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Abstract

We evaluated 3T diffusion tensor imaging (DTI) for white matter injury in 76 adult mild traumatic brain injury (mTBI)
patients at the semiacute stage (11.2+3.3 days), employing both whole-brain voxel-wise and region-of-interest (ROI)
approaches. The subgroup of 32 patients with any traumatic intracranial lesion on either day-of-injury computed tomography
(CT) or semiacute magnetic resonance imaging (MRI) demonstrated reduced fractional anisotropy (FA) in numerous white
matter tracts, compared to 50 control subjects. In contrast, 44 CT/MRI-negative mTBI patients demonstrated no significant
difference in any DTI parameter, compared to controls. To determine the clinical relevance of DTI, we evaluated correlations
between 3- and 6-month outcome and imaging, demographic/socioeconomic, and clinical predictors. Statistically significant
univariable predictors of 3-month Glasgow Outcome Scale-Extended (GOS-E) included MRI evidence for contusion (odds
ratio [OR] 4.9 per unit decrease in GOS-E; p=0.01), =1 ROI with severely reduced FA (OR, 3.9; p=0.005), neuropsy-
chiatric history (OR, 3.3; p=0.02), age (OR, 1.07/year; p=0.002), and years of education (OR, 0.79/year; p=0.01).
Significant predictors of 6-month GOS-E included =1 ROI with severely reduced FA (OR, 2.7; p=0.048), neuropsychiatric
history (OR, 3.7; p=0.01), and years of education (OR, 0.82/year; p=0.03). For the subset of 37 patients lacking neuro-
psychiatric and substance abuse history, MRI surpassed all other predictors for both 3- and 6-month outcome prediction. This
is the first study to compare DTI in individual mTBI patients to conventional imaging, clinical, and demographic/socio-
economic characteristics for outcome prediction. DTI demonstrated utility in an inclusive group of patients with hetero-
geneous backgrounds, as well as in a subset of patients without neuropsychiatric or substance abuse history.
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Introduction accepted definitions of mTBI*™ include patients with 1) non-

penetrating head trauma resulting in one or more of the following:

MILD TRAUMATIC BRAIN INJURY (MTBI) comprises 75% of the ~ confusion/disorientation; loss of consciousness (LOC) <30min in
estimated 1.7 million patients who seek medical attention duration, post-traumatic amnesia (PTA) <24h in duration; and
annually in the United States for acute head injury.' The most widely  transient focal neurological signs or seizure and 2) Glasgow Coma

"Brain and Spinal Injury Center, University of California, San Francisco, California.
Department of Radiology and Biomedical Imaging, University of California, San Francisco, California.
Department of Neurosurgery, University of California, San Francisco, California.
4Department of Public Health, Erasmus MC-University Medical Center, Rotterdam, The Netherlands.
5Depanment of Rehabilitation Medicine, Mount Sinai School of Medicine, New York, New York.
Seton Brain and Spine Institute, Austin, Texas.
"Department of Neurological Surgery and Neurotrauma Clinical Trials Center, University of Pittsburgh Medical Center, Pittsburgh, Pennsylvania.
S8Department of Psychology, University of Texas, Austin, Texas.
°Department of Neurosurgery, Antwerp University Hospital, Edegem, Belgium.
'"Division of Anesthesia, University of Cambridge, Addenbrooke’s Hospital, Cambridge, United Kingdom.

1457



1458

Scale (GCS) score of 13—15 upon acute medical evaluation. Previous
studies suggest that many mTBI patients have significant alterations
in cognitive and/or behavioral functioning within weeks to months of
injury, and approximately 15-20% have persistent measurable def-
icits at 1 year.>™'? There is also growing recognition that current
classification schemes for mTBI/concussion based solely on GCS,
PTA, and LOC are severely limited, with small mean effect sizes in
long-term impairment obscuring differences among diverse sub-
groups of mTBI patients with very different prognoses.'*'* To date,
there remains a need for practical, widely available clinical, labo-
ratory, and/or imaging markers that identify patients who will ex-
perience persistent dysfunction after mTBI.

Many studies have reported changes in white matter diffusion
tensor imaging (DTI) parameters in acute, subacute, and chronic
time frames after mTBL'>>7 The clinical significance of acute
traumatic intracranial findings on conventional computed tomog-
raphy (CT) and magnetic resonance neuroimaging has also been
explored.>®** However, little is known about the relationship be-
tween conventional CT and magnetic resonance imaging (MRI)
findings and DTI evidence of white matter injury within the mTBI
spectrum. In addition, there has been little exploration of the use of
acute or subacute DTI data for prediction of outcome in individual
patients, after controlling for demographic, clinical, and CT and
conventional MRI predictors. Although group differences in DTI
parameters between mTBI patients and controls have been dem-
onstrated, no consensus yet exists on the practical application of
these techniques to outcome prediction in the individual patient.
Finally, nearly all previous studies of DTI in mTBI have excluded
patients with any history of substance abuse or other neuropsy-
chiatric disorder, and the generalizability of their results to the
general mTBI population is uncertain.

In this study, we used both whole-brain voxel-wise and region-of-
interest (ROI) analyses to assess for an association between CT and
conventional MRI abnormalities and early DTI measures of white
matter integrity after mTBI. To determine the clinical relevance, if
any, of DTI measures to outcome in mTBI, we then assessed for
correlations between DTI measures and 3- and 6-month outcome.
We compared the strengths of these correlations to those between
outcome and conventional imaging, demographic, and clinical pre-
dictors previously found to influence outcome, based on the as-
sumption that any utility of DT in outcome prediction would require
a differential increase in predictive power over predictors that are
routinely assessed in current practice. To our knowledge, this is the
first study to compare the relative strengths of DTI features in indi-
vidual mTBI patients to conventional MRI, CT, clinical, demo-
graphic, and socioeconomic features for the prediction of 3- and
6-month outcome. In order to maximize the generalizability of study
conclusions, we analyzed both an inclusive sample of 76 mTBI pa-
tients with very few exclusion criteria, as well as a subset of 37
patients with no significant drug, alcohol, or neuropsychiatric history.

Methods
Study population

mTBI patients were enrolled at San Francisco General Hospital
(SFGH; San Francisco, CA) as part of the prospective multi-center
TRACK-TBI (Transforming Research and Clinical Knowledge in
Traumatic Brain Injury) pilot study.*® The primary inclusion cri-
terion for the TRACK-TBI pilot study was performance of non-
contrast head CT to assess for evidence of acute TBI within 24 h of
injury, based on criteria from the American College of Emergency
Physicians/Centers for Disease Control (ACEP/CDC) evidence-
based joint practice guideline (Supplementary Table S1) (see online
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supplementary material at http:/www.liebertpub.com).*' The
TRACK-TBI pilot study exclusion criteria were limited and con-
sisted of nonfluency in English, contraindication to MRI, preg-
nancy, and current incarceration/legal detention or placement on
psychiatric hold.*

For the current study of DTI of mTBI, additional inclusion cri-
teria were GCS 13-15 upon emergency department (ED) arrival,
LOC <30min, PTA duration <24 h, and age 18-55 years (inclu-
sive); an additional exclusion criterion was any reported history of
earlier TBI resulting in LOC > 5 min. Of 190 mTBI patients in the
18- to 55-year age range enrolled at SFGH for the TRACK-TBI
pilot study, 87 patients did not undergo brain MRI. Of the re-
maining 103 patients, 18 reported a history of earlier TBI with
LOC >5min or of unknown duration; 5 had a technically inade-
quate brain MRI exam (because of motion or, in 1 case, because of
severe susceptibility artifact resulting from a metallic shunt valve
within the scalp); 1 patient had an extensive area of en-
cephalomalacia likely the result of an earlier TBI; 1 had an acute
large-territory infarct resulting from acute traumatic arterial dis-
section; and 2 were excluded because their performance on the
Trail Making Test (TMT) B and other outcome measures were
extreme outliers, despite a GCS of 15 upon ED arrival, no LOC or
PTA, and no CT or conventional MRI evidence of traumatic in-
tracranial injury. The final patient group for the current study
therefore consisted of 76 mTBI patients enrolled at SFGH who
underwent brain MRI on a single 3T MRI scanner within 3 weeks
of TBI. In addition, a control group consisted of 50 healthy sub-
jects, ages 18-55 years, with no self-reported history of drug or
alcohol abuse, neuropsychiatric illness, or earlier TBI, who un-
derwent brain MRI on the same 3T scanner over the same time
period, employing the same MRI protocol and software version.
All study protocols were approved by the University of California
at San Francisco Institutional Review Board, and all patients and
control subjects or their legal representatives gave written in-
formed consent.

Table 1 summarizes demographic, socioeconomic, and clinical
characteristics of participants and control subjects. We assessed for
statistically significant differences in demographic, socioeconomic,
and clinical features at p <0.05 among the following groups: 1) CT/
MRI-positive patients, defined as patients with any acute traumatic
intracranial lesion or depressed skull fracture on day-of-admission
CT or semiacute 3T MRI; 2) CT/MRI-negative patients, defined
as patients without any such abnormality; and 3) control subjects.
We used analysis of variance (ANOVA) for scale variables with-
out significant deviation from a normal distribution, and Mann-
Whitney U test for ordinal and non-normal variables. Differences in
nominal variables were assessed by chi-square (y%) test for inde-
pendence or by Fisher’s exact test for nominal variables with an
expected count of fewer than 5 subjects in any cell. All statistical
analyses were performed using SPSS Statistics (version 21; SPSS,
Inc., Chicago, IL).

CT and MRI protocols

CT was performed within 2h 42 min=3h 9 min of TBI. MRI
was performed within 11.243.3 days (range, 5-18) postinjury. All
CT exams were performed on a GE Lightspeed 64-row-detector CT
scanner, and all MRI exams were performed on the same 3T GE
Signa EXCITE scanner equipped with an eight-channel phased-
array head radiofrequency coil (GE Healthcare, Waukesha, WI),
using the same scanner software version. Whole-brain DTI was
performed with a multi-slice single-shot spin echo echoplanar pulse
sequence (echo time [TE]=63 ms; repetition time [TR] =14 sec)
using 55 diffusion-encoding directions, isotropically distributed
over the surface of a sphere with electrostatic repulsion, acquired at
b=1000 sec/mmz, seven acquisitions at b=Osec/mm2, 72 inter-
leaved slices of 1.8-mm thickness each with no gap between slices,
a 128 x 128 matrix, and a field of view (FOV) of 230x 230 mm.
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Parallel imaging was employed using the array spatial sensitivity
encoding technique (ASSET) with an acceleration factor of 2.

The following conventional 3T MRI sequences were also per-
formed: 1) axial three-dimensional (3D) inversion recovery fast
spoiled gradient recalled echo T1-weighted images (TE=1.5 ms;
TR =6.3 ms; inversion time [TI]=400 ms; flip angle, 15 degrees)
with 230-mm FOV, 156 contiguous partitions (1.0-mm) at
256 X256 matrix; 2) axial T2-weighted fluid-attenuated inversion
recovery images (TE=126 ms; TR=10sec; TI=2200ms) with
220mm FOV, 47-48 contiguous slices (3.0-mm) at 256 x256
matrix; and 3) axial magnetization-prepared gradient echo T2%*-
weighted images (TE =15 ms; TR =500 ms; flip angle 20 degrees)
with 220 x 170 mm FOV and 47-48 contiguous slices (3.0-mm) at
256 x 192 matrix.

Neuroradiologist evaluation of CT and MRI studies
for acute traumatic abnormalities

Each patient’s head CT upon ED presentation and early brain
MRI (11.2 £3.3 days postinjury) was characterized using the TBI
common data elements (TBI-CDE). The TBI-CDEs are consen-
sus-based recommendations for data collection, data definitions,
and best practices in TBI research established jointly by the Na-
tional Institute of Neurological Disorders and Stroke (NINDS),
Defense Centers of Excellence, National Institute on Disability
and Rehabilitation Research, and Veterans Administration.*?>~**
Each CT and MRI was anonymized and reviewed by a board-
certified neuroradiologist blinded to demographic, socioeco-
nomic, and clinical data, except gender and age, and without
concurrent access to the patient’s other head imaging studies or 3-
and 6-month outcome measures.

mTBI patients were divided into two subgroups: 1) CT/MRI
positive, defined as patients with any acute traumatic intracranial
lesion (epidural hematoma [EDH], subdural hematoma [SDH],
subarachnoid hemorrhage [SAH], contusion, or evidence of
traumatic axonal injury) and/or depressed skull fracture on either
CT or MRI, and 2) CT/MRI negative, defined as patients without
any such abnormality. Most previous studies of ‘‘complicated”
mTBI, including Williams and colleagues,*® demonstrated poorer
neuropsychiatric test performance based solely on CT findings
(presence of any acute intracranial hemorrhage or depressed skull
fracture). Our dichotomization of mTBI patients according to
presence of abnormalities on either CT or MRI is based on more
recent work that demonstrated poorer 3-month outcome associ-
ated with earl¥ MRI intracranial abnormalities, whether or not
visible on CT.”

Diffusion tensor image processing

Nonbrain tissue was eliminated from the diffusion-weighted and
3D T1-weighted images using the Functional MRI of the Brain
(FMRIB, Oxford University, Oxford, UK) Brain Extraction Tool.
Diffusion-weighted images were corrected for eddy currents and
registered to the b=0sec/mm? volume using the FMRIB Linear
Image Registration Tool. A diffusion tensor model was constructed
using the FMRIB DTIFit algorithm™ to yield fractional anisotropy
(FA), mean diffusivity (MD), axial diffusivity (AD), and radial dif-
fusivity (RD) at each voxel. Tract-based spatial statistics (TBSS)47
were used to align each subject’s FA data to a white matter skeleton,
after low FA values below a threshold of 0.25 were excluded to limit
voxels to the white matter.

Voxel-wise nonparametric statistical comparison between 76
mTBI patients and 50 controls was performed using the FMRIB
Software Library (FSL) randomise algorithm based on permutation
testing, with corrections for multiple voxel-wise comparisons using
threshold-free cluster enhancement (TFCE).48 Anatomic locations
of voxel clusters with statistically significant differences in FA,
MD, RD, or AD between mTBI and control groups at p <0.05 were
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determined. This analysis was also used to compare the subgroup of
32 CT/MRI-positive patients to the 50 controls and also the sub-
group of 44 CT/MRI-negative mTBI patients to the 50 controls.

In addition to the whole-brain voxel-wise approach, we per-
formed a complementary ROI analysis to address the possibility
that a whole-brain, data-driven approach might not be sufficiently
sensitive to reveal white matter injury because of possibly signifi-
cant spatial heterogeneity of white matter injury across mTBI
subjects. Twenty-seven white matter ROIs were delineated by the
intersection of the Johns Hopkins University (Baltimore, MD)
ICBM-DTI-81 White Matter Labeled Atlas* and the reference
white matter skeleton. These consisted of the anterior corona ra-
diata, superior corona radiata, posterior corona radiata, anterior
limb of internal capsule, posterior limb of internal capsule, external
capsule, superior longitudinal fasciculus, sagittal striatum, ventral
cingulum (parahippocampal gyrus), dorsal cingulum (cingulate
gyrus), inferior fronto-occipital fasciculus, and superior fronto-
occipital fasciculus, each on the left and right; and also the body,
genu, and splenium of the corpus callosum. The FA, MD, AD, and
RD within each of these 27 ROIs in each patient and control subject
were determined. For each ROI, the mean and standard deviation
(SD) of the FA within the group of 50 control subjects was cal-
culated. Similarly, for each ROI, the mean and SD for each of the
other DTI measures (MD, AD, and RD) in the group of 50 control
subjects were calculated. For each of the 76 mTBI patients and 50
control subjects, an abnormal ROI was then defined as one in which
a DTI measure (FA, MD, AD, or RD) was more than 2.2 SDs below
or above the control-group mean, based on the distribution of the
DTI measure within the 50 control patients alone.

Outcome measures

Outcome measures included the Extended Glasgow Outcome
Scale (GOS-E) at 3 and 6 months postinjury, the Rivermead
Postconcussion Symptoms Questionnaire (RPQ), California Verbal
Learning Test-Second Edition (CVLT-II), Wechsler Adult In-
telligence Scale—Fourth Edition, Processing Speed Index (WAIS-
IV PSI), and Trail Making Tests A and B (TMT A and TMT B) at
6 months. The GOS-E was obtained at 3 and 6 months postinjury
through structured interview with each participant by research as-
sistants trained to uniformly assess the GOS-E. Modeled after the
5-point Glasgow Outcome Scale (GOS), the 8-point GOS-E pro-
vides better discrimination among more subtle aspects of disability
within mild-to-moderate, rather than mild-to-severe, TBI and is a
well-validated, widely employed measure of global function after
mTBL>° The TMT A and B are tests of visual attention, visual-
motor coordination, task switching, and executive function.’'>2
WAIS-IV PSI is a test of perceptual processing speed with addi-
tional contribution from working memory.”*>* The CVLT-II is a
test of verbal learning and memory and was used in place of the TBI
CDE Rey Auditory Verbal Learning Test because of recent revision
of the CVLT with demonstration of improved psychometric
properties.>>> The RPQ consists of 16 symptoms frequently re-
ported after mTBL>"® The first three symptoms, denoted RPQ-3,
are more physical symptoms (headaches, dizziness, and nausea/
vomiting) typically experienced immediately after the TBI event,
whereas the other 13 symptoms (denoted RPQ-13) are more psy-
chosocial in nature (hyperacusis, sleep disturbances, fatigue, irri-
tability, depressed mood, frustration, forgetfulness, poor
concentration, requiring longer times to think, blurred vision, light
sensitivity, double vision, and restlessness) and have been shown to
occur later in the clinical course after mTBI.>*®°

We assessed for statistically significant group differences in
each outcome measure between CT/MRI-positive and -negative
mTBI patients. The CVLT-II, WAIS-IV PSI, and TMT A and B
scores were converted to normative scores for age, and ANOVA
was used to test for group differences in these variables between
CT/MRI-positive and -negative mTBI patients at p <0.05. Mann-
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Whitney U test was used to assess for group differences in the 3-
month GOS-E, 6-month GOS-E, RPQ-3, and RPQ-13 at p <0.05. All
statistical analyses were performed using SPSS Statistics (version 21).

Spearman’s correlation and ordinal logistic
regression analyses

We calculated Spearman’s correlation coefficients between each
outcome measure and each of 11 demographic (age, gender), so-
cioeconomic (employment status, number of years of formal edu-
cation), and clinical (history of major neuropsychiatric diagnosis,
history of drug or alcohol abuse, GCS upon ED arrival, any PTA,
PTA duration, any LOC, any history of mTBI with LOC duration not
exceeding 5min) predictors, 5 noncontrast head CT features (cal-
varial or skull base fracture, EDH, SDH, SAH, contusion), and
3 brain MRI features (contusion, hemorrhagic axonal injury, or
evidence of white matter injury on DTI ROI analysis). We used
Spearman’s correlation, rather than its parametric counterpart,
Pearson’s product-moment correlation, because of the nominal or
ordinal nature and/or non-normal distribution of most of these var-
iables. We then performed multivariable logistic or linear regression
of each outcome measure upon all predictors with which the out-
come measure had demonstrated a statistically significant pairwise
Spearman’s correlation. For both Spearman’s correlation and the
regression analyses, the CVLT-II, WAIS-IV PSI, and TMT A and B
test scaled or z-scores, as well as binary outcome variables corre-
sponding to performance worse or better than 2 SDs worse than the
normative score as determined by previous studies,”>**>> were in-
cluded as outcome variables. For the ordinal logistic regression an-
alyses, tests for parallel lines were performed and confirmed the
proportional odds assumption for each analysis. These statistical
analyses were performed using SPSS Statistics (version 21).

Results
Study population characteristics

Table 1 summarizes demographic, socioeconomic, and clinical
characteristics of participants. There were no statistically signifi-
cant differences among CT/MRI-positive, CT/MRI-negative, and
control subjects in age, number of years of formal education,
gender, or handedness. Employment status was unknown for con-
trol subjects, but there was no difference at p <0.05 between CT/
MRI-positive and -negative patients. Among the clinical variables,
rates of major neuropsychiatric diagnosis, history of drug or alcohol
abuse, and history of previous mTBI with LOC up to 5 min were
significantly higher in CT/MRI-negative and -positive mTBI pa-
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tients than in control subjects, but were not statistically different
between CT/MRI-negative and -positive patients. (Patients with a
history of any previous TBI with LOC >5 min had been excluded
from the study.) PTA duration was longer in CT/MRI-positive
patients (median PTA duration, 1-29 min) than in CT/MRI-
negative patients (median PTA duration, <1 min). There was no
significant difference in GCS or LOC between CT/MRI-negative
and -positive mTBI groups at p <0.05 (Table 1).

Conventional CT and MRI results

Table 2 shows that MRI identifies many more acute traumatic
intracranial lesions than CT. TBI-CDE—-defined pathoanatomic
features observed on head CT upon ED presentation and early brain
MRI in our study population consisted of the following: nonde-
pressed skull fracture; EDH; SDH; SAH; brain contusion; and
hemorrhagic axonal injury. Hemorrhagic axonal injury was ob-
served on many brain MRI exams, but on only one head CT, in this
study. Other TBI-CDE features, such as midline shift =5 mm and
partial or complete basal cistern effacement that are more charac-
teristic of moderate-to-severe TBI, were also not observed on any
head CT or brain MRI in this study. In addition, no depressed skull
fracture was observed in this study. As shown in Table 2, all 4 of 4
(100%) patients with CT evidence of contusion also had MRI ev-
idence of contusion + hemorrhagic axonal injury. In contrast, 7 of
11 (64%) patients with MRI evidence of contusion and 25 of 27
(93%) with MRI evidence of hemorrhagic axonal injury had no CT
evidence of any parenchymal injury. Three patients with nonde-
pressed skull fractures had no CT or conventional MRI traumatic
intracranial abnormality and were classified as CT/MRI-negative
mTBI (analogous to the classification of patients with isolated
nondepressed skull fracture and no acute intracranial hemorrhage

as “‘uncomplicated”” mTBI in previous literature’®).

Whole-brain voxel-wise nonparametric statistical
compatrison of diffusion tensor imaging measures
in mTBI (n=76) versus control subjects (n=50)

Figure 1A shows many statistically significant areas of reduced
FA in the 76 mTBI patients, compared to the 50 control subjects,
using TBSS and voxel-wise nonparametric statistical comparison
implemented in the FSL randomise algorithm and corrected for
multiple comparisons with TFCE. mTBI patients demonstrated
significantly lower FA in the right internal and external capsules,

TABLE 2. CT AND CONVENTIONAL MRI FINDINGS IN 76 MTBI PATIENTS

cT
Acute extraaxial
Nondepressed hemorrhage (EDH, Contusion £ Hemorrhagic
skull fracture SDH, SAH) with no extraaxial axonal
Normal only parenchymal injury hemorrhage injury only
MRI

No parenchymal injury 41 3 2 0 0
Hemorrhagic axonal injury only 17 0 1 0 1
Contusion only 0 0 0 3 0
Both hemorrhagic axonal injury 1 1 5 1 0

and contusion

Gray shaded boxes comprise uncomplicated mTBI (no CT evidence of acute intracranial hemorrhage or depressed skull fracture).*®
CT, computed tomography; MRI, magnetic resonance imaging; mTBI, mild traumatic brain injury; EDH, epidural hematoma; SDH, subdural

hematoma; SAH, subarachnoid hemorrhage.
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controls (n=50)

A All mTBI (n=
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B CT/MRI po

FIG. 1.
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0.05

Voxel-wise nonparametric statistical comparison between mild traumatic brain injury (mTBI) patients and controls, with

corrections for multiple voxel-wise comparisons using threshold-free cluster enhancement. This analysis was used to compare (A) 76 mTBI
patients to 50 controls, (B) the subgroup of 32 computed tomography/magnetic resonance imaging (CT/MRI)-positive mTBI patients to the
50 controls, and (C) the subgroup of 44 CT/MRI-negative patients to the 50 controls. Voxel clusters with statistically significant differences
in fractional anisotropy (FA) between mTBI and control groups at p <0.05 are shown in red/orange/yellow, with yellow denoting greater
statistical significance. (A) shows that the 76 mTBI patients demonstrated significantly lower FA in the genu of the corpus callosum,
uncinate fasciculi, and anterior corona radiata bilaterally as well as right internal and external capsules, compared to the 50 control subjects.
(B) In a comparison of a much smaller subgroup of 32 CT/MRI-positive mTBI patients to the 50 controls, areas of reduced FA were even
more extensive and attained much higher levels of statistical significance (yellow regions, corresponding to p<0.01) than in the com-
parison of 76 mTBI patients to the control group (mostly red/orange areas, corresponding to p <0.05, in [A]). (C) shows that this method
demonstrated no evidence for white matter injury in 44 CT/MRI-negative mTBI patients, compared to the 50 controls. Color image is

available online at www liebertpub.com/neu

genu of the corpus callosum, and uncinate fasciculi and anterior
corona radiata bilaterally.

No voxel with significantly increased FA, and no significant
group differences in MD, RD or AD, were found in mTBI patients,
compared to the control group at p <0.05 using TBSS, randomise,
and correction for multiple comparisons with TFCE.

Whole-brain voxel-wise nonparametric statistical
comparison of diffusion tensor imaging measures
in CT/MRI-positive mTBI (n=32)

versus control subjects (n=50)

Figure 1B shows many highly statistically significant areas of
reduced FA in the CT/MRI-positive subgroup of mTBI patients,
compared to the control group. Despite the expected loss of sta-
tistical power for this comparison of a much smaller subgroup of
32 CT/MRI-positive mTBI patients to the control group, areas of

reduced FA were even more extensive and attained higher levels
of statistical significance (yellow regions, corresponding to
p<0.01; Fig. 1B) than in the comparison of 76 mTBI patients to
the control group (mostly red/orange areas, corresponding to
p<0.05; Fig. 1A). mTBI patients demonstrated significantly
lower FA in the genu and body of the corpus callosum, the ex-
ternal capsules, uncinate fasciculi, and anterior corona radiata
bilaterally, the right internal capsule, and the right inferior lon-
gitudinal and inferior fronto-occipital fasciculi. Extensive areas
of increased RD were also observed in the 32 CT/MRI-positive
mTBI patients, relative to the control group, whereas none had
been observed in the comparison of 76 mTBI patients to the
control group. No voxel with increased FA or reduced RD was
observed in CT/MRI-positive mTBI patients, relative to controls,
at p<0.05. There were also no voxels in which MD or AD dif-
fered significantly between CT/MRI-positive mTBI and control
groups at p<0.05.
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Whole-brain voxel-wise nonparametric statistical
comparison of diffusion tensor imaging measures
in CT/MRI-negative mTBI (n=44)

versus control subjects (n=50)

No significant group differences in FA (Fig. 1C), MD, RD, or
AD were found between CT/MRI-negative mTBI and control
groups at p<0.05.

Whole-brain voxel-wise nonparametric statistical
comparison of diffusion tensor imaging measures
in most highly educated versus least educated
control subjects (n=50)

To exclude the possibility that the nonsignificant differences in
educational level among CT/MRI-positive mTBI, CT/MRI-negative
mTBI, and control groups (Table 1) could result in group differences
in DTI parameters that could be erroneously attributed to mTBI, we
assessed for group differences in DTI parameters between control
subjects with the longest and shortest duration of education. The 50
control subjects were divided into two groups, one consisting of 25
patients with the most years of formal education and the other con-
sisting of 25 patients with the fewest years of formal education.
There were no statistically significant group differences in DTI pa-
rameters between these groups at p<0.05. This analysis was per-
formed to exclude the possibility that the statistically significant
group differences in FA shown in Figure 1A and 1B were attributable
mostly to educational level or to other socioeconomic factors that
might be correlated with educational level.

Region-of-interest analysis of individual mTBI subjects

Table 3 shows that abnormally low FA (FA more than 2.2 SDs
below the control-group mean) was observed in =1 ROIs for 14 of
32 CT/MRI-positive mTBI (43.8%), 11 of 44 CT/MRI-negative
mTBI (25.0%), and 5 of 50 (10.0%) control subjects. Pearson’s
%> test showed a highly significant difference between the pro-
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portions of CT/MRI-positive mTBI patients (43.8%) and control
subjects (10.0%) with =1 abnormal ROIs (p=0.0006). There was
a trend toward a significant difference between the proportions of
CT/MRI-negative mTBI patients (25.0%) and controls (10.0%)
with =1 abnormal ROIs (p=0.06). Finally, there was no sig-
nificant difference between the proportions of CT/MRI-positive
mTBI patients (43.8%) and CT/MRI-negative mTBI patients (25.0%)
with >1 abnormal ROIs (p=0.14).

Table 3 also shows that there was no significant difference
(p=0.93) among the proportions of CT/MRI-positive, CT/MRI-
negative, and control subjects with =1 ROI with abnormally high
FA (FA more than 2.2 SDs above the control-group mean).

Outcome measures

Table 4 summarizes 3- and 6-month outcome measures of par-
ticipants. There were no statistically significant differences in any
3- or 6-month outcome measure between CT/MRI-negative and
-positive mTBI groups at p < 0.05. For the TMT A and B, the actual
times for test completion, the corresponding TMT A and B z-scores
adjusted for age,52 as well as the proportion of abnormal perfor-
mances worse than 2 SDs from the age-adjusted mean, were
compared between CT/MRI-positive and -negative mTBI groups,
and none showed a statistically significant difference at p <0.05.

Spearman’s correlation

Table 5 shows the pair-wise Spearman’s correlation coefficients
between 3- and 6-month outcome measures and demographic, so-
cioeconomic, clinical, CT, and MRI predictors. Gender, employ-
ment status, GCS at ED arrival, PTA, PTA duration, LOC, and
history of previous TBI with LOC up to 5 min were not significantly
correlated with any outcome variable, and these predictors were
thus omitted from Table 5, for brevity. Similarly, worse outcomes,
as measured by the 6-month TMT A (both age-adjusted z-score and
the dichotomized score), TMT B (z-score), CVLT-II (both age-
adjusted scaled score and dichotomized score), and WAIS-IV PSI

TABLE 3. DTI REGION-OF-INTEREST (ROI) ANALYSIS: GROUP DIFFERENCES IN PRESENCE OF ONE OR MORE ABNORMAL ROIs
AMONG CT/MRI-NEGATIVE MTBI, CT/MRI-PosiTivE MTBI, AND CONTROL SUBJECTS

CT/MRI-negative
mTBI (no acute traumatic
intracranial abnormality
or depressed skull fracture
on CT or conventional
MRI) (44 subjects)

CT/MRI-positive mTBI
(positive acute traumatic
intracranial abnormality

and/or depressed skull
fracture on CT and/or

conventional MRI)

(32 subjects) Controls (50 subjects)

Number of subjects
(proportion of subjects)

Number of subjects
(proportion of subjects)

Number of subjects
(proportion of subjects)

One or more ROIs with FA 11 (25.0%)*°
more than 2.2 SDs below
control-group mean

One or more ROIs with FA
more than 2.2 SDs above

control group mean

8 (18.2%)°

14 (43.8%)" 5 (10.0%)*

5 (15.6%)° 8 (16.0%)°

*PCEach superscript denotes a subset of participants whose column proportions do not differ significantly from one another, by Pearson’s * test with
p < 0.05. Row 1: There was a statistically significant difference between CT/MRI-positive mTBI (43.8%) and control subjects (10.0%), with one or more
ROIs with FA more than 2.2 SDs below the control group mean (p = 0.0006). There was no significant difference between CT/MRI-negative mTBI
patients (25.0%) and controls (10.0%; p = 0.06). There was also no significant difference between CT/MRI-positive (43.8%) and CT/MRI-negative mTBI
patients (25.0%; p = 0.14). Row 2: There was no significant difference among the proportions of CT/MRI-negative mTBI (18.2%), CT/MRI-positive
mTBI (15.6%), and control subjects (16.0%) with one or more ROIs with FA more than 2.2 SDs above the control group mean (p = 0.96).

DTI, diffusion tensor imaging; ROI, region of interest; CT, computed tomography; MRI, magnetic resonance imaging; mTBI, mild traumatic brain

injury; FA, fractional anisotropy; SD, standard deviation.
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TABLE 4. GROUP DIFFERENCES IN 3- AND 6-MONTH OUTCOME MEASURES BETWEEN 32 CT/MRI-PosiTivE MTBI

AND 44 CT/MRI-NEGATIVE MTBI PATIENTS

CT/MRI-negative
(no acute traumatic
intracranial
abnormality or
depressed skull
fracture on CT or
conventional MRI)
(44 subjects)

CT/MRI-positive
(acute traumatic

intracranial abnormality

or depressed skull
fracture on CT

and/or conventional

MRI) (32 subjects)

Analysis for group differences between
CT/MRI negative, CT/MRI positive

3-month outcome measure

3-month GOS-E*

6-month outcome measures

6-month GOS-E®

RPQ-3°
Median (25%, 75%)

RPQ-13°
Median (25%, 75%)

CVLT-II scaled score®

WAIS IV PSI“ percentile

TMT A°
e Time (sec)

e Time (z-score)

e TMT A >2 SDs above

mean

TMT B¢
e Time (sec)

e Time (z-score)

e TMT B >2 SDs above

mean

Number of Number of
Score patients Score patients
4 1 4 0
5 6 5 3
6 3 6 10
7 13 7 8
8 18 8 8
4 1 4 0
5 4 5 3
6 7 6 7
7 13 7 9
8 14 8 7
2.0 [0.0,4.0] 1.5 [0.0,4.3]
7.0 [4.0,16.0] 14.0 [3.3,21.0]
54+11 57+9
58% +28% 62% £27%
3113 30+9
0.68+£1.45 0.50+1.29
Yes 7 Yes 3
No 28 No 23
65127 69127
0.93£1.75 1.09+1.94
Yes 8 Yes 8
No 27 No 18

U=485;Z=-14;
p=0.17

U=459; z=-0.67;
p=0.52

U=467; z=-0.55;
p=0.59

U=441; z=-0.89;
p=0.38

#(55)=0.91;
p=0.37
1(57)=0.45;
p=0.65

1(59)= —0.37;
p=0.71

1(59)=-0.51;
p=0.62

U=417; z= -0.88;
p=0.38

1(59)=0.51;
p=0.61

1(59)=0.34;
p=0.74

U=419; z= —0.69;
p=0.56

Mann-Whitney
U test

Mann-Whitney
U test

Mann-Whitney
U test

Two-tailed
r-test

Two-tailed
r-test

Mann-Whitney

U test

Two-tailed

t-test

Mann-Whitney
U test

“Three CT/MRI-negative mTBI and 3 CT/MRI-positive mTBI patients did not complete 3-month GOS-E evaluation.

®Five CT/MRI-negative mTBI and 6 CT/MRI-positive mTBI patients did not complete 6-month GOS-E, RPQ-3, or RPQ-13.

“Eleven CT/MRI-negative mTBI and 8 CT/MRI-positive mTBI patients did not complete 6-month CVLT-IIL.

9Ten CT/MRI-negative mTBI and 7 CT/MRI-positive mTBI patients did not complete 6-month WAIS V.

°Nine CT/MRI-negative mTBI and 6 CT/MRI-positive mTBI patients did not complete 6-month TMT A or TMT B.

CT, computed tomography; MRI, magnetic resonance imaging; mTBI, mild traumatic brain injury; GOS-E, Glasgow Outcome Scale — Extended;
CVLT-II, California Verbal Learning Test—Second edition; RPQ, Rivermead Postconcussion Symptoms Questionnaire; TMT, Trail Making Test; SD,
standard deviation; WAIS IV PSI, Wechsler Adult Intelligence Scale—Fourth edition, Processing Speed Index.
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(both age-adjusted scaled score and dichotomized score), were not
significantly correlated with any imaging, clinical, demographic, or
socioeconomic predictor (with the exception of modest correlations
between CVLT-II scaled score and years of education and between
age and TMT A z-score), and these outcome measures were thus
also omitted from Table 5, for brevity.

Table 5 shows that among demographic, clinical, and socioeco-
nomic predictors, previous history of neuropsychiatric disorder was
the most consistent predictor of outcome, demonstrating statistically
significant correlations with 3-month GOS-E (p= —0.27; p=0.03),
6-month GOS-E (p=—0.30; p=0.02), 6-month RPQ-3 (p=0.36;
p=0.003), and 6-month RPQ-13 (p=0.31; p=0.013).

Among the imaging predictors, DTI evidence of one or more
ROIs with abnormally reduced FA (>2.2 SDs below control-group
mean) was the most consistent predictor of outcome, demonstrating
statistically significant correlations with 3-month GOS-E (p=
—0.34; p=0.004), 6-month GOS-E (p= —0.25; p=0.04), abnormal
6-month TMT B (p=0.32; p=0.011), and 6-month RPQ-13
(p=0.29; p=0.02). Among other imaging predictors, MRI evi-
dence of contusion was significantly correlated with 3-month GOS-
E (p=-0.36; p=0.003), as was CT evidence of SAH, though more
weakly (p=—0.28; p=0.02).

Regression of 3- and 6-month outcome measures
on demographic, clinical, and imaging predictors

Based on the results of Spearman’s correlation analysis
(Table 5), we constructed regression models of each of five
outcome measures: 3-month GOS-E; 6-month GOS-E; 6-month
TMT B (dichotomized score); 6-month RPQ-3; and 6-month
RPQ-13. The predictive (independent) variables in the model
for each outcome measure were limited to only those predictors
that had demonstrated a statistically significant Spearman’s
correlation with that outcome measure in Table 5. This resulted in a
multivariable regression model for four outcome measures (3- and 6-
month GOS-E, 6-month RPQ-3, and 6-month RPQ-13) and a uni-
variable regression model for one outcome measure (6-month TMT
B dichotomized score). No regression model was constructed for
any outcome measure that lacked a statistically significant Spear-
man’s correlation with at least one predictor.

For the 3-month GOS-E, age, number of years of education,
neuropsychiatric history, MRI evidence for contusion, and DTI
evidence of one or more abnormal ROIs with FA more than 2.2 SDs
below the control-group mean demonstrated statistically significant
univariable odds ratios (ORs; Table 6A), compatible with the
Spearman’s correlation results from Table 5. The multivariable
model for 3-month GOS-E, including all of these predictors, was
also significant (pseudo-R? of 34.5-36.9%; p = 0.00002; Table 6A).
Although CT evidence of SAH demonstrated a nearly statistically
significant univariable OR (p=0.053), it was excluded from the
multivariable model because of collinearity with MRI evidence of
contusion. In particular, unstable ORs and a variance inflation
factor >2 were observed for CT evidence of SAH and MRI evi-
dence of contusion when both were simultaneously included in the
multivariable model.

For the 6-month GOS-E, years of education, neuropsychiatric
history, and DTI evidence of one or more abnormal ROIs with FA
more than 2.2 SDs below the control-group mean demonstrated
statistically significant univariable ORs (Table 6A), compatible
with Spearman’s correlation results from Table 5. The multivariable
model for 6-month GOS-E, including all of these predictors, was
also significant (pseudo—R2 of 15.3-16.3%; p=0.013; Table 6A).

YUH ET AL.

For 6-month RPQ-13, age, years of education, neuropsychiatric
history, and DTI evidence of one or more abnormal ROIs with FA
more than 2.2 SDs below the control group mean demonstrated
statistically significant univariable ORs, consistent with Spearman’s
correlation results from Table 5. The multivariable linear regression
model for 6-month RPQ-13, including all of these predictors was
also significant (adjusted R* of 23.7%; p=0.0004; Table 6B).

Because the 6-month TMT B was significantly correlated with
only one predictor (Table 5), a univariable binary logistic regression
model was constructed for this outcome measure. DTI evidence of
one or more ROIs with abnormally reduced FA demonstrated a
statistically significant univariable OR of 4.5 (p=0.014; Table 6C).

For 6-month RPQ-3, only neuropsychiatric history and history of
drug or alcohol abuse demonstrated statistically significant uni-
variable ORs. The multivariable ordinal logistic regression model
for 6-month RPQ-3, including both of these predictors, was also
statistically significant (pseudo-R? of 9.5-13.9%; p=0.015).

Analysis of subset of patients without pre-existing
neuropsychiatric or substance abuse history

Most previous studies of DTI in mTBI have excluded patients
with history of neuropsychiatric disease or substance abuse on the
grounds that DTI results could be influenced by one or both of these
factors. We performed whole-brain voxel-wise nonparametric
statistical comparison of FA in CT/MRI-negative patients with a
positive history of neuropsychiatric disease or substance abuse
(n=24), compared to those without (n=20). Many areas of reduced
FA at p<0.25 (though not at p<0.05) were found. Therefore, to
address the possibility that a previous history of substance abuse
and/or neuropsychiatric disease could have influenced our results,
we separately analyzed the subset of mTBI patients without such
history. Supplementary Tables S2 and S3 (see online supplemen-
tary material at http://www.liebertpub.com) summarize demo-
graphic, socioeconomic, and clinical characteristics, and 3- and 6-
month outcome measures, for this subset of 37 mTBI patients
without history of substance abuse or neuropsychiatric disease.

Figure 2A is analogous to Figure 1A, but compares only mTBI
patients without history of neuropsychiatric disorder or substance
abuse (n=37) to control subjects (n=50). Unlike Figure 1A, no
significant group differences in FA (Fig. 2A), MD, RD, or AD were
found.

Analogous to Figure 1B, Figure 2B compares CT/MRI-positive
mTBI patients without neuropsychiatric or substance abuse history
(n=17) to controls (n=>50). There are extensive areas of reduced FA
in the CT/MRI-positive mTBI patients, despite the expected loss of
statistical power for comparison of this small subgroup of only 17
CT/MRI-positive mTBI patients to controls. No region of increased
FA, or of increased or reduced MD, AD, or RD, was observed in CT/
MRI-positive mTBI patients, relative to controls, at p <0.05.

Finally, analogous to results in Figure 1C, no significant group
differences in FA (Fig. 2C), MD, RD, or AD were found in CT/
MRI-negative patients without neuropsychiatric or substance abuse
history (n=20), compared to controls (n=50), at p <0.05.

Table 7 shows that all 17 of 17 (100.0%) CT/MRI-positive mTBI
patients without neuropsychiatric or substance abuse history had
abnormal conventional MRI, but only 5 of 17 (24%) had abnormal
head CT. One patient with a nondepressed anterior skull base fracture
had no CT or MRI evidence of traumatic brain lesion or intracranial
hemorrhage and was classified as CT/MRI-negative mTBI (analo-
gous to the classification of isolated nondepressed skull fracture as
uncomplicated mTBI in previous literature®®). On conventional MRI
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FIG. 2. Voxel-wise nonparametric statistical comparison between mild traumatic brain injury (mTBI) patients without previous history
of substance abuse or other neuropsychiatric disorder and controls, with corrections for multiple voxel-wise comparisons using threshold-
free cluster enhancement. This analysis was used to compare (A) 37 mTBI patients without pre-existing substance abuse or neuropsy-
chiatric history to 50 controls, (B) the subgroup of 17 computed tomography/magnetic resonance imaging (CT/MRI)-positive mTBI
patients to the 50 controls, and (C) the subgroup of 20 CT/MRI-negative patients to the 50 controls. Voxel clusters with statistically
significant differences in fractional anisotropy (FA) between mTBI and control groups at p <0.05 are shown in red/orange/yellow, with
yellow denoting greater statistical significance. (B) shows that CT/MRI-positive mTBI patients without substance abuse or neuropsy-
chiatric history demonstrated significantly lower FA in the anterior and posterior limbs of the internal capsules, external capsules,
uncinate fasciculi, genu of the corpus callosum, and anterior corona radiata bilaterally. In contrast, (C) shows that this method dem-
onstrated no evidence for white matter injury in CT/MRI-negative mTBI. Color image is available online at www.liebertpub.com/neu

sequences, most CT/MRI-positive mTBI patients (11 of 17; 64.7%)
demonstrated isolated foci of hemorrhagic axonal injury without
brain contusion; 4 of 17 (23.5%) demonstrated both hemorrhagic
axonal injury and brain contusion; 1 of 17 (5.9%) demonstrated brain
contusions and EDH; and 1 of 17 (5.9%) had isolated SDH.

Tables 7 and 8 also show results of ROI analysis of the 17 CT/
MRI-positive and 20 CT/MRI-negative mTBI patients without a
history of neuropsychiatric or substance abuse. Table 7 shows le-
sions with abnormally low FA (FA more than 2.2 SDs below the
control-group mean) in individual patients. Table 8 shows that such
lesions were observed in =1 ROIs for 9 of 17 CT/MRI-positive
mTBI (52.9%), 2 of 20 CT/MRI-negative mTBI (10.0%), and 5 of
50 (10.0%) control subjects. Fisher’s exact test showed a highly
significant difference between the proportions of CT/MRI-positive
mTBI patients (52.9%) and control subjects (10.0%) with >1 ab-
normal ROIs (p=0.0006). There was also a highly significant
difference between the proportions of CT/MRI-positive mTBI
patients (52.9%) and CT/MRI-negative mTBI patients (10.0%)

with >1 abnormal ROIs (p=0.0097). However, there was no
difference in the proportions of CT/MRI-negative mTBI patients
(10.0%) and controls (10.0%) with =1 abnormal ROIs (p=1.0).
Finally, there was no significant difference among CT/MRI-posi-
tive mTBI, CT/MRI-negative mTBI, and control subject groups in
terms of the proportion of subjects with =1 ROI with abnormally
high FA (p=0.75).

Table 9 is analogous to Table 5 and shows the pairwise Spear-
man’s correlations between 3- and 6-month outcome measures and
demographic, socioeconomic, clinical, CT, and MRI predictors in
patients without a history of neuropsychiatric or substance abuse.
Except for an expected correlation® of years of education with TMT
B z-score (p=—0.50; p=0.007), and correlation of TMT A z-score
with age (p=-0.39; p=0.04) and with PTA duration (p=0.48;
p=0.014), no demographic, socioeconomic, or clinical variable (age,
gender, employment status, GCS, PTA, PTA duration, LOC, or his-
tory of earlier TBI) was otherwise significantly correlated at p <0.05
with worse performance on any outcome measure; all demographic,
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TABLE 8. DTI REGION-OF-INTEREST (ROI) ANALYSIS: GROUP DIFFERENCES IN PRESENCE OF ONE OR MORE
ABNORMAL ROIs aAMONG CT/MRI-NEGATIVE MTBI AND CT/MRI-PosiTiVE MTBI WITHOUT NEUROPSYCHIATRIC
OR SUBSTANCE ABUSE HISTORY AND CONTROL SUBJECTS

CT/MRI-negative
mTBI (20 subjects)

CT/MRI-positive

mTBI (17 subjects) Controls (50 subjects)

Number of subjects
(Proportion of subjects)

Number of subjects
(Proportion of subjects)

Number of subjects
(proportion of subjects)

One or more ROIs with FA more 2 (10.0%)* 9 (52.9%)° 5 (10.0%)*
than 2.2 SDs below control-group mean
One or more ROIs with FA more than 3 (15.0%)° 1 (5.9%)° 5 (10.0%)°

2.2 SD above control-group mean

aPEach superscript denotes a subset of participants whose column proportions do not differ significantly from one another, by Fisher’s exact test with
p<0.05. Row 1: There was a significant difference between the proportions of CT/MRI-positive (52.9%) and CT/MRI-negative mTBI patients (10.0%)
with one or more ROIs with FA more than 2.2 SDs below the control group mean (p=0.0097). There was also a highly significant difference between
CT/MRI-positive mTBI patients (52.9%) and controls (10.0%; p=0.0006). However, there was no difference between CT/MRI-negative mTBI patients
(10.0%) and controls (10.0%; p=1.0). Row 2: There was no significant difference among the proportions of CT/MRI-negative mTBI (15.0%), CT/MRI-
positive mTBI (5.9%), and control subjects (10.0%) with one or more ROIs with FA more than 2.2 SDs above the control group mean (p=0.75).

CT, computed tomography; MRI, magnetic resonance imaging; DTI, diffusion tensor imaging; ROI, region of interest; mTBI, mild traumatic brain

injury; FA, fractional anisotropy; SD, standard deviation.

socioeconomic, and clinical variables were thus excluded from Table
9 for brevity. Similarly, 6-month TMT A (both age-adjusted z-score
and the dichotomized score), TMT B (z-score), CVLT-II (both age-
adjusted scaled score and dichotomized score), and WAIS-IV PSI
(both age-adjusted scaled score and dichotomized score) were also
omitted from Table 9 because they demonstrated no other significant
correlation with any other imaging, clinical, demographic, or socio-
economic predictor at p <0.05.

Table 9 shows that among the imaging predictors, no CT feature
(CT evidence of nondepressed skull fracture, EDH, SDH, SAH, or
contusion) was significantly correlated with any outcome measure
at p<0.05. In contrast, several MRI features, including MRI evi-
dence of contusion, MRI evidence of hemorrhagic axonal injury,
and presence of abnormally reduced FA in at least one ROI,
demonstrated statistically significant correlations with several
outcome measures (3- and 6-month GOS-E, abnormal 6-month
TMT B, and the 6-month RPQ-13).

Discussion

In the current study, white matter FA was significantly reduced
in CT/MRI-positive, but not in CT/MRI-negative, mTBI patients,
compared to healthy control subjects, on a group level. In addition,
regions of reduced FA in individual mTBI patients were modest,
but statistically significant, predictors of unfavorable 3- and 6-
month outcome. These results held true for both the inclusive
sample of 76 mTBI patients as well as the subset of 37 mTBI
patients with no history of previous substance abuse or other neu-
ropsychiatric disorder.

Previous studies have reported evidence of white matter
injury on DTI in the acute-to-subacute time period after
mTBI.!5718:20:23-2527-3134-36 1y egeentially all of these studies,
patients with history of substance abuse or other neuropsychiatric
disorders were excluded. In addition, in nearly all of these studies,
the mTBI study population included a mixed group of both CT/
MRI-positive and -negative mTBI, based on presence of intracra-
nial abnormalities on CT alone, CT and 1.5T MRI, or CT and 3T
MRI. Miles and colleagues®' found, using an ROI approach, re-
duced average FA and increased average MD within six ROIs in a
group-wise comparison of 17 mTBI patients, studied within 10
days of injury at 1.5T MRI and with no evidence of microhemor-

rhages, to 29 age- and gender-matched controls. In contrast, Ling
and colleagues® found increased FA and decreased RD, within the
callosal genu, in a mixture of 28 CT/MRI-negative and -positive
mTBI patients who underwent MRI 15.6+4.3 days after injury.
Messe and colleagues,® using a whole-brain voxelwise approach to
study a mixture of CT/MRI-negative and -positive mTBI patients,
found higher MD values in poor-outcome patients, compared to
good-outcome patients and controls, in the corpus callosum, right
anterior thalamic radiations, superior longitudinal fasciculus, and
inferior longitudinal and fronto-occipital fasciculi at 7-28 days
after injury. Lange and colleagues,” using an ROI approach, found
no significant difference in FA or MD in the genu, body, or splenium
of the corpus callosum in 60 CT/MRI-positive and -negative mTBI
patients (on the more severe end of the mTBI spectrum), relative to 34
trauma controls. A smaller number of studies®**>*"*> has reported
statistically significant group-wise or individual FA differences in the
acute-to-subacute time period in strictly CT/MRI-negative mTBI
patients versus controls. For example, Lipton and colleagues, using
a whole-brain voxelwise approach, found reduced FA in multiple
white matter regions at 2—14 days postinjury in 20 CT/MRI-negative
mTBI patients, compared to 20 age- and gender-matched controls.”’
McAllister and colleagues® found a statistically significant correla-
tion between mean and maximum strain rate (based on measurements
from instrumented helmets and finite element biomechanical simu-
lation) and increased FA in the corpus callosum within the first 10
days after concussion in athletes with normal conventional brain MRI.
From the above, it is evident that DTI analysis techniques have
varied between more data-driven, whole-brain voxel-wise analyses
and hypothesis-driven ROI approaches. In addition, although
nearly all studies have employed group-comparison designs, some
investigators have chosen to compare mTBI patients to healthy
controls (in some cases, matched by age, gender, and/or education),
whereas others have compared mTBI subgroups with good versus
poor outcome. These earlier studies, most of which are limited by
small sample sizes, have also not analyzed DTI results in the
context of important clinical, demographic, and socioeconomic
factors relevant to TBI outcomes. Finally, there is a persistent and
striking inconsistency across different DTI studies, in terms of the
reported direction of changes in DTI measures after mTBI.
Whole-brain voxel-wise approaches may have limited sensitivity
as a result of the heterogeneity of spatial distribution of white matter
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injury in mTBI; on the other hand, the ROI approach may be limited
by failure to interrogate less-common areas of white matter injury.
We employed both of these as complementary approaches in the
current study and demonstrated that microstructural white matter
injury severity does vary, on a group level, according to the presence
of more-familiar macroscopic pathoanatomic lesions on CT and
conventional MRI. It may not be surprising that the data show that
CT/MRI-positive mTBI patients have more extensive white matter
injury than CT/MRI-negative mTBI patients. However, such work is
relevant because any utility of DTI in outcome prediction would be
contingent on demonstration of a differential increase in diagnostic
or prognostic accuracy beyond conventional CT and MRI as well as
clinical, demographic, and socioeconomic predictors.

In this study of 76 mTBI patients and 50 control subjects, and
using current DTT acquisition and postprocessing techniques, CT/
MRI-positive mTBI patients demonstrated evidence of white
matter injury when employing either whole-brain voxel-wise or
ROI approaches. Indeed, we found no evidence for white matter
injury, using either the whole-brain voxel-wise or ROI methods, in
mTBI patients without lesions on CT or 3T MRI that included high-
resolution 3D T1- and T2-weighted sequences as well as T2%*-
weighted gradient echo sequences. These findings held true in both
the inclusive group of 76 mTBI patients, as well as the subset of 37
patients with no previous history of substance abuse or other neu-
ropsychiatric disorders. There are several possible reasons for the
discrepancy between our results with a few earlier studies dem-
onstrating statistically significant FA differences on acute-to-sub-
acute 3T DTI between strictly CT/MRI-negative mTBI patients and
controls.?>*>?733 Technical differences in DTI acquisition or DTI
postprocessing techniques could always be an explanation for such
differences. The effect size and incidence of white matter injury in
CT/MRI-negative mTBI may be too small, or the severity and/or
spatial distribution too variable among patients, to show statisti-
cally significant group differences based on the number of patients
and analysis approach employed in the current study. The injury-to-
MRI interval may be a critical factor; it has been postulated that a
variety of different biological processes within injured white matter
may vary not only according to injury severity, but also at different
time intervals after injury, and that FA, in particular, may be ab-
normally increased within the first week of injury. 618293536 py_
tients in the current study underwent MRI during the first 3 weeks
after injury (11.2+3.3 days), when different biological processes
and thus DTI parameters may still have been evolving. Finally, it is
possible that our results differ because many cases of CT/MRI-
positive mTBI in this study were placed in that group on the basis of
very subtle MRI lesions at 3T, such as one or two subtle isolated
foci of hemorrhagic axonal injury, and may have been classified as
uncomplicated mTBI in other studies. This third explanation has
the appeal of being compatible with earlier literature that reports
DTI evidence of white matter injury in subjects classified as un-
complicated mTBI based on CT alone.'>!%!83¢ Another main aim
of this work was to investigate the utility of DTI parameters as
predictors of individual outcome. We thus determined and com-
pared ORs for a variety of demographic, socioeconomic, clinical,
and imaging predictors, including DTI parameters. Our data sug-
gest that MRI predictors, particularly MRI evidence of contusion
and DTI evidence of one or more ROIs with reduced FA, and
clinical and socioeconomic predictors, including education and
previous history of neuropsychiatric disorder, surpass most CT
features for prediction of most 3- and 6-month outcome measures.

Analysis of the subset of mTBI patients without a previous
history of substance abuse and/or neuropsychiatric disease (Fig. 2;
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Tables 7-9 and Supplementary Tables 2 and 3) (see online sup-
plementary material at http://www.liebertpub.com) is informative,
because it addresses the problem of a possible strong confounding
influence of these pre-existing conditions owing to their potential
relationships with both DTI parameters and outcome. In this subset
analysis, it was actually necessary to separate CT/MRI-positive
from CT/MRI-negative mTBI patients to see any evidence of white
matter injury using either the whole-brain voxel-wise or ROI ap-
proaches. Specifically, the whole-brain voxel-wise analysis (Fig. 2)
and ROI analysis (Tables 7 and 8) both demonstrate differences
between CT/MRI-positive and -negative mTBI patients that are
even more striking and statistically significant than in the original
analysis of the inclusive group of 76 mTBI patients. Table 8 shows
a strikingly higher prevalence of abnormal ROIs with reduced FA
in CT/MRI-positive patients without previous history of substance
abuse or other neuropsychiatric disorders, relative to both the CT/
MRI-negative mTBI patients (p=0.004) and the control group
(p=0.0002); in contrast, the same prevalence of abnormal ROIs
with reduced FA was observed in CT/MRI-negative patients
(10.0%) and in the control group (10.0%).

It is noteworthy that both conventional MRI and DTI predictors
demonstrated stronger correlation coefficients with 3- and 6-month
outcome measures in the subset of 37 patients lacking any history of
neuropsychiatric disease or substance abuse (Table 9) than in the
larger inclusive sample of 76 patients (Table 5), despite the much
smaller sample size of the former. We postulate that this is because
correlations of pre-existing factors, such as neuropsychiatric disease,
with the outcome measures (e.g., in Table 5) may have weakened
the apparent influence or relevance of the imaging predictors.

It is also notable that there were generally much stronger corre-
lations of MRI predictors with 3-month GOS-E than with 6-month
GOS-E. This is plausible, because the MRI exams in this study were
performed within 3 weeks after mTBI. Abnormal MRI features in
the initial days after injury, which demonstrated a strong correlation
with 3-month GOS-E, may be less relevant at 6 months, after a
variable degree of recovery has taken place in different patients. The
stronger correlation with the GOS-E at 3 months, compared to 6
months, is unlikely to be attributable solely to general overall im-
provement in the GOS-E over time: Though many individual pa-
tients” scores changed between the two time points, there was
negligible change in the overall distribution of GOS-E scores at 3
versus 6 months (Table 4 and Supplementary Table 3) (see online
supplementary material at http://www .liebertpub.com).

In this study, we sought to minimize the influence of con-
founding factors on group differences in DTI parameters between
patient and control groups. Thus, we did not follow the approach of
presorting patients according to an outcome measure, and thereafter
assessing for group differences in DTI results according to good or
poor outcome, because there are many potential confounding fac-
tors that could affect both DTI measures and outcome. Further, we
analyzed, in addition to the original inclusive sample, the subset of
patients lacking any significant reported substance abuse or other
neuropsychiatric history, because these pre-existing conditions are
heterogeneous by nature and thus difficult to control for in group
comparisons and could act as confounding variables that could
create or exacerbate group differences in DTI measures. Finally,
because there was a nonsignificant, but noticeable, difference
in number of years of education among CT/MRI-positive mTBI,
CT/MRI-negative mTBI, and control groups, we explicitly dem-
onstrated that there were no group differences in DTI measures,
using either the DTI or ROI approach, between the most- and least-
educated control subjects.
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This study has several limitations. Alteration of DTI parameters
in TBI has been linked to a variety of possible pathophysiological
mechanisms, such as axonal disruption, axonal degeneration, and
cytotoxic edema; recent work also suggests that DTI parameters,
such as FA and MD, may be correlated with strain and strain rate in
mTBI.%® Nevertheless, despite our attempt, in performing the subset
analysis, to minimize or eliminate the influence of confounding
factors that could account for both DTI lesions and poorer outcome,
we acknowledge that lesions in the DTI ROI analysis are nonspe-
cific and may reflect the patient’s pre-existing brain structure, rather
than a traumatic lesion.> Second, a substantial unexplained vari-
ance in outcomes remains, even for our most inclusive models that
were based on DTI, conventional neuroimaging, and other predic-
tors (Table 6). Third, because the number of predictors we inves-
tigated was large, relative to the number of patients, this study
should be regarded as exploratory and in need of confirmation in a
larger study population. Finally, even for pathoanatomic findings,
such as contusion and SAH, that can be definitively attributed to
acute TBI based on their unique imaging appearance, the existence
of any direct pathophysiological mechanism that accounts for their
correlation with outcome remains uncertain.

In summary, this study provides evidence for the importance of
individual pathoanatomic features on MRI, including DTI parame-
ters, for prognosis after mTBI. Specifically, several MRI predictors,
including DTI parameters, surpassed CT features for prediction of 3-
and 6-month outcome measures. For the subset of patients lacking
any significant neuropsychiatric or substance abuse history, MRI
predictors, including DTI parameters, surpassed all clinical, demo-
graphic, socioeconomic, and CT features for prediction of 3- and 6-
month outcome. Our results should be viewed as relevant primarily
to mTBI patients who meet ACEP/CDC ED criteria for head CT and
who thus generally have more severe injuries than mTBI patients
who are not triaged to head CT. Our results support the potential
utility of MRI and DTI in the acute/subacute stage of acute mTBI for
better classification of injury severity. Effective, practical imaging
markers that identify mTBI patients who will have unfavorable
outcome are essential for clinical trials to evaluate treatments and for
better triage to effective follow-up care.
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