical records
and self-administered questionnaires. Baseline data included clinical information based on
medical records and brain imaging (CT) in the acute phase. Both symptomatic and
asymptomatic individuals were followed-up at 4 weeks (MRI), 8 weeks (clinical examinations
and self-reported questionnaires) and 12 months (clinical evaluation, neuropsychological

testing and MRI).

MRI data acquisition and image analysis

MRI scans were performed using a 3T whole-body MRI system (Signa HDxt, GE Medical
Systems, Milwaukee, W1, USA). Eighty-eight patients were scanned using different head
coils at baseline and 12 months (n=88, Head/Neck/Spine (HNS) coil at baseline and
8HRNBRAIN at 12 months). The use of multi-element coils makes the receiving (B1-) field
inhomogeneous, which is dependent on coil element size and location and the number of
elements in the coils. Different coils yield different B1-field maps, which can result in altered
image quality. Thus, the best way to correct for the acquired images is by collecting coil
sensitivity maps [30] for each individual patient. The method of choice is to include this
calibration scan in the sequence itself, with an automatic correction for the field
inhomogeneity before the images are produced. However, this method was not available when
the study was performed. Because we were not able to acquire individual coil sensitivity maps
in this study, we preferred to exclude the patients scanned with different head coils. The
protocol included a 3D Fast Spoiled Gradient Echo (FSPGR) T1-weighted sequence used for

morphometric assessments (repetition time msec/echo time msec/inversion time msec,



7,8/2.96/450; flip angle, 12°; and spatial resolution, 1x1x1.2 mm). Acquisition parameters
were optimized for increased gray/white matter contrast. In addition, a T2-weighted sequence
and a T2 Susceptibility-Weighted Angiography (SWAN) sequence were performed to depict
hemorrhagic or other lesions. No major scanner upgrade occurred during the study period. All
MRI data were evaluated for extra-axial hemorrhages and injuries to the brain parenchyma

(e.g., cortical contusions or diffuse axonal injury) by a neuroradiologist (AS).

Cortical reconstruction and volumetric segmentation was performed with FreeSurfer

(http://surfer.nmr.mgh.harvard.edu/). This processing includes removal of non-brain tissue

[31], automated Talairach transformation, segmentation of the subcortical white matter and
deep gray matter volumetric structures [32], intensity normalization, tessellation of the
gray/white matter boundary, topology correction and surface deformation [33, 34] to produce
representations of cortical thickness, which are calculated as the closest distance from the
gray/white boundary to the gray/CSF (Cerebrospinal Fluid) boundary at each vertex on the
surface. The maps are not restricted to the voxel resolution of the original data and are capable
of detecting submillimeter differences between groups. For each dataset, the mean cortical
thickness and volume were calculated within surface and volume-based regions of interest

(ROIs) [35] and then submitted to statistical analyses.

Measures of post-injury functioning

Self-reported symptoms

The Rivermead Postconcussion Symptoms Questionnaire (RPQ) consists of 16 items, which
represent the most frequently reported symptoms after MTBI. This instrument covers
cognitive, emotional and physical domains and has been shown to be valid for diagnosing

Post-Concussion Syndrome (PCS) [36]. The patients are asked to rate the degree for which


http://surfer.nmr.mgh.harvard.edu/

each item has become more of a problem during the previous 24 hours compared to before the
TBI. The responses are then rated on a 5-point Likert scale as follows: 0 = not experienced at
all; 1 = no more of a problem; 2 = a mild problem; 3 = a moderate problem; and 4 = a severe
problem. The RPQ items are then summed to a total score, excluding ratings of 1 as

recommended by King et al. [36].

Global functioning

The Glasgow Outcome Scale Extended (GOSE) is a global assessment of functioning tool for
the areas of independence, work, social and leisure activities and participation in social life.
The GOSE is rated on an 8-point ordinal scale [37], and the categories are divided into upper
and lower levels of good recovery (7, 8), moderate disability (5,6), severe disability (3,4),

vegetative state (2) and dead (1). GOSE ratings are based on a structured interview.

Malingering

The Rey Fifteen-ltem Test (FIT) is a test used to assess symptom validity. Subjects are shown
15 items for 10 seconds and are then requested to draw what they recall. Anyone who is not
significantly impaired should be able to recall at least 9 of the 15 items [38]. In this study, a

lack of motivation or malingering was defined as a score of <9.

Executive functioning

Letter-Number Sequencing from the Wechsler Adult Intelligence Scale Third Edition (WAIS-
[11) [39], the Color Word Interference Test (CWIT) and the Letter Fluency Task (FAS) from
the Delis-Kaplan Executive Function System [40] were used as measures of executive

functioning.



We incorporated six z-scores to create an executive functioning composite score (Composite
EF), which consisted of Letter-Number Sequencing (working memory), CWIT 3 minus CWIT
1 (inhibition), CWIT 4 minus CWIT 1 (switching), error scores on CWIT 3 (response
inhibition), error scores on CWIT 4 (response inhibition), and Letter Fluency Task
(productivity). All CWIT scores were reversed before the measures were summed and divided

by six. Thus, low Composite EF scores were indicative of worse executive functioning.

Statistical analyses

Cortical and subcortical ROIs included the left and right frontal and temporal lobes,
accumbens area, caudate nucleus, hippocampus, putamen, amygdala, corpus callosum,
pallidum, left and right lateral ventricle, thalamus and brainstem. To test and adjust for global
measures in the volumetric statistical analyses, we also included intracranial volume, total

gray matter volume, or total cortical volume in the additional statistical models.

Statistical comparisons were performed using IBM SPSS statistics for Windows, version 22
(International Business Machines Statistical Package for the Social Sciencesinc., Chicago, IL,
USA). Sample characteristics are presented as means and standard deviations (SD), medians
with 25" and 75" percentiles, interquartile range (IQR), 95% Confidence Interval (CI) or
proportions. Differences in demographic and injury related data and in volumetric changes
between patients with uncomplicated and complicated MTBI for continuous variables were
tested using independent sample t-tests for normally distributed data. Mann — Whitney U tests
were utilized for skewed data at baseline and follow-up. The chi-square test for contingency
tables was performed to detect group differences in categorical variables. All brain volumetric
and morphometric differences between the two follow-ups were normally distributed and

tested with paired sample t-tests within the group.

10



Independent sample t-tests were conducted to test whether the mean change in any MRI
measures from baseline to follow-up differed between patients with uncomplicated and
complicated MTBI. To adjust for possible confounders, multiple linear regression analyses
were performed to test for differences in the mean change in MRI measures between the two
patient groups, while co-varying for age, sex, education, handedness, time between first and
second MRI scan and, for the volumetric measures, total intracranial volume. Associations
between regional volume measures (volume change between two visits) and symptoms
(RPQ), global functioning (GOSE) and executive function (Composite EF) at the 12 months
follow-up were further examined with a multiple linear regression model while retaining age
and sex as covariates. The regression results are presented as 3 coefficients, standard error of
B (SE(B)), p-values and explained variance (R?). A two tailed p value <.01 was considered

significant to adjust for the number of tests performed.

RESULTS

Comparison groups, demographics and injury related variables

Based on the presence of intracranial findings via CT or MRI scans at baseline, the patients
(n=62) were classified as either uncomplicated (no CT/MRI findings, n=33) or complicated
MTBI (positive CT/MRI findings, n=29). The CT scan upon admission was negative in 37
patients. Four of these patients (11%) displayed injury-related findings on MRI at
approximately 4 weeks after injury (3 diffuse axonal injuries, 3 cerebral contusions and 1

subdural hemorrhage) and were thus reclassified as complicated MTBI.

Demographic and injury related data for the included patients are summarized in Table 1. The

mean age was 39.9 years (SD12,8) in the uncomplicated group and 40.1 years (SD13.6) in

11



the complicated group. Briefly, there were no significant differences regarding the
demographic or injury-related variables between the two groups, except the complicated TBI
group had a significantly longer LOS (p=.001), (mean (SD): 1.70 (1.59)) for the
uncomplicated group and (mean (SD): 3.86 (4.03))for the complicated group. The majority of
the injuries occurred as traffic injuries (42%) following by falls (40%).

The majority of the patients had a GCS score of 15 (76%) and an isolated MTBI without any
associated injuries (63%). The number of days between when the first and second MRI were
performed was a median of 505 (IQR 126) days for the uncomplicated group and a median of

463 (IQR 243) days for the complicated group.

Insert Table 1 here

Self-reported and neuropsychological variables

Self-reported and neuropsychological variables are summarized in Table 2. Three patients
were excluded from the analyses of the association with Composite EF due to malingering on
neuropsychological testing. There were no significant differences regarding RPQ, GOSE or
Composite EF between the uncomplicated and complicated MTBI group at 12 months post-

injury.

Insert Table 2 here
Regional volumetry and morphometry
Tables 3 and 4 summarize the mean (SD) volume and thickness measurements per ROI at
baseline and 12 months and the mean univariable within-group change and between-group

change (95% Confidence Interval).

12



Insert Tables 3 and 4 here

Significant within-group reductions in the univariable analyses were detected between the 4
weeks and 12-months scans in the left accumbens area and right caudate for both the
uncomplicated and complicated groups. In addition, in the uncomplicated MTBI group,
significant volume reductions occurred in the total gray area, cortex, left caudate and left
putamen. The uncomplicated MTBI group also exhibited a significant volume increase in the
left pallidum. No significant within-group volume changes were detected over time in other
investigated structures, including cortical thickness. Total brain volume did not decrease.
There were no significant differences in volume change over time between the uncomplicated

and complicated MTBI groups in the univariable analyses.

Tables 5 and 6 summarize the results from the multiple regression analyses for effects of

group on neuroanatomical volumes and cortical thickness, respectively, while co-varying for
age, gender, handedness, education, time between MRI at baseline and at 12 months and total
intracranial volume. The multiple regressions revealed no significant differences between the

mild uncomplicated and complicated groups in the assessed ROIs.

No associations between volumetric variables, symptom burden (RPQ) or global functioning
(GOSE) were observed in the regression analysis adjusted for age and sex. There was a
significant association between left temporal thickness and executive functioning (Composite
EF; R?=.179, p=.034, SE=.011, p<.004) indicating lower executive functioning in patients

with reduced left temporal thickness.

Insert Tables 5 and 6 here
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Global measures

The multiple linear regression analyses revealed no significant differences between the two
patient subgroups for total intracranial volume, left or right hemisphere thickness (adjusted for
age, sex, education, time between MRI scans and handedness) or total cortical volume
(adjusted for intracranial volume, age, sex, education, time between the two MRI scans and

handedness).

DISCUSSION

Previous findings regarding alterations in subcortical volume and cortical thickness after
MTBI are limited and inconsistent. In the present study, we used automated techniques to
objectively measure longitudinal volume changes over a 12 months period in a well-defined
cohort of patients with MTBI. The uncomplicated and complicated groups largely exhibited
similar structural changes with regards to reductions or increases in subcortical volume or

cortical thickness during the course of the first 12 months after injury.

Significant volume reduction from 4 weeks to 12 months was observed in the left accumbens
area and right caudate nucleus in both groups. In addition, for the mild uncomplicated group,
total cortical volume, total gray volume and the volume of the left putamen significantly
decreased, while the volume of the left pallidum significantly increased. In contrast to our
hypothesis, we did not reveal any significant differences between the mild uncomplicated and
mild complicated groups in the univariate analysis or when accounting for confounding
factors. Cortical volumetric decrease is a normal part of aging [41], but we observed more
atrophy than would be expected as a result of aging in the univariate analyses in both groups.

This result is in contrast to the study by Ling et al. [21] who did not find any evidence of

14



cortical atrophy in a group of MTBI patients between 14 days and 4 months post-injury. In a
pilot study, Wang et al. [27] observed alterations in cortical thickness at an early stage after
MTBI. Thus, the frontal cortical structures may change dynamically over the initial 3 months

after injury.

In this study, the volume of the right caudate decreased significantly in both groups. This is in
line with Zagorchev who observed reductions in subcortical structures, including the caudate
nucleus [26]. Mounting evidence indicates that the caudate nucleus plays an important role in
processing information and relays this information back to distinct cortical regions. The
caudate nucleus has also been implicated in learning, memory, sleep and social behaviors,

which are all reportedly affected by TBI.

The volume of the left pallidum increased in the uncomplicated MTBI group, which may
reflect atrophy of the anatomically adjacent putamen. No significant changes were observed
in cortical thickness. The univariate analysis does not account for covariates, and the cause of
the observed changes may lie in factors other than the head injury. The functional relevance

of these structural changes is unclear.

The relationship between the pathology revealed via MRI scans and clinical measures is still
poorly understood. Previous studies on MTBI demonstrating brain atrophy or other pathology
according to MRI observed no correlations with cognitive functions [42]. Other studies found
a correlation with both cognitive function and clinical symptoms, including post-concussive
symptoms [25]. In our study sample, we did not identify any obvious correlations between
change in subcortical brain volume or cortical thickness and symptoms or global function

measured with RPQ and GOSE, respectively. Atrophy in temporal thickness was associated
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with worse executive functioning and agrees with previous findings demonstrating that

executive dysfunction is correlated with alterations in frontal areas and temporal regions [43].

One mechanism that may contribute to the observed findings is normalization of initial brain
edema after injury rather than brain atrophy over time. The time increments chosen for the
early and late MRI scans were carefully considered and took into account the results of
previous studies. Edema is normally resolved by the first time point, which was on average
one month after injury. None of our patients underwent the initial MRI scan within a week of
their injury. We also observed no significant differences in volume change between patients
who were imaged within the first two weeks of injury and patients who were imaged later.

The late time-point, at one year post-injury, would allow for atrophy to develop.

Findings of volume loss were observed bilaterally in the putamen and caudate nucleus;
however, other areas, including the left accumbens area and left pallidum, showed unilateral
volume loss. The patients had variable laterality in terms of the site of intracranial injury;
therefore, this is most likely not related to the side of impact. Frontal regions are at risk for
contusions after moderate and severe head trauma [44]. Our findings of atrophy in the
accumbens suggest that such frontal regions may also be at risk for injury after mild head

trauma.

According to a literature review, a longitudinal study design is more powerful than a cross-
sectional design for understanding the progression of brain atrophy after injury and
understanding its association with clinical variables [17]. Some longitudinal studies have
described the development of atrophy after MTBI [23-28]. In contrast, two other studies

observed no atrophy in patients diagnosed with MTBI [16, 21]. Most of these studies,
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however, were based on relatively small sample sizes with variable post-injury scanning
times, differences in methods for diagnosis and staging severity of MTBI, little-to-no
information regarding the specificity of progressive brain atrophy to TBI and a variety of
volumetric techniques. Thus, the interpretation of these data are difficult [17]. Our use of a
prospective design may have provided a more sensitive (within-subject) test of atrophy
relative to previous cross-sectional studies. We excluded patients with other brain disorders
associated with brain atrophy and patients with neuropsychiatric disorders, including
depression and post-traumatic stress disorder. We also excluded patients scanned with
different head coils at baseline and 12 months. Although there appears to be no final verdict
about the likely cause of the discrepant findings between studies, the differences may be due
to the imaging methods that have been previously used for measuring volume and thickness
from MR images. One possible strategy for better understanding these differences and
identifying the causes of the divergent results is promoting data sharing and encouraging

independent groups to work on the same datasets.

In our study, post-traumatic volume loss can be minute in both uncomplicated and
complicated MTBI, and advanced methods were needed to detect them. We were also
reminded of the inherent limitations of brain imaging methods for revealing underlying
pathophysiology. In a recent review, Byrnes et al. have demonstrated sustained
hypometabolismus using fluorodeoxyglucose- positron emission tomography (FDG PET)
imaging in frontotemporal regions of the brain that may last for months after MTBI and
correlation with both cellular and functional alterations post-TBI [45]. Combined genetic,
biomarker and MRI studies are required to better establish the relationships between available
imaging-derived measures and the underlying pathophysiology. Further, it is unknown

whether the atrophy is due to direct effects of the TBI, common co-morbid conditions, such as

17



chronic pain, insomnia or psychosocial stress, or an interaction between TBI and co-morbid
conditions. The time point at which the brain stops atrophying after TBI and whether there are
different longitudinal changes for different brain structures also remain unknown. Further

research will be needed to address these issues.

This study has several limitations that should be considered. One limitation was the potential
selection bias towards studying relatively more symptomatic individuals at follow-up. Some
of the eligible patients declined to participate, and some patients dropped out before structural

MRI follow-up, possibly leading to a somewhat biased patient sample.

The use of a control group would possibly have ensured that the changes measured were
greater than observed with normal development. Furthermore, our sample size was modest,
and larger samples might reveal more group differences. Because we did not obtain
volumetric measures before the brain injury, we cannot ascertain whether the volumetric
differences between scan times 1 and 2 were attributable to the injury itself. There are factors
other than trauma that can contribute to the observed changes. Nevertheless, our findings

indicate that there are measurable brain volume changes 12 months after injury.

The population of patients with MTBI is by definition a heterogeneous population, as is
reflected in the different injury mechanisms and various brain injury sites; however, we
adhered strictly to the American Congress of Rehabilitation Medicine criteria. We also
divided the patient groups into uncomplicated and complicated MTBI to make the groups as
homogeneous as possible. This longitudinal study used two time points for quantitative MRI
scans and only assessed atrophy that occurred between the subacute and chronic periods. To

more fully understand the time course and regional distribution of post-traumatic atrophy, it
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will be necessary to obtain additional serial MRI scans at shorter intervals including acute and
over a longer study period. Thus, our results should be validated in larger patient and control

samples with longer follow-up times.

In the present study, there were variations in the time between the injury and follow-up MRI
scans. Although this interval was included as a covariate in the statistical analyses, this may
have impacted the MRI findings. Finally, we did not collect data to assess pre-injury exposure
to adverse life events (subjective chronic stress and cumulative life events) that may influence
the volume in the orbitofrontal cortex, insula, and anterior and subgenual cingulate regions

[46].

CONCLUSIONS

Subcortical volume changes in the current study suggest that structural subcortical alterations
may occur after complicated as well as uncomplicated MTBI. The magnitude of brain
changes did not differ between groups. We did not find these changes to be linked to
functional outcome or symptoms in MTBI patients, but volume reduction in left temporal
thickness was associated with lower executive functioning. Understanding the
neuropathological underpinnings of brain alterations after TBI is critical for both diagnostic
considerations and clinical decisions regarding return to normal activity levels and the
development of novel treatment strategies. Additional studies with larger samples are needed
to further investigate cortical and subcortical alterations and their contribution to

symptomatology and functional outcomes after MTBI.

ACKNOWLEDGMENTS

19



The authors thank all of the patients who took time to participate in the study. We also thank
radiograph Anne-Hilde Farstad for practical MRI assistance and the Department of Physical

Medicine and Rehabilitation, Oslo University Hospital for institutional and financial support.

Declaration of interest

The authors alone are responsible for the content and writing of this paper.

REFERENCES

[1] Sigurdardottir S, Andelic N, Roe C, Jerstad T, Schanke AK. Post-concussion
symptoms after traumatic brain injury at 3 and 12 months post-injury: a prospective study.
Brain injury 2009;23(6):489-97.

[2] Ruff RM, Camenzuli L, Mueller J. Miserable minority: emotional risk factors that
influence the outcome of a mild traumatic brain injury. Brain injury 1996;10(8):551-65.
[3] Belanger HG, Vanderploeg RD. The neuropsychological impact of sports-related
concussion: a meta-analysis. Journal of the International Neuropsychological Society
2005;11(4):345-57.

[4] Carroll LJ, Cassidy JD, Peloso PM, Borg J, von Holst H, Holm L, Paniak C, Pepin M,
Injury WHOCCTFoMTB. Prognosis for mild traumatic brain injury: results of the WHO
Collaborating Centre Task Force on Mild Traumatic Brain Injury. Journal of rehabilitation
medicine 2004;43 Suppl(43 Suppl):84-105.

[5] Schretlen DJ, Shapiro AM. A quantitative review of the effects of traumatic brain
injury on cognitive functioning. International Review of Psychiatry 2003;15(4):341-9.

[6] Rohling ML, Binder LM, Demakis GJ, Larrabee GJ, Ploetz DM, Langhinrichsen-

Rohling J. A meta-analysis of neuropsychological outcome after mild traumatic brain injury:

20



re-analyses and reconsiderations of Binder et al. (1997), Frencham et al. (2005), and Pertab et
al. (2009). Clinical Neuropsychologist 2011;25(4):608-23.

[7] Boake C, McCauley SR, Levin HS, Pedroza C, Contant CF, Song JX, Brown SA,
Goodman H, Brundage SI, Diaz-Marchan PJ. Diagnostic criteria for postconcussional
syndrome after mild to moderate traumatic brain injury. Journal of Neuropsychiatry and
Clinical Neurosciences 2005;17(3):350-6.

[8]  Anderson CV, Wood DM, Bigler ED, Blatter DD. Lesion volume, injury severity, and
thalamic integrity following head injury. Journal of neurotrauma 1996;13(2):59-65.

[9] Bigler ED, Blatter DD, Anderson CV, Johnson SC, Gale SD, Hopkins RO, Burnett B.
Hippocampal volume in normal aging and traumatic brain injury. American Journal of
Neuroradiology 1997;18(1):11-23.

[10] Yount R, Raschke KA, Biru M, Tate DF, Miller MJ, Abildskov T, Gandhi P, Ryser D,
Hopkins RO, Bigler ED. Traumatic brain injury and atrophy of the cingulate gyrus. Journal of
Neuropsychiatry and Clinical Neurosciences 2002;14(4):416-23.

[11] Gennarelli TA, Graham DI. Neuropathology of the head injuries. Seminars in clinical
neuropsychiatry 1998;3(3):160-75.

[12] Wilde EA, McCauley SR, Hunter JV, Bigler ED, Chu Z, Wang ZJ, Hanten GR,
Troyanskaya M, Yallampalli R, Li X, Chia J, Levin HS. Diffusion tensor imaging of acute
mild traumatic brain injury in adolescents. Neurology 2008;70(12):948-55.

[13] Bigler ED, Bazarian JJ. Diffusion tensor imaging: a biomarker for mild traumatic
brain injury? Neurology 2010;74(8):626-7.

[14] Mayer AR, Ling J, Mannell MV, Gasparovic C, Phillips JP, Doezema D, Reichard R,
Yeo RA. A prospective diffusion tensor imaging study in mild traumatic brain injury.

Neurology 2010;74(8):643-50.

21



[15] Niogi SN, Mukherjee P, Ghajar J, Johnson C, Kolster RA, Sarkar R, Lee H, Meeker
M, Zimmerman RD, Manley GT, McCandliss BD. Extent of microstructural white matter
injury in postconcussive syndrome correlates with impaired cognitive reaction time: a 3T
diffusion tensor imaging study of mild traumatic brain injury. American Journal of
Neuroradiology 2008;29(5):967-73.

[16] Narayana PA, Yu X, Hasan KM, Wilde EA, Levin HS, Hunter JV, Miller ER, Patel
VK, Robertson CS, McCarthy JJ. Multi-modal MRI of mild traumatic brain injury.
Neuroimage Clinical 2015;7:87-97.

[17] Ross DE. Review of longitudinal studies of MRI brain volumetry in patients with
traumatic brain injury. Brain injury 2011;25(13-14):1271-8.

[18] Benson RR, Gattu R, Sewick B, Kou Z, Zakariah N, Cavanaugh JM, Haacke EM.

Detection of hemorrhagic and axonal pathology in mild traumatic brain injury using advanced

MRI: implications for neurorehabilitation. NeuroRehabilitation 2012;31(3):261-79.

[19] Kou Z, Wu Z, Tong KA, Holshouser B, Benson RR, Hu J, Haacke EM. The role of
advanced MR imaging findings as biomarkers of traumatic brain injury. Journal of Head
Trauma Rehabilitation 2010;25(4):267-82.

[20] Niogi SN, Mukherjee P. Diffusion tensor imaging of mild traumatic brain injury.
Journal of Head Trauma Rehabilitation 2010;25(4):241-55.

[21] Ling JM, Klimaj S, Toulouse T, Mayer AR. A prospective study of gray matter
abnormalities in mild traumatic brain injury. Neurology 2013;81(24):2121-7.

[22] Cohen BA, Inglese M, Rusinek H, Babb JS, Grossman RI, Gonen O. Proton MR
spectroscopy and MRI-volumetry in mild traumatic brain injury. American Journal of
Neuroradiology

2007;28(5):907-13.

22



[23] Lannsjo M, Raininko R, Bustamante M, von Seth C, Borg J. Brain pathology after
mild traumatic brain injury: an exploratory study by repeated magnetic resonance
examination. Journal of rehabilitation medicine 2013;45(8):721-8.

[24] Ross DE, Ochs AL, Seabaugh JM, Demark MF, Shrader CR, Marwitz JH, Havranek
MD. Progressive brain atrophy in patients with chronic neuropsychiatric symptoms after mild
traumatic brain injury: a preliminary study. Brain injury 2012;26(12):1500-9.

[25] Zhou Y, Kierans A, Kenul D, Ge Y, Rath J, Reaume J, Grossman RI, Lui YW. Mild
traumatic brain injury: longitudinal regional brain volume changes. Radiology
2013;267(3):880-90.

[26] Zagorchev L, Meyer C, Stehle T, Wenzel F, Young S, Peters J, Weese J, Paulsen K,
Garlinghouse M, Ford J, Roth R, Flashman L, McAllister T. Differences in regional brain
volumes two months and one year after mild traumatic brain injury. Journal of neurotrauma
2015;33(1):29-34.

[27] Wang X, Xie H, Cotton AS, Tamburrino MB, Brickman KR, Lewis TJ, McLean SA,
Liberzon 1. Early cortical thickness change after mild traumatic brain injury following motor
vehicle collision. Journal of neurotrauma 2015;32(7):455-63.

[28] Toth A, Kovacs N, Perlaki G, Orsi G, Aradi M, Komaromy H, Ezer E, Bukovics P,
Farkas O, Janszky J, Doczi T, Buki A, Schwarcz A. Multi-modal magnetic resonance imaging
in the acute and sub-acute phase of mild traumatic brain injury: can we see the difference?
Journal of neurotrauma 2013;30(1):2-10.

[29] Mild Traumatic Brain Injury Committee, American Congress of Rehabilitation
Medicine, Group HIISI. Definition of mild traumatic brain injury. Journal of Head Trauma

Rehabilitation 1993;8(3):86-7.

23



[30] Wu WC, Jiang SF, Yang SC, Lien SH. Pseudocontinuous arterial spin labeling
perfusion magnetic resonance imaging--a normative study of reproducibility in the human
brain. Neurolmage 2011;56(3):1244-50.

[31] Segonne F, Dale AM, Busa E, Glessner M, Salat D, Hahn HK, Fischl B. A hybrid
approach to the skull stripping problem in MRI. Neurolmage 2004;22(3):1060-75.

[32] Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove C, van der Kouwe A,
Killiany R, Kennedy D, Klaveness S, Montillo A, Makris N, Rosen B, Dale AM. Whole brain
segmentation: automated labeling of neuroanatomical structures in the human brain. Neuron
2002;33(3):341-55.

[33] Dale AM, Fischl B, Sereno MI. Cortical surface-based analysis. I. Segmentation and
surface reconstruction. Neurolmage 1999;9(2):179-94.

[34] Fischl B, Dale AM. Measuring the thickness of the human cerebral cortex from
magnetic resonance images. Proceedings of the National Academy of Sciences of the United
States of America 2000;97(20):11050-5.

[35] Desikan RS, Segonne F, Fischl B, Quinn BT, Dickerson BC, Blacker D, Buckner RL,
Dale AM, Maguire RP, Hyman BT, Albert MS, Killiany RJ. An automated labeling system
for subdividing the human cerebral cortex on MRI scans into gyral based regions of interest.
Neurolmage 2006;31(3):968-80.

[36] King NS, Crawford S, Wenden FJ, Moss NE, Wade DT. The Rivermead Post
Concussion Symptoms Questionnaire: a measure of symptoms commonly experienced after
head injury and its reliability. Journal of Neurololgy 1995;242(9):587-92.

[37] Wilson JT, Pettigrew LE, Teasdale GM. Structured interviews for the Glasgow
Outcome Scale and the extended Glasgow Outcome Scale: guidelines for their use. Journal of

neurotrauma 1998;15(8):573-85.

24



[38] Taylor LA, Kreutzer JS, West DD. Evaluation of malingering cut-off scores for the
Rey 15-Item Test: a brain injury case study series. Brain injury : [B1] 2003;17(4):295-308.
[39] Wechsler D. Wechsler Adult Intelligence Scale. Third edn. San Antonio, TX: The
Psychological Corporation; 1997.

[40] Delis D, Kaplan E, Kramer J. Delis-Kaplan executive Function System. San Antonio,
TX: The Psychological Corporation; 2001.

[41] Fjell AM, Westlye LT, Grydeland H, Amlien I, Espeseth T, Reinvang I, Raz N,
Holland D, Dale AM, Walhovd KB. Critical ages in the life course of the adult brain:
nonlinear subcortical aging. Neurobiology of aging 2013;34(10):2239-47.

[42] Hofman PA, Stapert SZ, van Kroonenburgh MJ, Jolles J, de Kruijk J, Wilmink JT. MR
imaging, single-photon emission CT, and neurocognitive performance after mild traumatic
brain injury. American Journal of Neuroradiology 2001;22(3):441-9.

[43] Bigler ED. Neuropathology of Mild Traumatic Brain Injury: Correlation to
Neurocognitive and Neurobehavioral Findings

Brain Neurotrauma: Molecular, Neuropsychological, and Rehabilitation Aspects. Boca Raton
FL: 2015 by Taylor & Francis Group, LLC.; 2015.

[44] Silver IM, McAllister T, Yudofsky S. Textbook of traumatic brain injury. Arlington,
VA: American Psychiatric Publishing; 2011.

[45] Byrnes KR, Wilson CM, Brabazon F, von Leden R, Jurgens JS, Oakes TR, Selwyn
RG. FDG-PET imaging in mild traumatic brain injury: a critical review. Frontiers in
neuroenergetics 2014;5(13):1-24.

[46] Ansell EB, Rando K, Tuit K, Guarnaccia J, Sinha R. Cumulative adversity and smaller
gray matter volume in medial prefrontal, anterior cingulate, and insula regions. Biological

psychiatry 2012;72(1):57-64.

25



