
ON-LINE SUPPLEMENT

SECTION 1: CLINICAL ASSESSMENT
In the neuropsychological battery, attention and concentration

were assessed with the Digit Span Test1 and the Trail-Making Test

A and B2; executive functioning was assessed with the Stroop

Test3; memory and learning were assessed with the California

Learning Verbal Test Short-Term Recall, Long-Term Recall, and

Total Recall4, the Rey Complex Figure Test Short-Term Recall,

Long-Term Recall, and Copy5, and the Letter-Number Sequenc-

ing Test6; and information processing was assessed with the Sym-

bol Digit Modality Test.7

SECTION 2: IMAGE ACQUISITION
The MRI protocol had the following sequences: 1) 2D T2WI

double-echo turbo spin-echo, which was applied to 50 axial sec-

tions that were 3-mm-thick and contiguous, with TR � 4330 ms,

TE1 � 11 ms, TE2 � 91 ms, flip angle � 120°, FOV � 220 � 190

mm2, and image matrix � 448 � 358; 2) 2D T2*WI gradient-

echo, which was applied to 30 axial sections that were 4-mm-thick

and contiguous, with TR � 800 ms, TE � 20 ms, flip angle � 25°,

FOV � 230 � 230 mm2, and image matrix � 320 � 192; 3) DKI,

which was applied to 28 axial sections that were 2.7-mm-thick and

contiguous, with TR � 3700 ms, TE � 96 ms, FOV � 222 � 222

mm2, image matrix � 82 � 82, and voxel size � 2.7 � 2.7 � 2.7

mm3, using a twice-refocused spin-echo diffusion8 technique

with 30 different gradient-encoding directions and 3 b-values

(0, 1000, and 2000 s/mm2); and 4) segmented true fast imaging

with steady-state precession ASL, which was applied to 1 axial

section that was 8-mm-thick with TR� 3000 ms, TE � 2.09 ms,

TI � 1200 ms, flip angle � 50°, FOV � 256 � 160 mm2, image

matrix � 256 � 160, and voxel size � 1 � 1 � 8 mm3.

SECTION 3: DATA PROCESSING AND ANALYSIS
The DKI data were processed with in-house Matlab (MathWorks,

Natick, Massachusetts) scripts. 3D motion correction and spatial

smoothing were performed with the SPM (Wellcome Depart-

ment of Imaging Neuroscience, London, UK) package using a

Gaussian filter with full width at half-maximum � 3.375 mm. The

signal intensities of diffusion-weighted data acquired from each

gradient direction were employed to obtain MK, FA, and MD

maps using a method described by Tabesh et al.9

Deep gray matter analyses of DTI and DKI data were per-

formed with ImageJ (National Institutes of Health, Bethesda,

Maryland) software. Anatomic ROIs were selected on T2WI scans

by an experienced observer and then transferred onto coregis-

tered MK, FA, and MD maps. Elliptic ROIs that varied in size

(range, 21–79 pixels2) depending on the anatomic region studied

were placed bilaterally on 3 consecutive sections in the thalamus,

putamen, and caudate along the anterior/posterior commissure

line. The average MK, FA, and MD were calculated for each ROI,

and these values were then averaged over all sections and both

sides to derive 1 mean for each brain region on every map. To

assess variations in measurement, the same observer conducted 2

sets of ROI analyses for the above-mentioned brain regions in 5

controls on 2 occasions separated by 1 week.

WM analyses of DTI and DKI data were performed with the

fMRIB Software Library (http://www.fmrib.ox.ac.uk/fsl). FA

maps were coregistered to the Montreal Neurological Institute

152 standard brain, the nonlinear transformations were applied

to MK and MD maps, and differences were identified between

subject groups in MK, FA, and MD with the tract-based spatial

statistics10 package, using a threshold of P � .05. ROIs were de-

fined on a mean FA template by an experienced observer with

MRIcro (http://www.sph.sc.edu/comd/rorden/mricro.html)

software by using the complete bilateral anatomic structure for

each brain region, in which differences existed between subject

groups and included the internal capsule, the external capsule,

the optic radiations, the corpus callosum, the cingulum, and the

centrum semiovale. The average MK, FA, and MD were calculated

for each ROI with in-house Matlab scripts, and these values were

then averaged over all sections and both sides to derive 1 mean for

each brain region on every map.

Analysis of segmented true fast imaging with steady-state pre-

cession ASL data was performed with ImageJ software. Anatomic

ROIs were selected on T2WI scans by an experienced observer

and then transferred onto control images, spin-labeled images,

and short TI images acquired at 100 ms to correct for imperfect

subtraction of stationary tissue caused by off-resonance effects.11

Elliptic ROIs that varied in size (range, 42–118 pixels2) depending

ON-LINE FIG 1. Representative patient baseline visit T2WI and corresponding MK, FA, MD, and CBF maps used for deep gray matter measure-
ments from one 39-year-old male subject with MTBI. Locations for deep gray matter ROIs that were investigated in this study are indicated
bilaterally and include the thalamus, putamen, and caudate.
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ON-LINE FIG 2. Representative T1WI from the Montreal Neurological Institute 152 standard brain and coregistered patient baseline visit
tract-based spatial statistics analyses (A, B, and C) used for WM measurements. The tract-based spatial statistics analyses show alignment-
invariant WM tract projections overlaid on maps from a mean FA template derived from all subjects, and depict total mean FA of all subjects
(Total Mean FA), MK regions of controls that are greater than those of patients with MTBI (MK: Controls� Patients), FA regions of controls that
are greater than those of patients withMTBI (FA: Controls� Patients), andMD regions of controls that are less than those of patients withMTBI
(MD: Controls� Patients).

On-Line Table: Neuropsychological test z-score results for controls and patients with MTBI

Neuropsychological
Test

Mean Z Score (�SD)

Controls
(n = 16)

Baseline Patients
(n = 20)

Follow-Up Patients
(n = 10)

DS 0.51� 0.99 0.05� 1.11 0.13� 1.24
TMT A 0.30� 1.08 �0.23� 1.30 �0.08� 1.51
TMT B �0.04� 1.69 �2.00� 1.59 �0.22� 1.15
ST 0.40� 0.45 �0.72� 1.39a 0.14� 0.48
CVLT STR 0.50� 1.08 �0.35� 1.03b �0.49� 1.08c

CVLT LTR 0.16� 1.23 �0.73� 0.95d �0.65� 1.00
CVLT TR 0.29� 1.11 �0.43� 1.24 �0.31� 1.45
RCFT STR �0.58� 1.23 �0.39� 1.34 0.44� 1.32
RCFT LTR 0.22� 4.13 �0.44� 1.45 0.25� 1.43
RCFT C �0.61� 1.37 �1.78� 2.79 �0.46� 1.86
LN 0.30� 0.54 �0.14� 1.27 0.89� 3.13
SDMT �0.25� 1.12 �0.75� 1.23 �0.64� 1.20

Note:—DS indicatesWechsler Adult Intelligence Scale-III Digit Span Test; TMT A, Trail-Making Test Part A; TMT B, Trail-Making Test Part B; ST, Stroop Test; CVLT STR, California
Verbal Learning Test Short-Term Recall; CVLT LTR, California Verbal Learning Test, Long-Term Recall; CVLT TR, California Verbal Learning Test Total Recall; RCFT STR, Rey
Complex Figure Test Short-Term Recall; RCFT LTR, Rey Complex Figure Test Long-Term Recall; RCFT C, Rey Complex Figure Test Copy; LN, Wechsler Memory Scale-III
Letter-Number Sequencing Test; SDMT, Symbol Digit Modality Test.
a Demonstrated differences of P� .01 compared with controls at baseline.
b Demonstrated differences of P� .02 compared with controls at baseline.
c Demonstrated differences of P� .03 compared with controls at follow-up.
d Demonstrated differences of P� .03 compared with controls at baseline.
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on the anatomic region studied were placed bilaterally on 1 sec-

tion in the thalamus, the putamen, and the caudate along the

anterior/posterior commissure line. The average CBF was calcu-

lated for each ROI with in-house Matlab scripts using a general

kinetic model described by Buxton et al12 and Yang et al13 as well

as T1 values obtained from published works (T1 thalamus �

986 � 33 ms; T1 putamen � 1102 � 40 ms; T1 caudate � 1158 �

55 msec),14 and these values were then averaged over both sides to

derive 1 mean for each brain region on every map. To assess vari-

ations in measurement, the same observer conducted 2 sets of

ROI analyses for the above-mentioned brain regions in 5 controls

on 2 occasions separated by 1 week.

SECTION 4: STATISTICAL ANALYSIS
Statistical computations were performed with SAS (SAS Institute,

Cary, North Carolina) software. A Wilcoxon-Mann-Whitney

Test was used to evaluate differences among controls, patients at

baseline, and patients at follow-up subject group neuropsycho-

logical z score results. Restricted maximum likelihood estimation

of variance components in a random-effects model was used to

evaluate variations in the replicate assessment of regional imaging

measures acquired by a single observer; reproducibility was sum-

marized in terms of the coefficient of variation. Analysis of cova-

riance, adjusted for age and sex, was used to compare regional

imaging measures converted to ranks among controls, patients at

baseline, and patients at follow-up subject groups and, adjusted

for age, sex, and time since injury, it was used to compare regional

imaging measures converted to ranks between cognitively unim-

paired patient and cognitively impaired patient subject groups. A

Wilcoxon signed-rank test was used to compare regional imaging

measures between the same subset of patients at baseline and pa-

tients at follow-up subject groups. Partial Spearman correlation

coefficients adjusted for age and sex were used to test associations

among imaging measures in the thalamus and WM of patients at

baseline and patients at follow-up subject groups and, adjusted

for age, sex, the Postconcussive Severity Scale, the Beck Depres-

sion Inventory, and the Fatigue Severity Scale were used to test

associations between regional imaging measures and neuropsy-

chological z score results of patients at baseline and patients at

follow-up subject groups.
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