Neurolmage: Clinical 7 (2015) 87-97

Contents lists available at ScienceDirect r

Neurolmage:

CLINICAL

Neurolmage: Clinical

journal homepage: www.elsevier.com/locate/ynicl

Multi-modal MRI of mild traumatic brain injury

@ CrossMark

Ponnada A. Narayana®*, Xintian Yu? Khader M. Hasan?, Elisabeth A. Wilde™¢, Harvey S. Levin"<, Jill V. Hunter?,
Emmy R. Miller®, Vipul Kumar S. Patel?, Claudia S. Robertson®, James J. McCarthy’

2Diagnostic and Interventional Imaging, University of Texas Health Science Center at Houston, Houston, TX, USA
bphysical Medicine and Rehabilitation, Baylor College of Medicine, Houston, TX, USA

“Michael E. DeBakey Veterans Affairs Medical Center, Houston, TX, USA

dRadiology, Baylor College of Medicine, Houston, TX, USA

€Neurosurgery, Baylor College of Medicine, Houston, TX, USA

fEmergency Medicine, University of Texas Health Science Center at Houston, Houston, TX, USA

ARTICLE INFO

ABSTRACT

Article history:

Received 9 May 2014

Received in revised form 20 July 2014
Accepted 22 July 2014

Available online 24 July 2014

Keywords:

Mild traumatic brain injury

Orthopedic injury

Magnetic resonance imaging

Diffusion tensor imaging

Magnetic resonance spectroscopic imaging
Magnetization transfer ratio

Tensor based morphometry

Multi-modal magnetic resonance imaging (MRI) that included high resolution structural imaging, diffusion ten-
sor imaging (DTI), magnetization transfer ratio (MTR) imaging, and magnetic resonance spectroscopic imaging
(MRSI) were performed in mild traumatic brain injury (mTBI) patients with negative computed tomographic
scans and in an orthopedic-injured (OI) group without concomitant injury to the brain. The OI group served as
a comparison group for mTBI. MRI scans were performed both in the acute phase of injury (~24 h) and at
follow-up (~90 days). DTI data was analyzed using tract based spatial statistics (TBSS). Global and regional atro-
phies were calculated using tensor-based morphometry (TBM). MTR values were calculated using the standard
method. MRSI was analyzed using LC Model. At the initial scan, the mean diffusivity (MD) was significantly
higher in the mTBI cohort relative to the comparison group in several white matter (WM ) regions that included
internal capsule, external capsule, superior corona radiata, anterior corona radiata, posterior corona radiata, infe-
rior fronto-occipital fasciculus, inferior longitudinal fasciculus, forceps major and forceps minor of the corpus
callosum, superior longitudinal fasciculus, and corticospinal tract in the right hemisphere. TBSS analysis failed
to detect significant differences in any DTI measures between the initial and follow-up scans either in the
mTBI or OI group. No significant differences were found in MRSI, MTR or morphometry between the mTBI and
OI cohorts either at the initial or follow-up scans with or without family wise error (FWE) correction. Our
study suggests that a number of WM tracts are affected in mTBI in the acute phase of injury and that these chang-
es disappear by 90 days. This study also suggests that none of the MRI-modalities used in this study, with the ex-

ception of DTI, is sensitive in detecting changes in the acute phase of mTBI.
© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-SA license
(http://creativecommons.org/licenses/by-nc-sa/3.0/).

1. Introduction

to diagnose mTBI or monitor the course of injury. Therefore, mTBI is
generally diagnosed on clinical assessment, based upon reported histo-

Traumatic brain injury (TBI) affects about 1.7 million Americans an-
nually (CDC, 2010), with ~80% of the cases categorized as mild (mTBI)
(Faul et al., 2010). Computerized tomography (CT) and conventional
magnetic resonance imaging (MRI) often appear normal without ana-
tomical lesions in mTBI (Hughes et al.,, 2004; Bazarian et al., 2007) and
have been considered less sensitive than more advanced forms of MRI

Abbreviations: acr, anterior region of corona radiata; alic, anterior limb of internal cap-
sule; cc, corpus callosum; cs, centrum semiovale; cst, corticospinal tract; ec, external cap-
sule; ic, internal capsule; ifo, inferior fronto-occipital fasciculus; ilf, inferior longitudinal
fasciculus; pcr, posterior region of corona radiata; plic, posterior limb of internal capsule;
scr, superior region of corona radiata; sfo, superior fronto-occipital fasciculus; slf, superior
longitudinal fasciculus; sfg, superior frontal gyrus; mfg, superior frontal gyrus; jlc, juxtapo-
sitional lobule cortex; cg, cingulate gyrus; pcg, paracingulate gyrus.
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ry of loss of or impaired consciousness, post-traumatic amnesia, or post-
concussion symptoms (PCS) (e.g., headaches, dizziness, fatigue, irrita-
bility), and cognitive/memory complaints. The underlying pathologic
mechanisms in mTBI are still unclear although it has been postulated
that stretch-induced axonal injuries may be the cause (Blumberg et al.,
1995).

Advances in MRI-based neuroimaging techniques, such as diffusion
tensor imaging (DTI), magnetization transfer ratio (MTR), magnetic res-
onance spectroscopic imaging (MRSI), and perfusion imaging, have
brought new potential to mTBI diagnosis (Shenton et al., 2012). DTI
investigation of mTBI patients has attracted researchers because this
imaging modality is particularly sensitive to microscopic white matter
(WM) changes and may be able to detect diffuse axonal injury in
mTBI (Shenton et al., 2012; Bigler, 2013; Hulkower et al., 2013; Fox
et al,, 2013; Ling et al., 2013; Kou et al., 2013; Hasan et al., 2014). DTI

2213-1582/© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-SA license (http://creativecommons.org/licenses/by-nc-sa/3.0/).
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is based on diffusion of tissue water molecules and by exploiting the an-
isotropic nature of diffusion it is possible to gain information about the
microstructural organization and integrity of WM fiber tracts that inter-
connect various brain regions (Mori and Zhang, 2006). The most com-
monly used DTI-derived measures are the fractional anisotropy (FA)
that reflects diffusion anisotropy and mean diffusivity (MD) that repre-
sents average diffusivity and axial diffusivity (AD), and radial diffusivity
(RD). Together, these DTI measures could serve as markers of tissue in-
tegrity (Pierpaoli and Basser, 1996). Previous DTI reports on mTBI have
produced somewhat inconsistent results (see for example, the review
by Shenton et al., 2012). Reduced FA and elevated MD in various WM re-
gions in the acute and chronic phase of mTBI were reported (see for ex-
ample, Toth et al,, 2013). Increased FA and MD were also reported both
in acute and subacute phases (Bazarian et al., 2007; Wilde et al., 2008;
Mayer et al., 2010; Lipton et al., 2012). Both increased and decreased
FA were reported in the same patients (Kou et al., 2013). A recent
study reported changes only in MD in certain WM tracts (Hasan et al.,
2014). Finally, no changes in FA were observed in concussed individuals
at about 30 days post-injury (Zhang et al., 2010).

Magnetization transfer ratio is sensitive to the macromolecular pool.
Since myelin represents major macromolecular pool in brain, it is gener-
ally thought that MTR is sensitive to the state of myelin (see for exam-
ple, McGowan, 1999) and is therefore an indirect measure of myelin
integrity (Pike et al., 2000; Mottershead, 2003). Reduction of MTR was
reported in some WM regions in mTBI and in some cases significant cor-
relations were found between regional MTR and neuropsychological
performance (McGowan et al., 2000). Histogram based analysis showed
reduced whole brain MTR in moderate TBI and mTBI subjects with per-
sistent PCS (Hofman et al., 2002).

Brain atrophy is generally thought to represent neurodegenera-
tion. MRI is an excellent modality for estimating global and regional
atrophies in mTBI and for following their longitudinal evolution.
There are only a few studies that investigated atrophy in mTBI
(Ling et al., 2013; Cohen et al., 2007; Lannsjo et al., 2013; Ross
etal., 2012; Zhou et al,, 2013). These studies suggested measurable
atrophy in mTBI around 1 year after the insult (Zhou et al., 2013).
Regional atrophy was also observed in the anterior cingulate, cin-
gulate gyrus, and the right precuneal gray matter (GM) (Zhou
etal., 2013). These observations are similar to those reported earli-
er (MacKenzie, 2002). In a 2 year follow-up study, progressive atro-
phy was also observed in mTBI (Ross et al., 2012). Most of these
studies, however, were based on relatively small sample size with
variable post-injury scanning times. Also, the earliest time frame
at which atrophy could be detected following mTBI is unknown.

Metabolic disturbance is postulated in regions of contused brain
(Giza and Hovda, 2001). Magnetic resonance spectroscopy (MRS) mea-
sures brain metabolites that reflect local neuronal integrity and cell
membrane turnover (Narayana, 2005). Application of MRS to mTBI
was recently reviewed (Lin et al.,, 2012; Gardner et al., 2014). Because
mTBI induces a cascade of changes in brain metabolites, including
neuronal and axonal loss, MRS has the potential to improve our under-
standing of the underlying metabolic disturbances in mTBI (Cohen et al.,
2007; Lin et al,, 2012; Vagnozzi et al., 2008; Henry et al., 2011). The
major peaks observed in proton MRS of brain include N-acetylaspartate
(NAA) + N-acetyl aspartyl glutamate (NAAG) (it is generally difficult to
resolve these resonances and NAA + NAAG is referred to as NAA), crea-
tine (Cr), choline (Cho), and myoinisotol (ml). NAA is believed to be a
specific neuronal marker. Creatine resonance has contributions
from creatine and phosphocreatine and elevated Cr levels may rep-
resent gliosis. Choline resonance has contributions from multiple mol-
ecules that include phosphorylcholine, glycerophosphorylcholine, and
choline plasmalogen, and a minor contribution from acetylcholine
and choline. Choline peak reflects cell membrane metabolism and el-
evated Cho concentration represents heightened cell membrane
turnover as seen in demyelination, remyelination, inflammation,
and gliosis. Myoinisitol is thought to be glial specific and is also a

precursor of phospholipid membrane constituents and its concen-
tration is affected by the formation and breakdown of myelin
(reviewed in Sajja et al., 2009). The results for MRS in mTBI, howev-
er, are not always consistent (reviewed by Gardner et al., 2014).

Based on this brief description one may conclude that each of the
MRI modalities is sensitive to different aspects of tissue pathology. It is
possible to improve the pathologic specificity in mTBI by using multi-
modal MRI. While there have been many independent studies using
any one or two of these modalities (reviewed in Shenton et al., 2012;
Lin et al., 2012), we are unaware of the application of all these tech-
niques to the same mTBI cohort.

The main objective of this study was to perform comprehensive
multi-modal MRI in mTBI and orthopedic injured (OI) controls. This cur-
rent study also addresses two shortcomings of many of previously pub-
lished reports. First, in almost all the previously reported studies scans
were acquired days or even weeks post-injury for determining the
acute changes in mTBI. It is not clear what changes occurred in the
first 24 h after the injury. Second, few published studies included both
baseline and follow-up scans.

2. Methods and material

This work was approved by the Institutional Review Boards (IRBs) at
participating institutions and the Human Research Protection Official’s
(HRPO) Review of Research Protocols for the Department of Defense.
All procedures were compliant with the Health Insurance Portability
and Accountability Act (HIPAA). The project reported here is part of a
larger study of mTBI, supported by the Department of Defense, where
a consecutive series of civilian patients was recruited prospectively
with either mTBI or minor orthopedic/extremity injuries from the
Emergency Departments (EDs) of two Level 1 trauma centers and one
Level 3 community hospital in a large ethnically-diverse southwestern
metropolitan area. Initial and follow-up assessments of the OI subjects
provided comparative data from individuals with demographics and
risk factors similar to the mTBI subjects. The definition of mTBI used in
this study followed the guidelines of the Department of Defense
(Assistant Secretary, 2007) and the American Congress of Rehabilitation
Medicine (Kay, 1993). Subjects were included irrespective of their gen-
der, race, and ethnicity and were recruited by healthcare professionals
(RN, MD, EMT-P) who had clinical experience with brain injury patients,
knowledge of research, and excellent interpersonal and problem-
solving skills. Screening occurred through review of data in the EDs
electronic healthcare system (EHS), consultation with ED staff, and
subject interviews. Special permission was obtained from the institu-
tional IRBs to administer the Galveston Orientation and Amnesia Test
(GOAT) prior to obtaining informed consent to identify cognitive im-
pairment that would preclude provision of informed consent. Subjects
had to score >75 on the GOAT (Levin et al.,, 1979) to provide informed
consent; if a subject’s score was 74 or lower, the plan was to obtain in-
formed consent from a legally authorized representative (LAR). There
have been no scores below 75, so all enrolled subjects have provided
written informed consent.

Inclusion criteria for both groups (mTBI and OI) included age
18-50 years, injury occurring within the preceding 24-48 h, and no
requirement for hospitalization for the injury for which the partici-
pant was enrolled. For mTBI subjects, inclusion criteria also required
the presence of a head injury (documented in medical records and/or
verified by witnesses), Glasgow Coma Scale (GCS) score between 13 and
15, loss of consciousness for <30 min (including 0 min), post-traumatic
amnesia <24 h (including 0 min), and a negative head CT scan. Inclusion
criteria for the OI comparison group included an Abbreviated Injury Se-
verity (AIS) score <3 for an extremity or pelvis injury, with no head inju-
ry present. Appropriate candidates with orthopedic/extremity injuries
that also sustained a head injury were enrolled in the mTBI group. Exclu-
sion criteria for both groups included AIS >3 for any body part, history of
significant preexisting disease (e.g., psychotic disorder, bipolar disorder,
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PTSD diagnosed by a psychiatrist or psychologist, past treatment for alco-
hol dependence or substance abuse), blood alcohol level >80 mg/dL at
the time of consent, documentation of intoxication, left-handedness,
and contraindications for MRI (including claustrophobia and pregnancy).
Previous head injury requiring hospitalization or ED treatment was also
an exclusion criterion for all subjects.

2.1. MRI protocol

All MRI scans were performed on a Philips 3 T scanner using an eight
channel receive-only head coil. The MRI protocol included acquisition of
3D T1-weighted images (T1 images for brevity) using the magnetization
prepared rapid acquisition of gradient echoes (MPRAGE) sequence for
spatial normalization and morphometric measurements, 3D fluid atten-
uation by inversion recovery (FLAIR) for visualizing lesions, if present,
2D T2-weighted gradient echo for visualizing hemorrhage, 3D gradient
echo sequence for MTR measurements for assessing the state of myelin,
and 2D MRSI for metabolite mapping, and a single-shot echo-planar
imaging (EPI) for acquiring diffusion weighted imaging (DWI) for cal-
culating the DTI measures. The acquisition parameters for all the se-
quences are summarized in Table 1. All MRI data were automatically
assessed for image quality as described elsewhere (Narayana et al.,
2012; Hasan et al., 2014) and scans with inadequate quality were
discarded from further analysis.

2.2. Quality assurance of the MRI scanner

Consistent performance of the scanner and its temporal stability are
critical for longitudinal studies (Hasan, 2007). The quality assurance
(QA) issues are addressed by implementing the American College of
Radiology (ACR; http://www.acr.org/quality-safety/accreditation/miri)
recommended QA program that measures signal-to-noise ratio, field
uniformity, gradient linearity, image distortions and ghosting using
the vendor provided phantom every morning. The results of the phan-
tom study were automatically analyzed using custom written software.
In addition, as described elsewhere (Hasan et al., 2014), DTI data was ac-
quired monthly on a homogenous spherical water phantom that was
kept at a temperature between 18 and 20 °C (temperature in the scan-
ner room), maintained by the central air conditioner. The DTI data was
analyzed using the procedure described elsewhere (Hasan et al., 2014).
Briefly, DTI data was acquired on a spherical water phantom almost
monthly over 4 years (47 time points). The mean FA and MD values
and their standard deviations were automatically calculated from an
ROI of 21 x 21 voxels at the isocenter of the magnet.

2.3. Image processing

2.3.1. Diffusion tensor imaging

The DWI images in the DICOM format were transferred from the MRI
scanner to a local Linux computer (Xeon 2.8 GHz 4-core CPU with 24 GB
memory) and were converted to Neuroimaging Informatics Technology

Table 1

Initiative (NIfTI) format using dcm2nii file converter from the MRICron
software (http://www.cabiatl.com/mricro/mricron/dcm2nii.html). The
brain was extracted from the images using the brain extraction tool
(BET) software from FSL toolbox (http://www.fmrib.ox.ac.uk/fsl/bet2/
index.html). Eddy-current correction was performed in FSL by aligning
all the DWI images to the b0 volume (images acquired without any dif-
fusion weighting) using affine transformation with 12 degrees of free-
dom. The DTI measures (FA, MD, and the three eigenvalues, N\, Ao,
and A\3) were then calculated using the FDT software from the FSL tool-
box. The DTI data was analyzed using tract based spatial statistics (TBSS)
(Smith et al., 2006). The identification of the individual tracts was veri-
fied using the MRI atlas of human white matter (Oshi et al., 2010).

Standard TBSS analysis steps as recommended by the developer of
TBSS were followed. The FSL-provided FA template (FMRIB58_FA;
Smith et al., 2006), which was derived from healthy controls and its de-
rived skeleton in the MNI space were used. A skeleton threshold of 0.2
was used. For group comparison, randomize test on skeletonized DTI
images was conducted with Threshold-Free Cluster Enhancement
(TFCE) option and 5000 runs. Statistical results were generated both
with and without the family-wise error (FWE) correction for multiple
comparisons.

2.3.2. Magnetization transfer ratio

Images acquired with (Msar) and without (Mp) the off- resonance RF
pulse were stripped of extrameningeal tissues using BET from the
FSL toolbox. Bias field correction was applied using the NT4 module
from Advanced Normalization Tools (ANTs) software package (http://
sourceforge.net/projects/advants). The corrected Msat and My images
were non-linearly co-registered to the MNI152 1 mm T1 template
(included in FSL toolbox) using the symmetric inverse consistent
diffeomorphic registration from the ANTs software. The magnetiza-
tion transfer ratio (MTR) was calculated as:

MTR(%) = (Mo—Mgar)/Mg x 100.

2.3.3. Morphometry

Tensor based morphometry (TBM) was used for estimating regional
and global atrophy. For TBM analysis, the T1 images were non-linearly
registered to the MNI152 template using symmetric inverse consistent
diffeomorphic registration from the ANTSs software. The output of the af-
fine and diffeomorphic transformation files was combined to generate
the composed transformation. The Jacobian determinant (JD) maps
were constructed from the composed transformation of the subject-
to-template registration (Leow et al., 2006). The JDs were normalized
to compensate for differences in the brain size and logarithmic transfor-
mation was applied (Tao et al., 2009). For group comparison, statistical
tests were performed on the JDs using two-sample t-test model in
SPMS8. Paired t-tests were also performed on the subjects who had
both initial and follow-up scans.

Summary of MRI acquisition parameters. The in-plane field of view is 256 x 256. TR: repetition time; TE: echo time; MTR: magnetization transfer ratio; off res frequency: fre-

quency offset for the off resonance pulse.

Sequence TR/TE (ms) 2Dor3D MTR TI(ms) Voxel dimensions Number of gradient Number of Acquisition time
(mm x mm x mm) directions averages (min)
Off res frequency Ampl
MPRAGE 8.1/3.7 3D N/A N/A 1071 1x1x1 N/A 1 5:56.1
FLAIR 8000/337 3D 2400 1x1x1 N/A 1 8:24.0
Gradient echo (for MTR) 65/5.9 3D 2100 Hz 234 uT or 620° 125x1.25%3 N/A 1 5:01.9
Dual gradient echo 510/16/32 2D N/A N/A N/A 1x1x3 N/A 1 4:334
(T2-weighted)
PRESS (for MRSI) 2000/53* 2D N/A N/A N/A 10 x 10 x 15 N/A 1 8:26.0
EPI (DWI) 8000/55 2D N/A N/A N/A 2x2x3 32 1 5:46.9

¢ Minimum echo time allowed on the scanner for the MRSI protocol used in this study.
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2.3.4. Magnetic resonance spectroscopy

For 2D CSI a slab of 60 mm x 60 mm x 15 mm was placed in the cen-
trum semiovale region. Great care was taken in placing the CSI slab
across all subjects and different time points by using various land
marks such as AC-PC plane and location relative the lateral ventricles.
Initially all the individual MRS volumes were reconstructed in the sub-
ject’s native space. For group analysis, each MRSI slab was linearly reg-
istered to the T1 scan using rigid body registration with six degrees of
freedom. Then the MRS volume in the native space was warped to the
MNI space by applying the deformation field obtained from T1-to-
MNI152 non-linear registration. In the group analysis only those voxels
that were common for all the subjects following transformation to the
MNI space, as determined by their spatial coordinates, were included.
The resulting common MRS volume contained both cortical and sub-
cortical regions and contained both GM and WM tissues. In order to
conduct comparison on homogenous structure and tissue types, the
MRS volume was sub-divided into 12 smaller volumes-of-interest
(VOI), 6 in each hemisphere, with each region containing only one brain
structure and tissue type (sfg — superior frontal gyrus, mfg — superior fron-
tal gyrus, jlc — juxtapositional lobule cortex, cg — cingulate gyrus, pcg —
paracingulate gyrus, wm — white matter). Identification of these structures
was based on the Harvard-Oxford cortical & sub-cortical parcellation map
available from the FSL toolbox. The spectral region between 0.2 and
4.0 ppm was processed. Only the center 6 x 6 voxels (each voxel mea-
sured 10 x 10 x 15 mm?) from the 2D CSI slab were used since they
had the highest spectral quality. Metabolite concentration ratios NAA/
Cr, Cho/Cr, and mlI/Cr were automatically estimated with the LC Model
software (http://www.s-provencher.com/pages/lcmodel.shtml). The de-
fault basis set for 35 ms was used for the LC Model analysis. Any estimated
ratio with greater than 20% SD (Cramer-Rao lower bounds) were consid-
ered to be unreliable and deleted from the data analysis.

3. Results

3.1. MRI stability

Based on the daily QA measurements, the performance of the scanner
either met or exceeded the ACR recommendations and vendor’s specifica-
tions. The results of the DTI analysis were reported earlier (Hasan et al.,
2014). The temporal changes in FA and MD did not show any systematic
drifts. The average + sd values of MD and FA over the 4 year period were
(1.88 + 0.16) x 10> mm?/s and (0.015 + 0.002), respectively. Linear re-
gression of the temporal changes in MD and FA did not show any trend,
suggesting the absence of systematic drift with time.

3.2. Subject data

The mechanism of injury in both mTBI and OI subjects is summa-
rized in Table 2. Over 90% of mTBI subjects had visible evidence of
head trauma associated with multiple mechanisms, in the form of
bruising/contusions/abrasions to the head, scalp, or face (84%) and
scalp lacerations (44%), of which 54% (24/44) required sutures. None

Table 2

Injury mechanisms for mTBI and ortho subjects.
Mechanism of injury mTBI (%) Ol (%)
Assault 16 1
Blow to head 9 0
All falls 21 21
Laceration 0 45
Motor vehicle accidents 51 11
Other® 1 1
Sports-related 2 5
Crush injury 0 16

2 mTBI — only blast injury from exploding tire; ortho — jammed finger in scuffle with

brother.

of the OI subjects had any of these signs of TBI. Subjects in the OI
group explicitly stated that to the best of their recollection, they did
not hit their head during the event that caused their injury, they had
no visible signs of injury to the head (i.e. bruising, abrasions, contusion,
tenderness, swelling, or scalp lacerations with or without sutures re-
quired), and they reported no LOC or PTA.

Sixty-two mTBI subjects (30.4 4 8.8 years age, range 19-50 years;
number of males = 43; education = 13.6 + 2.4 years) and 59 orthope-
dic controls (age = 29.2 + 9 years, range 20-51 years; number of
males = 45; education = 13.5 + 2.9 years) were included in this
study. All subjects were right handed. All but two subjects had a GCS
score in the ED of 15, with the other two having a GCS score of 14.
Among the mTBI subjects who lost consciousness after injury, the aver-
age LOC duration was 3.95 4 5 min (range 1-20 min). The initial post-
injury scan times for mTBI and Ol were 25.5 4 12.26 h (range 5.8-46 h),
and 27.1 4 13.70 h (range 0.3-56 h), respectively. The corresponding
follow-up scan times were 97.9 + 17.57 days (range 83.3-202 days)
and 96.7 + 9.26 days (range 82.9-126.9 days), respectively. It should
be pointed out that the range for the follow-up for mTBI subjects may
have been skewed since one subject was scanned 202 days after injury.
Not all subjects completed both the initial and follow-up scans. The
number of mTBI and OI controls who completed the initial scans was
56 and 54, respectively. The corresponding numbers at the follow-up
were 29 (age 29.94 + 8.22 years, range +18.9-49.7; number of males
18) and 47 (age 29.48 + 9.03 years; range 20.25-50.75 years, number
of males = 36). mTBI subjects had the option to participate in a phase
Il drug trial (21/65 or 32%) or enroll only in the testing/imaging portion
of the study (44/65 or 68%). Those mTBI subjects in the drug trial were
not included in the analysis of the follow-up scans, as the investigators
are still blinded to which subjects were receiving active drug treatment
and which subjects were receiving placebo treatment. This was done to
ensure that any observations from this analysis would not be due to or
influenced by the study drug. Therefore, the number of mTBI subjects
that were included in the final analysis was approximately 50% of the
Ol subjects.

There were no significant female/male ratio (p = 0.45; x> test) and
age differences between the mTBI (56 subjects) and OI (54 subjects)
control groups (p = 0.72; t-test) at the initial study. The follow-up
mTBI (29 subjects) and OI (47 subjects) cohorts also did not differ either
in the gender ratio (p = 0.3) or age (p = 0. 78).

Two T1, two MTR and one DTI image volumes were excluded due to
poor image quality that include poor SNR and motion related artifacts.
Fourteen MTR image volumes were excluded due to motion between
acquisition of Msar and Mg images. MTR is based on subtraction of
two images and is therefore more prone to motion artifacts. Four MRSI
examinations were excluded due to poor shimming. Three DTI image
volumes were excluded due to inconsistent protocol used in the early
stage of the study. The final number of mTBI and OI subjects included
in the analysis for each MRI modality is summarized in Table 3.

3.3. Diffusion tensor imaging
3.3.1. Comparison between mTBI and Ol controls at initial scan

3.3.1.1. Significant differences with FWE correction. Fig. 1 shows the t
maps of MD that shows significant differences between the mTBI and
OI groups at the initial scan (FWE corrected; p < 0.05) superimposed
on the WMFA skeleton. As can be seen from this figure, MD was signif-
icantly higher in the mTBI relative to OI subjects in several WM regions
that include internal capsule (ic), external capsule (ec), superior corona
radiata (scr), anterior corona radiata (acr), posterior corona radiata
(pcr), inferior fronto-occipital fasciculus (ifo), inferior longitudinal fas-
ciculus (ilf), forceps major and forceps minor of the corpus callosum
(cc), superior longitudinal fasciculus (sIf), and cortical spinal tract
(cst). These significant differences were confined only to the right
hemisphere.
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Table 3

Summary of subjects included in the final analysis in the initial and follow-up scans for each MRI modality. The numbers in the parentheses indicate the number of rejected scans for reason

indicated in the footnotes.

Initial scan Follow-up scan

Morphometry DTI MTR MRSI Morphometry DTI MTR MRSI
mTBI 55 (1)* 55 (1)° 51 (5)° 55 (1)¢ 29 29 27 (2)¢ 28 (1)¢
ol 53 (1)? 53 (2)° 44 (9)¢ 55 (1)¢ 47 46 (1)* 46 (1) 46 (1)¢

¢ Motion and poor image quality.

b Inconsistent protocol.

¢ Motion between M, and Ms,, images.
4" Poor shimming.

3.3.1.2. Differences without correcting for multiple comparisons. A number
structures showed differences in the DTI measures at p < 0.05 but did
not survive the FWE correction. For example, MD was observed to be
higher in the mTBI relative to Ol in the ic, ec, scr, acr, pcr, ifo, ilf, forceps
major and forceps minor of the c, slf, and cst in both hemispheres. In-
creased MD was also seen in the genu, body and splenium of the cc. In-
creased AD (N\;) and RD ((N\; + \3) / 2) were observed in some of the
regions where increased MD was also found (scr/pcr, plic, ifo and acr;
p <0.05).

3.3.1.3. Longitudinal comparison (initial vs. follow-up scan). On the TBSS
analysis none of the MRI measures on the follow-up scans, either in
the mTBI or OI group, showed significant changes from baseline with
FWE correction. Without FWE correction in the mTBI group MD de-
creased at follow-up in the WM regions that included plic, ec, slf, acr,
pcr, scr, ifo and cc (p < 0.05). AD also decreased in regions that included
e, slf, acr, scr and cc) and RD decreased in plic and ifo(p < 0.05). As in the
case of initial scan, the effects appeared to be significant and more wide-
spread in the right hemisphere.

pcr

cc/ilf/ifo

Fig. 1. Color coded t-maps superimposed on the FA skeleton demonstrating increased MD in mTBI relative to OI controls at the initial scan (p < 0.05 with FWE correction). The green lines
are the skeletonized tracts drawn on the mean FA image obtained by averaging all FA maps registered to the MNI 152 template. p-Values are color-coded in the red-yellow scale, with

yellow corresponding to the highest confidence level (same in all the following figures).



92 PA. Narayana et al. / Neurolmage: Clinical 7 (2015) 87-97

In the OI controls, TBSS analysis found no significant difference in
any of the DTI measures between baseline and follow-up even without
the FWE correction.

3.4. Magnetization transfer ratio

After registering all the subjects’ MTR image volumes in the MNI
space, voxel based analysis was conducted to detect differences be-
tween mTBI and controls at the initial scan and also between the initial
and follow-up scans in both mTBI and OI controls. No clusters with sig-
nificant difference were found in either comparison in either group.

3.5. Tensor based morphometry

The Jacobian determinant (JD) maps constructed from the T1 images
were used for measuring the regional volumetric changes in the brain.
As in other analyses, we investigated the baseline volumetric differ-
ences between mTBI and control subjects and volumetric changes in
the mTBI and OI subjects between initial and follow-up scans. With
FWE correction statistically significant clusters (=10 voxels) were not
observed in any region of the brain.

3.6. Magnetic resonance spectroscopy imaging

The 2DCSI slab was placed about 1 cm above the lateral ventricles,
and parallel to the anterior-posterior commissure line (Fig. 2). The ten
saturation bands for outer volume suppression are shown in blue in
Fig. 2. The individual voxels (10 x 10 x 15 mm) are shown in red in
this figure. The line width for the water peak from the entire spectro-
scopic VOI was (11 + 2.4) Hz. The line width of NAA, for example,
from individual voxels was (7 £ 1.1) Hz. The SNR in the water sup-
pressed spectrum in each voxel was 45 4 7. The spectra from the
whole slab (average spectrum) along with representative spectra from
four different voxels from one patient are also shown in this figure,
The minimal lipid contamination and excellent spectral resolution can
also be seen on this figure.

Parcellation of various cortical and subcortical structures was based
on the Harvard-Oxford atlas as described in the methods. Fig. 3 shows
the common MRS voxels in all the subjects (Fig. 3A) along with the
parcellation of the common MRS volume into 12 regions (Fig. 3B), with
each region containing only one brain structure and tissue type (sfg —
superior frontal gyrus, mfg — superior frontal gyrus, jlc — juxtapositional
lobule cortex, cg — cingulate gyrus, pcg — paracingulate gyrus, wm —
white matter). The results of the metabolite ratios at the baseline and
follow-up for both cohorts are summarized in Fig. 4. Cho/Cr ratio did
not show significant differences between the mTBI and the control sub-
jects on the initial scan in any of the voxels, nor did this ratio significant-
ly differ between initial and follow-up scans in the mTBI group. ml/Cr
ratio, on the other hand, showed lower values in the mTBI than in the
comparison subjects on the initial scan in jlc, cg, and pcg, all in the
right hemisphere (p < 0.05). None of these differences, however, sur-
vived FWE correction. In the mTBI cohort NAA/Cr showed lower value
on the initial scan compared to follow-up in jlc in the right hemisphere
(p<0.05). However, this difference also did not survive FWE correction.
We also analyzed the longitudinal changes by considering the ratio of
the follow-up scans and the corresponding initial scans for each subject
(data not shown). This strategy eliminates the inter-subject variation in
the metabolite ratios and improves the statistical power. These ratios
did not show statistically significant changes. We did not include the
analysis of the glutamate + glutamine peaks in this analysis because
their CRLB was greater than 20 in majority of the patients.

4. Discussion

To the best of our knowledge, this is the first multi-modal MRI study
on mTBI subjects. A novel feature that distinguishes this study from

others is that the scans were performed at approximately 24 h after
injury in CT-negative mTBI patients. In addition, the same cohort was
rescanned at about 3 months post-injury. Furthermore, great care was
taken to eliminate confounding factors such as alcohol and drug abuse,
history of hospitalization for previous TBI, and pre-injury neuropsychiat-
ric disorders. This assured relatively uncomplicated and homogeneous
mTBI cohort.

4.1. MRI stability

Scanner stability is critical in longitudinal studies. The lack of any
systematic drift either in the FA or MD values along with the relatively
small variances suggests the stability of the scanner over the period of
time the data was acquired for this study. As reported elsewhere the
possible sources of the observed variance are the temperature fluctua-
tions and scanner table vibrations (Hunsche et al., 2001; Chenevert
et al., 2011). Ideally, the FA value of water phantom should be zero.
However, the noise and phase fluctuations result in a small nonzero
FA value.

4.2. Diffusion tensor imaging

Overall, many of our DTI findings such as increased MD in mTBI
in WM structures are in agreement with previous studies (Yuh et al.,
2013; Inglese et al., 2005; Lipton et al., 2008; Miles et al., 2008;
Rutgers et al., 2008; Kraus et al., 2007; Lo et al., 2009). However, it
should be pointed out that strict comparison of our DTI results with
other similar studies is somewhat difficult due to differences in the eli-
gibility criteria for subject recruitment, study population, sample size,
and choice of post-injury scan periods. Patients with brain lesions on
CT performed within 24 h post-injury were excluded in our study,
whereas this approach varied across other recent studies (Hulkower
etal, 2013; Lo et al., 2009; Kim et al., 2013). In the present study, pa-
tients with lesions on MRI that were diagnosed as “incidental” by the se-
nior neuroradiologist who participated in this study were also excluded.
In those cases the lesion appearance did not change from the initial to
the follow-up MRI. Instead of imaging uninjured subjects for compari-
son, we recruited patients who suffered orthopedic injury as controls
who had similar chronicity of injury and demographic characteristics
as the mTBI group. Recruitment of OI subjects accounts, to some extent,
for the risk factors that predispose to injury and for the traumatic stress
experienced by the mTBI subjects (Levin et al., 2013). Although the cri-
terion for GCS score was 13-15, patients who met all of our eligibility
criteria and consented to participate had GCS scores of 15, with the ex-
ception of two who had a score of 14, indicating normal consciousness
or confusion when the patients were evaluated in the ED. Our mTBI co-
hort had less severe injuries than in other mTBI studies (see for exam-
ple, Kou et al., 2013; Mayer et al., 2010).

As described in the results, except for MD in certain structures in the
right hemisphere, none of the other MRI-based measures survived mul-
tiple comparison correction based on FWE. The FWE correction is
known to be conservative and could lead to Type II errors (false nega-
tives). Another commonly used and less conservative approach is the
false discovery rate (FDR; Chumbley, 2009). Unfortunately, FDR is cur-
rently not an option in the TBSS analysis. Therefore, we presented our
results without the FWE correction when the correction led to results
that are statistically not significant. We observed significant differences
in MD between mTBI and Ol at the initial scan that were confined to the
right hemisphere. Possible hemispheric asymmetry based on different
MRI measures was also indicated by others (Ling et al., 2013; Niogi
et al., 2008, 2008a; Koerte et al., 2012, 2012a). One possibility for this
asymmetry is that the left hemisphere has more densely packed axon
branching (Klingberg et al., 1999), presumably making it more resistant
to shock-induced damage. However, caution should be exercised in
interpreting the finding of the asymmetric increases in diffusivity in
the right hemisphere regions.
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4.3. Magnetization transfer ratio

We did not observe any significant differences in the MTR values be-
tween mTBI and OI subjects either at the initial or follow-up scans. In
one of the earliest MTR studies on mTBI reduced MTR in the splenium
of the cc was reported (McGowan, 2000). However, that study was
based on a small sample size with unspecified post-injury scan periods.
In addition, few details about the patient demographics were provided.
Therefore it is very difficult to compare their results with ours. Whole

Average Spectrum

brain reduction in MTR was reported earlier (Hofman et al., 2002).
However, these authors included both moderate and mTBI subjects in
their cohort with the GCS in the range of 9-15. The post injury scan pe-
riod varied from 1 to 12 years. From their studies it is unclear if mTBI is
associated with reduced MTR in the acute or subacute phases.
Quantifying magnetization transfer by a simple measure like MTR
limits the potentially useful information about the pathophysiological
processes (see for example, Garcia et al., 2012). In contrast, quantitative
magnetization transfer (qQMT) measures such as concentration of

Fig. 2. Placement of the 2D CSI slab in the axial, sagittal and coronal orientations (top). The ten saturation bands for outer volume suppression are shown in blue. The individual voxels are
shown in red. The “average spectrum” shown below represents the spectrum from whole slab. The individual spectra (A, B, C, D) shown at the bottom of the figure are from the voxels

indicated in the top figure.
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Fig. 3. MRSI and the common MRS voxels in all the subjects. A) The common MRS volume was constructed so that for any given voxel in this volume, at least 80% of all the subjects must
have a valid value. B) Parcellation of the common MRS volume into 12 regions, with each region containing only one brain structure and tissue type (sfg — superior frontal gyrus, mfg —
superior frontal gyrus, jlc — juxtapositional lobule cortex, cg — cingulate gyrus, pcg — paracingulate gyrus, wm — white matter).
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Fig. 4. Metabolite concentration ratios (relative to Cr) in 12 regions parcelled from the common MRS volume in mTBI and OI cohorts at initial and follow-up scans.

macromolecular pool and exchange rates between the pools could pro-
vide more robust information about pathology. Another method that
appears to hold some promise is the macromolecular proton fraction
(MPF) that is based on MTR effect (Yarnykh et al., 2012). In fact, this
technique was applied to blast mTBI subjects to probe the white matter
integrity with promising results (Petrie et al., 2014). Unfortunately we
did not acquire the necessary data for gMT and MPF analyses in the cur-
rent study.

4.4. Morphometry

Atrophy is thought to represent neurodegeneration that is the result
of axonal/myelin loss. Given the mild and uncomplicated nature of inju-
ry and relatively short duration of 3 months for follow-up scans, lack of
either cross-sectional or longitudinal changes in global and regional
volumes in our mTBI cohort is not very surprising. Reduced cerebral vol-
ume with time does not necessarily mean atrophy. For example, re-
duced cerebral volume is expected with the resolution of edema that
may be present in the acute phase of injury. The fact that we did not ob-
serve any volume changes at the initial or follow-up scan in mTBI rela-
tive to Ol suggests that significant edema was not present in our cohort.
It is difficult to compare our results on atrophy with the published re-
sults because of differences in the mTBI and control cohorts, methodol-
ogy, and post-injury scan periods. For example, atrophy was reported in
mTBI after 6 months post-injury (Hofman et al., 2001). In another study
on 19 mTBI subjects, atrophy was observed in 4 patients at 3-7 months
post-injury (Ross et al., 2012). In a comprehensive study on atrophy in
mTBI global and regional atrophy in the anterior cingulate, left cingulate
gyrus, istmus, and precuneus were reported at 1 year after the injury
(Zhou et al., 2013). It is possible that we would have observed atrophy
in our cohort if we scanned them over longer post-injury time period.

4.5. Magnetic resonance spectroscopy

Our MRSI analysis showed differences in NAA/Cr and ml/Cr ratios
between the mTBI and OI subjects at the initial scan and between the
initial and follow-up scans within the mTBI cohort. However, these
differences did not survive multiple comparison correction, indicating
that any changes in the metabolite concentrations are very subtle.
Most of the published studies on mTBI that reported metabolic changes
in the acute phase were performed after post-injury day 3. It is possible
that metabolic changes may not be apparent until day 3 post-injury
(Vagnozzi et al., 2013). It is also likely that biochemical changes could
have disappeared at the 90 day follow-up scan (Vagnozzi et al., 2008,
2013).

The results of the previously published MRS studies in mTBI are not
always consistent. While some studies found decreased NAA (Vagnozzi
et al.,, 2008; Henry et al., 2011; Govindaraju et al., 2004; Cimatti, 2006;
Vagnozzi et al.,, 2010; Henry et al., 2010; Johnson et al., 2012) in regions
such as parietal lobe, motor cortex, prefrontal cortex, and cc, other stud-
ies did not report any changes in NAA (Maugans et al., 2012; Yeo et al.,
2011). Some of these studies used single voxel MRS and this difference
in methods could be a contributing factor for the discrepant results. In
one report where similar 2DCSI method was used as in our study, no
change was found in NAA concentration, but Cr concentration was
found to increase in WM in the mTBI patients (Vagnozzi et al., 2010).
Another study using single voxel spectroscopy also detected increased
Cr level in white matter (Gasparovic et al., 2009). Since all the above
studies that reported decreased NAA were based on the NAA/Cr ratio,
including the trends observed in our study, and since increased Cr was
found in mTBI, it is not clear that decreased NAA/Cr necessarily implies
reduced NAA. Moreover, changes in the metabolite levels vary greatly
depending on the brain area (Gardner et al., 2014; Govindaraju et al.,
2004). In addition, the differences in the patient cohort, use of healthy
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controls, and different post-injury scan times could have contributed to
the discrepant results that were reported in the literature.

4.6. Limitations of previous studies

A problem with most of the published MRI studies in mTBI is the lack
of standardization in patient selection criteria, post-injury scan times,
methodology, and control subjects. These differences make an objective
comparison across different studies virtually impossible. Classification
of TBI as mild, moderate, or severe, based on GCS score which is global
and relatively insensitive to mTBI, fails to incorporate newer insights
and findings from neuroimaging (Manley and Maas, 2013). There is a
need to implement more precise disease classification.

5. Study limitations

Our study also has a few limitations. It investigated longitudinal
changes only at two time points. Acquiring data at multiple points
that span longer post-injury periods could have provided a better trajec-
tory of pathologic changes, particularly chronic effects. In this study we
did not stratify our results based on the neuropsychological scores or
PCS. Another limitation is that the metabolite concentrations were mea-
sured relative to Cr. Absolute measurements would have been prefera-
ble. However, this requires the acquisition of unsuppressed water data
that was not part of our protocol. While the TE used for acquiring
MRSI was 53 ms, the default basis set of 35 ms was used for the LC
model analysis. While NAA, Cr, Cho, and Ins are expected to be less
sensitive to the TE of the basis set, GIx with its relatively short TE and
j-coupling coupling is more sensitive to the choice of the basis set.
This results in poor fitting and relatively large SD. In most cases, both
mTBI and OI subjects had received/been prescribed pain medications
during their ED visit and which might be in their system for the initial
MRI We have not considered the effect of medication on the MRI mea-
sures. To the best of our knowledge there are no studies that link pain
medication and brain MRI measures. Finally, we did not attempt to com-
bine all the MRI measures for improved detection of neural changes. A
major problem with combining the multi-modal data is assigning ap-
propriate weight for each measure. We are currently working with
our statistician to come up with an algorithm. We plan to address this
issue in a future study.

Conflicts of interest

No competing financial interests exist.

Acknowledgments

This study was funded by the Congressionally Directed Medical Re-
search Program of the Department of Defense (W81XWH-08-2-0133,
W81XWH-08-2-0135, W81XWH-08-2-0138, W81XWH-08-2-0132,
W81XWH-08-2-0149, W81XWH-08-2-0142, W81XWH-08-2-0140,
and W81XWH-08-2-0131). The funding agency played no role in the
study design, data collection, analysis and interpretation of data, writing
of this manuscript and its submission for publication. The funding agen-
cy is not responsible for the contents of this article. One of the authors
(PAN) gratefully acknowledges the support by the endowment provid-
ed by the Chair in Biomedical Engineering.

References

Assistant Secretary of Defense for Health Affairs. Health Affairs Memorandum. Traumatic
Brain Injury: Definition and Reporting 2007.

Bazarian, JJ.,Zhong, J.,Blyth, B, Zhu, T, Kavcic, V.,Peterson, D., 2007. Diffusion tensor imag-
ing detects clinically important axonal damage after mild traumatic brain injury: a
pilot study. Journal of Neurotrauma 24, 1447-1459. http://dx.doi.org/10.1089/neu.
2007.024117892407.

Bigler, E.D., 2013. Neuroimaging biomarkers in mild traumatic brain injury (mTBI). Neu-
ropsychology Review 23, 169-209. http://dx.doi.org/10.1007/s11065-013-9237-
223974873.

Blumbergs, P.C.,Scott, G.,Manavis, ], Wainwright, H.,Simpson, D.A.,McLean, A}J., 1995. To-
pography of axonal injury as defined by amyloid precursor protein and the sector
scoring method in mild and severe closed head injury. Journal of Neurotrauma 12,
565-5728683607.

CDC, 2010. Injury Prevention & Control: Traumatic Brain InjuryCenter for Disease Control
and Prevention www.cdc.gov/traumaticbraininjury/statistics.html.

Chenevert, T.L.,Galban, CJ.,, Ivancevic, M.K,, et al., 2011. Diffusion coefficient measurement
using a temperature-controlled fluid for quality control in multicenter studies. Jour-
nal of Magnetic Resonance Imaging: JMRI 34, 983-987. http://dx.doi.org/10.1002/
jmri.2236321928310.

Chumbley, J.R., 2009. False discovery rate revisited: FDR and topological inference
using Gaussian random fields. Neuroimage 44, 62-70. http://dx.doi.org/10.
1016/j.neuroimage.2008.05.02118603449.

Cimatti, M., 2006. Assessment of metabolic cerebral damage using proton magnetic reso-
nance spectroscopy in mild traumatic brain injury. Journal of Neurosurgical Sciences
50, 83-8817108884.

Cohen, B.A,, Inglese, M.,Rusinek, H.,Babb, ].S., Grossman, R.I, Gonen, O., 2007. Proton MR
spectroscopy and MRI-volumetry in mild traumatic brain injury. AJNR. American
Journal of Neuroradiology 28, 907-91317494667.

Faul, M., Xu, L., Wald, M.M,, Coronado, V.G., 2010. Traumatic brain injury in the United
States: emergency department visits, hospitalizations, and deaths, 2002-2006. Cen-
ters for Disease Control and PreventionNational Center for Injury Prevention and
Control, Atlanta GA.

Fox, W.C,,Park, M.S.,Belverud, S.,Klugh, A.,Rivet, D., Tomlin, ].M., 2013. Contemporary
imaging of mild TBI: the journey toward diffusion tensor imaging to assess neu-
ronal damage. Neurological Research 35, 223-232. http://dx.doi.org/10.1179/
1743132813Y.000000016223485049.

Garcia, M., Gloor, M.,Radue, E.-W., Stippich, Ch., Wetzel, S.G., Scheffler, K., Bieri, O., 2012.
Fast high-resolution brain imaging with balanced SSFP: interpretation of quantitative
magnetization transfer towards simple MTR. Neuroimage 59, 202-211. http://dx.doi.
org/10.1016/j.neuroimage.2011.07.03821820061.

Gardner, A, Iverson, G.L,Stanwell, P., 2014. A systematic review of proton magnetic reso-
nance spectroscopy findings in sport-related concussion. Journal of Neurotrauma 31,
1-18. http://dx.doi.org/10.1089/neu.2013.307924047225.

Gasparovic, C., Yeo, R, Mannell, M., Ling, ].,Elgie, R, Phillips, ]., Doezema, D.,Mayer, A.R.,
2009. Neurometabolite concentrations in gray and white matter in mild traumatic
brain injury: an 1H-magnetic resonance spectroscopy study. Journal of Neurotrauma
26, 1635-1643. http://dx.doi.org/10.1089/neu.2009-089619355814.

Giza, C.C,Hovda, D.A,, 2001. The neurometabolic cascade of concussion. Journal of Athletic
Training 36, 228-23512937489.

Govindaraju, V.,Gauger, G.E.,Manley, G.T.,Ebel, A., Meeker, M.,Maudsley, A.A., 2004. Volu-
metric proton spectroscopic imaging of mild traumatic brain injury. AJNR. American
Journal of Neuroradiology 25, 730-73715140711.

Hasan, K.M., 2007. A framework for quality control and parameter optimization in diffu-
sion tensor imaging: theoretical analysis and validation. Magnetic Resonance Imaging
25, 1196-1202. http://dx.doi.org/10.1016/j.mri.2007.02.01117442523.

Hasan, KM, Wilde, E.A.,Miller, E.R,,Kumar Patel, V.,Staewen, T.D.,Frisby, M.L,,Garza, H.M.,
McCarthy, J.J.,Hunter, J.V.,Levin, H.S.,Robertson, C.S.,Narayana, P.A., 2014. Serial atlas-
based diffusion tensor imaging study of uncomplicated mild traumatic brain injury in
adults. Journal of Neurotrauma 31, 466-475. http://dx.doi.org/10.1089/neu.2013.
308524224684.

Hunsche, S., Moseley, M.E., Stoeter, P.,Hedehus, M., 2001. Diffusion-tensor MR imaging at
1.5 and 3.0 T initial observations. Radiology 221, 550-556. http://dx.doi.org/10.1148/
radiol.221200182311687703.

Henry, L.C, Tremblay, S., Boulanger, Y.,Ellemberg, D.,Lassonde, M., 2010. Neurometabolic
changes in the acute phase after sports concussions correlate with symptom severity.
Journal of Neurotrauma 27, 65-76. http://dx.doi.org/10.1089/neu.2009.096219761385.

Henry, L.C., Tremblay, S., Leclerc, S.,Khiat, A.,Boulanger, Y., Ellemberg, D.,Lassonde, M.,
2011. Metabolic changes in concussed American football players during the acute
and chronic post-injury phases. BMC Neurology 11, 105. http://dx.doi.org/10.1186/
1471-2377-11-10521861906.

Hofman, P.A.,Stapert, S.Z.,van Kroonenburgh, M.J.,Jolles, J.,de Kruijk, J., Wilmink, J.T.,
2001. MR imaging, single-photon emission CT, and neurocognitive performance
after mild traumatic brain injury. AJNR. American Journal of Neuroradiology 22
(3), 441-44911237964.

Hofman, P.A.,Verhey, F.R.,Wilmink, ].T.,Rozendaal, N.,Jolles, ]., 2002. Brain lesions in
patients visiting a memory clinic with postconcussional sequelae after mild to
moderate brain injury. Journal of Neuropsychiatry and Clinical Neurosciences
14, 176-18411983792.

Hughes, D.G.,Jackson, A, Mason, D.L, Berry, E., Hollis, S.,Yates, D.W., 2004. Abnormalities
on magnetic resonance imaging seen acutely following mild traumatic brain injury:
correlation with neuropsychological tests and delayed recovery. Neuroradiology 46,
550-558. http://dx.doi.org/10.1007/s00234-004-1227-x15185054.

Hulkower, M.B., Poliak, D.B.,Rosenbaum, S.B.,Zimmerman, M.E., Lipton, M.L., 2013. A de-
cade of DTI in traumatic brain injury: 10 years and 100 articles later. AJNR.
American Journal of Neuroradiology 34, 2064-2074. http://dx.doi.org/10.3174/ajnr.
A339523306011.

Inglese, M., Makani, S.,Johnson, G.,Cohen, B.A, Silver, ].A,, Gonen, O.,Grossman, R.I, 2005.
Diffuse axonal injury in mild traumatic brain injury: a diffusion tensor imaging
study. Journal of Neurosurgery 103, 298-303. http://dx.doi.org/10.3171/jns.2005.
103.2.029816175860.

Johnson, B.,Zhang, K., Gay, M., Neuberger, T., Horovitz, S., Hallett, M., Sebastianelli, W.,
Slobounov, S., 2012. Metabolic alterations in corpus callosum may compromise



http://dx.doi.org/10.1089/neu.2007.0241
http://www.ncbi.nlm.nih.gov/pubmed/17892407
http://dx.doi.org/10.1007/s11065-013-9237-2
http://www.ncbi.nlm.nih.gov/pubmed/23974873
http://www.ncbi.nlm.nih.gov/pubmed/8683607
http://www.cdc.gov/traumaticbraininjury/statistics.html
http://dx.doi.org/10.1002/jmri.22363
http://www.ncbi.nlm.nih.gov/pubmed/21928310
http://dx.doi.org/10.1016/j.neuroimage.2008.05.021
http://www.ncbi.nlm.nih.gov/pubmed/18603449
http://www.ncbi.nlm.nih.gov/pubmed/17108884
http://www.ncbi.nlm.nih.gov/pubmed/17494667
http://refhub.elsevier.com/S2213-1582(14)00102-8/subref10
http://refhub.elsevier.com/S2213-1582(14)00102-8/subref10
http://refhub.elsevier.com/S2213-1582(14)00102-8/subref10
http://refhub.elsevier.com/S2213-1582(14)00102-8/subref10
http://dx.doi.org/10.1179/1743132813Y.0000000162
http://www.ncbi.nlm.nih.gov/pubmed/23485049
http://www.ncbi.nlm.nih.gov/pubmed/21820061
http://www.ncbi.nlm.nih.gov/pubmed/24047225
http://www.ncbi.nlm.nih.gov/pubmed/19355814
http://www.ncbi.nlm.nih.gov/pubmed/12937489
http://www.ncbi.nlm.nih.gov/pubmed/15140711
http://www.ncbi.nlm.nih.gov/pubmed/17442523
http://dx.doi.org/10.1089/neu.2013.3085
http://www.ncbi.nlm.nih.gov/pubmed/24224684
http://dx.doi.org/10.1148/radiol.2212001823
http://www.ncbi.nlm.nih.gov/pubmed/11687703
http://www.ncbi.nlm.nih.gov/pubmed/19761385
http://dx.doi.org/10.1186/1471-2377-11-105
http://www.ncbi.nlm.nih.gov/pubmed/21861906
http://www.ncbi.nlm.nih.gov/pubmed/11237964
http://www.ncbi.nlm.nih.gov/pubmed/11983792
http://www.ncbi.nlm.nih.gov/pubmed/15185054
http://dx.doi.org/10.3174/ajnr.A3395
http://www.ncbi.nlm.nih.gov/pubmed/23306011
http://dx.doi.org/10.3171/jns.2005.103.2.0298
http://www.ncbi.nlm.nih.gov/pubmed/16175860

P.A. Narayana et al. / Neurolmage: Clinical 7 (2015) 87-97 97

brain functional connectivity in MTBI patients: an 1H-MRS study. Neuroscience Let-
ters 509, 5-8. http://dx.doi.org/10.1016/j.neulet.2011.11.01322108503.

Kay, T., 1993. Mild traumatic brain injury committee of the head injury interdisciplinary
special interest group of the American Congress of Rehabilitation Medicine. Defini-
tion of mild traumatic brain injury. Journal of Head Trauma Rehabilitation 8, 86-87.

Kim, N.,Branch, C.A, Kim, M., Lipton, M.L,, 2013. Whole brain approaches for identification
of microstructural abnormalities in individual patients: comparison of techniques ap-
plied to mild traumatic brain injury. PloS One 8, €59382. http://dx.doi.org/10.1371/
journal.pone.005938223555665.

Klingberg, T.,Vaidya, CJ., Gabrieli, ].D., Moseley, M.E.,Hedehus, M., 1999. Myelination and
organization of the frontal white matter in children: a diffusion tensor MRI study.
Neuroreport 10, 2817-282110511446.

Koerte, LK. Ertl-Wagner, B.,Reiser, M.,Zafonte, R.,Shenton, M.E., 2012. White matter integ-
rity in the brains of professional soccer players without a symptomatic concussion.
JAMA: the Journal of the American Medical Association 308, 1859-1861. http://dx.
doi.org/10.1001/jama.2012.1373523150002.

Koerte, 1.K., Kaufmann, D.,Hartl, E.,Bouix, S., Pasternak, O., Kubicki, M.,Rauscher, A.,Li, D.K.,
Dadachanyji, S.B., Taunton, J.A., Forwell, L.A.,Johnson, A.M.,Echlin, P.S., Shenton, M.E.,
2012a. A prospective study of physician-observed concussion during a varsity univer-
sity hockey season: white matter integrity in ice hockey players. Part 3 Of 4. Neuro-
surgical Focus 33 (E3), 1-7.

Kou, Z.,Gattu, R, Kobeissy, F,, et al., 2013. Combining biochemical and imaging markers to
improve diagnosis and characterization of mild traumatic brain injury in the acute
setting: Results from a Pilot Study. PloS One 8, e80296. http://dx.doi.org/10.1371/
journal.pone.008029624260364.

Kraus, M.F,, Susmaras, T.,Caughlin, B.P., Walker, CJ.,Sweeney, J.A, Little, D.M., 2007. White
matter integrity and cognition in chronic traumatic brain injury: a diffusion tensor
imaging study. Brain: A Journal of Neurology 130 (10), 2508-2519. http://dx.doi.
org/10.1093/brain/awm21617872928.

Lannsjo, M.,Raininko, R.,Bustamante, M.,von Seth, C.,Jérgen Borg, ]., 2013. Brain pathology
after mild traumatic brain injury: an exploratory study by repeated magnetic reso-
nance examination. Journal of Rehabilitation Medicine 45, 721-728.

Leow, A.D.,Klunder, A.D.,Jack Jr., CR., Toga, AW.,Dale, A.M.,Bernstein, M.A.,Britson, PJ., et
al., 2006. Longitudinal stability of MRI for mapping brain change using tensor-based
morphometry. Neuroimage 31, 627-640. http://dx.doi.org/10.1016/j.neuroimage.
2005.12.01316480900.

Levin, H.S.,Li, X.,McCauley, S.R.,Hanten, G.,Wilde, E.A.,Swank, P., 2013. Neuropsycho-
logical outcome of mTBI: a principal component analysis approach. Journal of
Neurotrauma 30, 625-632. http://dx.doi.org/10.1089/neu.2012.262722994927.

Levin, H.S.,0'Donnell, V.M.,Grossman, R.G., 1979. The Galveston Orientation and Amnesia
Test. A practical scale to assess cognition after head injury. Journal of Nervous and
Mental Disease 167, 675-684501342.

Lin, A.P.,Liao, H.J., Merugumala, S.K., Prabhu, S.P.,Meehan 3rd, W.P.,Ross, B.D., 2012. Met-
abolic imaging of mild traumatic brain injury. Brain Imaging and Behavior 6,
208-223. http://dx.doi.org/10.1007/s11682-012-9181-422684770.

Ling, ] M., Klimaj, B, Toulouse, T., Andrew, R, Mayer, AR., 2013. A prospective study of gray
matter abnormalities in mild traumatic brain injury. Neurology 81, 1-7.

Lipton, M.L,, Gellella, E., Lo, C., Gold, T.,Ardekani, B.A., Shifteh, K., Bello, J.A., Branch, C.A.,
2008. Multifocal white matter ultrastructural abnormalities in mild traumatic brain
injury with cognitive disability: a voxel-wise analysis of diffusion tensor imaging.
Journal of Neurotrauma 25, 1335-1342. http://dx.doi.org/10.1089/neu.2008.
054719061376.

Lipton, M.L, Kim, N.,Park, Y.K,, et al., 2012. Robust detection of traumatic axonal injury in
individual mild traumatic brain injury patients: intersubject variation, change over
time and bidirectional changes in anisotropy. Brain Imaging and Behavior 6,
329-342. http://dx.doi.org/10.1007/s11682-012-9175-222684769.

Lo, C., Shifteh, K.,Gold, T.,Bello, J.A.,Lipton, M.L., 2009. Diffusion tensor imaging abnormal-
ities in patients with mild traumatic brain injury and neurocognitive impairment.
Journal of Computer Assisted Tomography 33, 293-297. http://dx.doi.org/10.1097/
RCT.0b013e31817579d119346863.

MacKenzie, ].D.,Siddiqi, F.,Babb, J.S.,Bagley, L.J., Mannon, L.J.,Sinson, G.P.,Grossman, R.I,
2002. Brain atrophy in mild or moderate traumatic brain injury: a longitudinal quan-
titative analysis. AJNR. American Journal of Neuroradiology 23, 1509-151512372740.

Manley, G.T.,Maas, AR, 2013. Traumatic brain injury: an international knowledge-based
approach. JAMA: The Journal of the American Medical Association 310, 473-474.
http://dx.doi.org/10.1001/jama.2013.16915823925611.

Maugans, T.A.,Farley, C.,Altaye, M., Leach, J.,Cecil, K.M., 2012. Pediatric sports-related con-
cussion produces cerebral blood flow alterations. Pediatrics 129, 28-37. http://dx.doi.
org/10.1542/peds.2011-208322129537.

Mayer, AR, Ling, ], Mannell, M.V.,Gasparovic, C,Phillips, ].P.,Doezema, D.,Reichard, R.,Yeo, R.
A., 2010. A prospective diffusion tensor imaging study in mild traumatic brain injury.
Neurology 74, 643-650. http://dx.doi.org/10.1212/WNL.0b013e3181d0ccdd20089939.

McGowan, J.C,, Yang, ].H., Plotkin, R.C., Grossman, R.I, Umile, E.M., Cecil, K.M., Bagley, L.,
2000. Magnetization transfer imaging in the detection of injury associated with
mild head trauma. AJNR. American Journal of Neuroradiology 21, 875-88010815663.

McGowan, J.C,, 1999. The physical basis of magnetization transfer imaging. Neurology 53
(Suppl. 3), S3-S710496203.

Miles, L., Grossman, R.I,Johnson, G.,Babb, ].S., Diller, L., Inglese, M., 2008. Short-term DTI
predictors of cognitive dysfunction in mild traumatic brain injury. Brain Injury: [BI]
22, 115-122. http://dx.doi.org/10.1080/0269905080188881618240040.

Mori, S.,Zhang, J., 2006. Principles of diffusion tensor imaging and its applications to basic
neuroscience research. Neuron 51, 527-539. http://dx.doi.org/10.1016/j.neuron.
2006.08.01216950152.

Mottershead, J.P., Schmierer, K., Clemence, M., et al., 2003. High field MRI correlates of
myelin content and axonal density in multiple sclerosis — a post-mortem study of

the spinal cord. Journal of Neurology 250, 1293-1301. http://dx.doi.org/10.1007/
s00415-003-0192-314648144.

Narayana, P.A., Govindarajan, K.A., Goel, P., et al., 2012. Regional cortical thickness in re-
lapsing remitting multiple sclerosis: a multi-center study. Neurolmage. Clinical 2,
120-131. http://dx.doi.org/10.1016/j.nicl.2012.11.00924179765.

Narayana, P.A., 2005. Magnetic resonance spectroscopy in the monitoring of multiple sclero-
sis. Journal of Neuroimaging: Official Journal of the American Society of Neuroimaging
15 (Suppl.), 46S-57S. http://dx.doi.org/10.1177/105122840528420016385018.

Niogi, S.N.,Mukherjee, P.,Ghajar, ]., et al., 2008. Extent of microstructural white matter injury
in postconcussive syndrome correlates with impaired cognitive reaction time: a 3 T dif-
fusion tensor imaging study of mild traumatic brain injury. AJNR. American Journal of
Neuroradiology 29, 967-973. http://dx.doi.org/10.3174/ajnr.A097018272556.

Niogi, S.N.,Mukherjee, P.,Ghajar, ]., et al., 2008a. Structural dissociation of attentional control
and memory in adults with and without mild traumatic brain injury. Brain: A Journal of
Neurology 131 (12), 3209-3221. http://dx.doi.org/10.1093/brain/awn24718952679.

Oishi, K, Faria, A.V.,van Zijl, P.C.M.,Mori, S. MR, 2010. Atlas of Human White MatterSecond
edition. Academic Press.

Petrie, E.C.,,Cross, DJ.,Yarnykh, V.L, et al., 2014. Neuroimaging, behavioral, and psycholog-
ical sequelae of repetitive combined blast/impact mild traumatic brain injury in Iraq
and Afghanistan War veterans. Journal of Neurotrauma 31, 425-436. http://dx.doi.
0org/10.1089/neu.2013.295224102309.

Pierpaoli, C.,Basser, PJ., 1996. Toward a quantitative assessment of diffusion anisotropy.
Magnetic Resonance in Medicine: Official Journal of the Society of Magnetic Reso-
nance in Medicine/ Society of Magnetic Resonance in Medicine 36, 893-9068946355.

Pike, G.B.,De Stefano, N.,Narayanan, S., Worsley, KJ., Pelletier, D., Francis, G.S.,Antel, ].P.,
Arnold, D.L, 2000. Multiple sclerosis: magnetization transfer MR imaging of white
matter before lesion appearance on T2-weighted images. Radiology 215, 824-830.
http://dx.doi.org/10.1148/radiology.215.3.r00jn0282410831705.

Ross, D.E.,Ochs, A.L, Seabaugh, ].M., Demark, M.F., Shrader, C.R,, Marwitz, ].H.,Havranek,
M.D., 2012. Progressive brain atrophy in patients with chronic neuropsychiatric
symptoms after mild traumatic brain injury: a preliminary study. Brain Injury: [BI]
26, 1500-1509. http://dx.doi.org/10.3109/02699052.2012.69457022721509.

Rutgers, D.R,, Fillard, P., Paradot, G., Tadié, M., Lasjaunias, P., Ducreux, D., 2008. Diffusion
tensor imaging characteristics of the corpus callosum in mild, moderate, and severe
traumatic brain injury. AJNR. American Journal of Neuroradiology 29, 1730-1735.
http://dx.doi.org/10.3174/ajnr.A121318617586.

Sajja, B.R,,Wolinsky, J.S.,Narayana, P.A., 2009. Proton magnetic resonance spectroscopy in
multiple sclerosis. Neuroimaging Clinics of North America 19, 45-58. http://dx.doi.
org/10.1016/j.nic.2008.08.00219064199.

Shenton, M.E.,, Hamoda, H.M., Schneiderman, J.S., et al., 2012. A review of magnetic reso-
nance imaging and diffusion tensor imaging findings in mild traumatic brain injury.
Brain Imaging and Behavior 6, 137-192. http://dx.doi.org/10.1007/s11682-012-
9156-522438191.

Smith, S.M.,, Jenkinson, M., Johansen-Berg, H.,Rueckert, D.,Nichols, T.E.,Mackay, C.E., Watkins,
K.E., Ciccarelli, O.,Cader, M.Z., Matthews, P.M., Behrens, T.E., 2006. Tract-based spatial
statistics: voxelwise analysis of multi-subject diffusion data. Neuroimage 31,
1487-1505. http://dx.doi.org/10.1016/j.neuroimage.2006.02.02416624579.

Tao, G.,Datta, S.,He, R.,Nelson, F., Wolinsky, ].S.,Narayana, P.A., 2009. Deep Gray matter at-
rophy in multiple sclerosis: a tensor based morphometry. Journal of the Neurological
Sciences 282, 39-46. http://dx.doi.org/10.1016/j.jns.2008.12.03519168189.

Toth, A., Kovacs, N, Perlaki, G., et al., 2013. 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 30, 2-10. http://dx.doi.org/10.1089/neu.2012.248622905918.

Vagnozzi, R.,Signoretti, S.,Cristofori, L., et al., 2010. Assessment of metabolic brain damage
and recovery following mild traumatic brain injury: a multicentre, proton magnetic
resonance spectroscopic study in concussed patients. Brain: A Journal of Neurology
133, 3232-3242. http://dx.doi.org/10.1093/brain/awq20020736189.

Vagnozzi, R, Signoretti, S., Tavazzi, B., et al., 2008. Temporal window of metabolic brain
vulnerability to concussion: a pilot 1TH-magnetic resonance spectroscopic study in
concussed athletes—part IIl. Neurosurgery 62, 1286-1295. http://dx.doi.org/10.
1227/01.neu.0000333300.34189.7418824995.

Vagnozzi, R, Signoretti, S., Floris, R., et al., 2013. Decrease in N-acetylaspartate following
concussion may be coupled to decrease in creatine. Journal of Head Trauma Rehabil-
itation 28, 284-292.

Wilde, E.A,, McCauley, S.R.,Hunter, ].V., et al., 2008. Diffusion tensor imaging of acute mild
traumatic brain injury in adolescents. Neurology 70, 948-955. http://dx.doi.org/10.
1212/01.wnl.0000305961.68029.5418347317.

Yarnykh, V.L., 2012. Fast macromolecular proton fraction mapping from a single off-
resonance magnetization transfer measurement. Magnetic Resonance in Medi-
cine: Official Journal of the Society of Magnetic Resonance in Medicine/ Society
of Magnetic Resonance in Medicine 68, 166-178. http://dx.doi.org/10.1002/
mrm.2322422190042.

Yeo, RA., Gasparovic, C, Merideth, F, Ruhl, D., Doezema, D.,Mayer, AR, 2011. A longitudinal
proton magnetic resonance spectroscopy study of mild traumatic brain injury. Journal of
Neurotrauma 28, 1-11. http://dx.doi.org/10.1089/neu.2010.157821054143.

Yuh, E.L,Mukherjee, P.,Lingsma, H.F., et al., 2013. Magnetic resonance imaging improves
3-month outcome prediction in mild traumatic brain injury. Annals of Neurology 73,
224-235. http://dx.doi.org/10.1002/ana.2378323224915.

Zhang, K., Johnson, B., Pennell, D., Ray, W., Sebastianelli, W., Slobounov, S., 2010. Are
functional deficits in concussed individuals consistent with white matter structural
alterations: combined fMRI & DTI study. Experimental Brain Research 204, 57-70.
http://dx.doi.org/10.1007/s00221-010-2294-320496060.

Zhou, Y. Kierans, A, Kenul, D.,Ge, Y.,Rath, ], Reaume, J., Grossman, R.L, Lui, Y.W., 2013. Mild
traumatic brain injury: longitudinal regional brain volume changes. Radiology 267,
880-890. http://dx.doi.org/10.1148/radiol. 1312254223481161.


http://www.ncbi.nlm.nih.gov/pubmed/22108503
http://refhub.elsevier.com/S2213-1582(14)00102-8/subref28
http://refhub.elsevier.com/S2213-1582(14)00102-8/subref28
http://refhub.elsevier.com/S2213-1582(14)00102-8/subref28
http://dx.doi.org/10.1371/journal.pone.0059382
http://www.ncbi.nlm.nih.gov/pubmed/23555665
http://www.ncbi.nlm.nih.gov/pubmed/10511446
http://www.ncbi.nlm.nih.gov/pubmed/23150002
http://refhub.elsevier.com/S2213-1582(14)00102-8/subref32
http://refhub.elsevier.com/S2213-1582(14)00102-8/subref32
http://refhub.elsevier.com/S2213-1582(14)00102-8/subref32
http://dx.doi.org/10.1371/journal.pone.0080296
http://www.ncbi.nlm.nih.gov/pubmed/24260364
http://www.ncbi.nlm.nih.gov/pubmed/17872928
http://refhub.elsevier.com/S2213-1582(14)00102-8/subref35
http://refhub.elsevier.com/S2213-1582(14)00102-8/subref35
http://refhub.elsevier.com/S2213-1582(14)00102-8/subref35
http://dx.doi.org/10.1016/j.neuroimage.2005.12.013
http://www.ncbi.nlm.nih.gov/pubmed/16480900
http://www.ncbi.nlm.nih.gov/pubmed/22994927
http://www.ncbi.nlm.nih.gov/pubmed/501342
http://www.ncbi.nlm.nih.gov/pubmed/22684770
http://refhub.elsevier.com/S2213-1582(14)00102-8/subref40
http://refhub.elsevier.com/S2213-1582(14)00102-8/subref40
http://dx.doi.org/10.1089/neu.2008.0547
http://www.ncbi.nlm.nih.gov/pubmed/19061376
http://www.ncbi.nlm.nih.gov/pubmed/22684769
http://dx.doi.org/10.1097/RCT.0b013e31817579d1
http://www.ncbi.nlm.nih.gov/pubmed/19346863
http://www.ncbi.nlm.nih.gov/pubmed/12372740
http://www.ncbi.nlm.nih.gov/pubmed/23925611
http://www.ncbi.nlm.nih.gov/pubmed/22129537
http://www.ncbi.nlm.nih.gov/pubmed/20089939
http://www.ncbi.nlm.nih.gov/pubmed/10815663
http://www.ncbi.nlm.nih.gov/pubmed/10496203
http://www.ncbi.nlm.nih.gov/pubmed/18240040
http://dx.doi.org/10.1016/j.neuron.2006.08.012
http://www.ncbi.nlm.nih.gov/pubmed/16950152
http://dx.doi.org/10.1007/s00415-003-0192-3
http://www.ncbi.nlm.nih.gov/pubmed/14648144
http://www.ncbi.nlm.nih.gov/pubmed/24179765
http://www.ncbi.nlm.nih.gov/pubmed/16385018
http://www.ncbi.nlm.nih.gov/pubmed/18272556
http://www.ncbi.nlm.nih.gov/pubmed/18952679
http://refhub.elsevier.com/S2213-1582(14)00102-8/bb57
http://refhub.elsevier.com/S2213-1582(14)00102-8/bb57
http://www.ncbi.nlm.nih.gov/pubmed/24102309
http://www.ncbi.nlm.nih.gov/pubmed/8946355
http://www.ncbi.nlm.nih.gov/pubmed/10831705
http://www.ncbi.nlm.nih.gov/pubmed/22721509
http://www.ncbi.nlm.nih.gov/pubmed/18617586
http://www.ncbi.nlm.nih.gov/pubmed/19064199
http://dx.doi.org/10.1007/s11682-012-9156-5
http://www.ncbi.nlm.nih.gov/pubmed/22438191
http://www.ncbi.nlm.nih.gov/pubmed/16624579
http://www.ncbi.nlm.nih.gov/pubmed/19168189
http://www.ncbi.nlm.nih.gov/pubmed/22905918
http://www.ncbi.nlm.nih.gov/pubmed/20736189
http://dx.doi.org/10.1227/01.neu.0000333300.34189.74
http://www.ncbi.nlm.nih.gov/pubmed/18824995
http://refhub.elsevier.com/S2213-1582(14)00102-8/subref70
http://refhub.elsevier.com/S2213-1582(14)00102-8/subref70
http://refhub.elsevier.com/S2213-1582(14)00102-8/subref70
http://dx.doi.org/10.1212/01.wnl.0000305961.68029.54
http://www.ncbi.nlm.nih.gov/pubmed/18347317
http://dx.doi.org/10.1002/mrm.23224
http://www.ncbi.nlm.nih.gov/pubmed/22190042
http://www.ncbi.nlm.nih.gov/pubmed/21054143
http://www.ncbi.nlm.nih.gov/pubmed/23224915
http://www.ncbi.nlm.nih.gov/pubmed/20496060
http://www.ncbi.nlm.nih.gov/pubmed/23481161

	Multi-�modal MRI of mild traumatic brain injury
	1. Introduction
	2. Methods and material
	2.1. MRI protocol
	2.2. Quality assurance of the MRI scanner
	2.3. Image processing
	2.3.1. Diffusion tensor imaging
	2.3.2. Magnetization transfer ratio
	2.3.3. Morphometry
	2.3.4. Magnetic resonance spectroscopy


	3. Results
	3.1. MRI stability
	3.2. Subject data
	3.3. Diffusion tensor imaging
	3.3.1. Comparison between mTBI and OI controls at initial scan
	3.3.1.1. Significant differences with FWE correction
	3.3.1.2. Differences without correcting for multiple comparisons
	3.3.1.3. Longitudinal comparison (initial vs. follow-up scan)


	3.4. Magnetization transfer ratio
	3.5. Tensor based morphometry
	3.6. Magnetic resonance spectroscopy imaging

	4. Discussion
	4.1. MRI stability
	4.2. Diffusion tensor imaging
	4.3. Magnetization transfer ratio
	4.4. Morphometry
	4.5. Magnetic resonance spectroscopy
	4.6. Limitations of previous studies

	5. Study limitations
	Conflicts of interest
	Acknowledgments
	References


