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ABSTRACT. Wei CW, Tharmakulasingam J, Crawley A,
ideckel DM, Mikulis DJ, Bradbury C, Green RE. Use of
iffusion tensor imaging in traumatic spinal cord injury to
dentify concomitant traumatic brain injury. Arch Phys Med
ehabil 2008;89(12 Suppl 2):S85-91.

Objective: To characterize and differentiate cerebral white
atter (WM) changes related selectively to traumatic brain

njury (TBI) or spinal cord injury (SCI) in patients with SCIs in
rder to improve diagnostic accuracy of TBI in people with
CI.
Design: Diffusion-tensor imaging (DTI)–derived fractional

nisotropy (FA) data in WM tracts were compared between a
ealthy control and 2 patient groups. Between-subject compar-
sons of FA were performed using region of interest (ROI)
nalysis and tract-based spatial statistics.

Setting: A large, urban inpatient SCI program.
Participants: Three groups: SCI and concomitant TBI (SCI

ith TBI, n�7); SCI without TBI (SCI only, n�15); and
ealthy control subjects (n�12).
Interventions: Not applicable.
Main Outcome Measure: FA was used as a measure of

erebral WM integrity.
Results: ROI analyses showed reduced FA in the genu and

plenium of the corpus callosum and forceps minor in patients
ith SCI with TBI compared with both healthy controls and
atients with SCI only. ROI analyses did not show evidence of
A differences in patients with SCI only compared with controls.
ract-based spatial statistics did not demonstrate between-group
ifferences in FA.
Conclusions: DTI is a sensitive tool to detect TBI-related
M damage in patients with SCI who have suffered concom-

tant TBI. No WM abnormalities on DTI could be attributed to
CI alone, although this finding should be further explored in
uture studies. Therefore, DTI may be a valuable tool to iden-
ify TBI in the SCI population. Further research to produce
ormative FA values is needed to allow identification of TBI in
ndividual patients with SCI.
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HE PRESENCE OF TRAUMATIC brain injury in patients
with SCI is a well documented phenomenon. This associ-

tion is not surprising, given the striking similarities between
he TBI and SCI populations in demographic profile as well as
n injury circumstances.1 The incidence of both TBI and SCI is
igher in male subjects, with over 50% of the affected popu-
ation being between the ages of 15 and 30 years.2,3 In addition,
oth types of injuries typically result from high-velocity impact
uch as motor vehicle collisions (50% in both cases), falls
21% in both cases), and sporting accidents.2 However, the
recise frequency of comorbidity of TBI with SCI has not been
learly established. In most studies using 1 or 2 indicators of
eurotrauma to diagnose TBI (eg, loss of consciousness, PTA,
nd/or neuropsychological deficits), the prevalence of TBI in
raumatic SCI was estimated to be 40% to 60%.4-11 However,
hen structural MRI was combined with neuropsychological

esting to evaluate the presence of neurotrauma, 74% of pa-
ients of SCI were found to have concomitant brain injury in 1
tudy.12 Given the high frequency of the comorbidity, the
bility to diagnose or rule out concomitant TBI is a major issue
n the treatment and rehabilitation of patients with SCI.

A major goal of neuroradiologic investigations in brain
rauma is to identify the presence of DAI, a key mechanism of
eural damage after TBI.13 DAI results from unequal rotational
r acceleration/deceleration forces that cause multifocal lesions
n WM because of a shear-strain deformation.14-16 DAI sites of
redilection include subcortical WM, corpus callosum, fornix,

List of Abbreviations

ALIC anterior limb of the internal capsule
ANOVA analysis of variance
DAI diffuse axonal injury
DTI diffusion-tensor imaging
FA fractional anisotropy
FMRIB functional magnetic resonance imaging of the

brain
gCC genu of the corpus callosum
GCS Glasgow Coma Scale
MRI magnetic resonance imaging
PLIC posterior limb of the internal capsule
PTA posttraumatic amnesia
ROI region of interest
sCC splenium of the corpus callosum
SCI spinal cord injury
TBI traumatic brain injury
TBSS tract-based spatial statistics

WM white matter
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A

nternal capsule, and infratentorial WM.17-20 Although conven-
ional MRI techniques can readily visualize posttraumatic focal
tructural lesions, they are unable to detect microscopic WM
amage in DAI. Consequently, the diagnosis of TBI is missed
n some patients, particularly those with milder brain injuries.21

Recently, DTI has proven fruitful in detecting the loss of
xonal organization in TBI.22-25 DTI is a novel MRI technique
hat can provide information about the microscopic tissue ar-
hitecture. The diffusion tensor represents a model of water
iffusion in biologic tissues26 and describes the magnitude,
irection, and orientation of the diffusion distribution. FA is an
ndex used to characterize the local coherence of fibers27 and is
ne of the most widely used metrics in diffusion anisotropy.28

A is a convenient measure because it is scaled from 0 (com-
lete isotropic diffusion) to 1 (complete anisotropic diffusion).
n WM, water diffusion is less restricted in the direction
arallel to the fiber orientation, whereas it is highly restricted in
he direction perpendicular to the fibers.26 FA is highest in
ajor WM tracts (maximum possible value, 1) while it ap-

roaches 0 in cerebrospinal fluid. For example, normative WM
racts with coherently oriented fibers typically exhibit higher
A values, whereas reduced FA usually occurs in WM disease
tates (although this is not always the case). Reduced FA
alues have been identified in DAI sites20,22,23,25,29-37 and are
ore sensitive than conventional MRI to axonal injury in a
ouse model of TBI.38 Early detection of DAI using diffusion-
eighted MRI can not only direct acute neurologic interven-

ion39 and long-term rehabilitation but also improve outcome
rediction in adult TBI.40

Before DTI can be reliably used to assess for TBI in patients
ith SCI, however, several questions need to be addressed.
irst, does SCI without any comorbidity cause alterations in the
uman brain? If so, is this injury distinguishable from that
aused by TBI? SCI-related brain injury must be documented
o the effects of SCI alone are not confounded with the effects
f brain injury. A false diagnosis of TBI could have serious
linical, ethical, and financial consequences. If injury caused
y SCI can be identified and factored out when using DTI to
iagnose TBI, we can greatly improve the diagnostic specific-
ty and reduce the likelihood of a false-positive diagnosis of
BI in patients with SCI. Second, even if SCI does cause
lterations to the brain, are there areas of the brain that show
educed FA secondary to TBI, but are nonetheless unaffected
y the effects of traumatic SCI?
In this study, we attempted to localize WM alterations in the

rain caused by traumatic SCI alone using DTI-derived FA
alues as a marker of axonal integrity. We also attempted to
dentify those regions of the brain that would reliably discrim-
nate patients with traumatic SCI plus TBI from patients with
raumatic SCI only. We therefore included 3 study groups: (1)
atients with SCI and no evidence of TBI (SCI only) based on
tructural 3 Tesla MRI and collateral neurologic findings, (2)
atients with SCI and definitive structural MRI evidence of
BI (SCI with TBI), and (3) healthy controls. We examined the
ata with 2 approaches. We first investigated between-group
A differences in a priori ROIs, including the ALIC and PLIC,
orceps minor, and gCC and sCC. These regions were selected
ecause previous studies have shown that DTI abnormalities in
he corpus callosum and forceps are particularly sensitive
arkers for TBI.29,33 Moreover, WM tracts in the internal

apsule, which conduct sensory afferents, may be a region most
ensitive to traumatic SCI. In addition, we explored a novel
roup analysis technique, TBSS, which allows whole-brain,
oxel-wise FA comparisons between groups.41-44 To date, the

pplication of TBSS has not been used to study TBI or SCI. T

rch Phys Med Rehabil Vol 89, Suppl 2, December 2008
We conducted 3 between-group analyses of FA: SCI only
ersus controls, SCI with TBI versus controls, and SCI only
ersus SCI with TBI. We hypothesized that (1) compared with
oth patients with SCI only and normal controls, the SCI with
BI group would show multiple areas of FA reductions in
redilection sites of DAI; and (2) in WM fiber tracts containing
fferent pathways, both SCI only and SCI with TBI would have
educed FA compared with controls because of loss of afferent
rojections.

METHODS

ubjects
The study protocol was approved by the research ethics

oard at the local institution at which the study was conducted,
nd the procedures of the study were in accordance with the
tandards of the research ethics board.

Twenty-two patients (15 men, 7 women; mean age, 34.3y;
ange, 19-53y) with traumatic SCI were recruited from a large
rban SCI program within a rehabilitation hospital, to which
hey were referred for subacute rehabilitation between 2006
nd 2008. The demographic and clinical information of the
articipants in this study is summarized in table 1. All patients
nderwent an MRI scan of the brain in the subacute period after
heir traumatic SCI. Each patient was assigned to 1 of 2 groups,
CI with TBI or SCI only, based on MRI findings and collat-
ral information examinations (ie, GCS, PTA, loss of con-
ciousness, neuropsychological assessment). For the SCI-only
roup, all patients had negative MRIs of the brain. Fifteen
atients were assigned to the SCI-only group (13 men, 2
omen; mean age, 35.7y; range, 20-54y). All collateral infor-
ation available at the time of writing is included in table 1,
ith the exception of invalid information, which was excluded.
his included 2 GCS scores, invalid because of alcohol at the

ime of assessment, and 1 PTA score, invalid because of
edications during the period of PTA. Seven patients were

ssigned to the SCI plus TBI group (5 men, 2 women; mean
ge, 31.6y; range, 20-50y). All 7 patients had positive MRI
ndings consistent with previous brain trauma. For this group,
nly collateral information with positive findings is reported in
able 1 (eg, depressed GCS, presence of PTA).

The healthy control group included 12 healthy volunteers (7
en, 5 women; mean age, 34.6y; range, 21-51y) who had had

o known history or MRI evidence of central nervous system
isease.
Exclusion criteria for all participants included any history of

BI and any history of neurologic or psychotic illness, and
rior structural abnormality of the brain. All participants were
roficient in English.
The patient groups were well matched on the key parame-

ers. There were no significant differences or differences ap-
roaching significance between the 2 patient groups on age,
ears, or number of days between injury and MRI. There were
o differences between either of the patient groups and the
ealthy control group on age. However, both patient groups
iffered significantly from the control group on years of edu-
ation: the SCI-only group differed from controls at the
�.000 level of significance; the SCI with TBI group differed
t the P�.001 level of significance.

agnetic Resonance Imaging Data Acquisition
All patients and controls were scanned using a GE 3 Tesla
RI scannera equipped with an 8-channel head-coil (MRI de-

ices). Subjects underwent the routine MRI protocol (including

1-weighted spin-echo, T2-weighted spin-echo, T2*-weighted
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radient-echo, and fluid-attenuated inversion recovery) as well
s the DTI protocol. Three sets of DTI data for each subject
ere acquired using a diffusion-weighted spin-echo single-shot

cho-planar imaging sequence with diffusion encoding in 15
oncollinear directions. The total DTI acquisition time was ap-
roximately 9 minutes and 30 seconds. The sequence parameters
ere as follows: repetition time, 10,000ms; echo time, 84ms;
atrix, 128 � 128; field of view, 240mm2; 5-mm thickness;

-mm gap; b factor, 1000s/mm2.

valuation of Conventional Magnetic Resonance Imaging
The conventional MRI images were qualitatively evaluated

or all subjects by an experienced neuroradiologist blinded to
he DTI findings and clinical ratings. This evaluation included
lassification of all visible lesions based on their signal char-
cteristics. The presence or absence of DAI consistent with
revious TBI was used to confirm assignment of patients with
CI to either the SCI-only or the SCI with TBI group. Healthy
ontrol subjects with incidental signal abnormalities on MRI
ere excluded from the study.

iffusion-Tensor Imaging Data Processing and
ract-Based Spatial Statistics
Three sets of diffusion-weighted images were initially reg-

Table 1: Demographic and Injury Da

Participants Sex Age at SCI Injury Type
SCI Level/

Completenes

SCI only
1 M 28 Sports C5/Inc
2 F 44 Sports T11/Com
3 M 54 Fall C6/Com
4 M 44 Fall C6/Inc
5 M 53 MVC T11/Com
6 M 42 Fall T12/Com
7 M 21 Fall C5/Inc
8 F 41 Fall T12/Inc
9 M 20 MVC C7/Inc
10 M 31 Fall T12/Inc
11 M 24 MVC C8/C5/Inc
12 M 38 Fall L1/Inc
13 M 22 Sports C1/Inc
14 M 39 MVC T5/Inc
15 M 34 MVC C4/Com

Mean � SD 2F/13M 35.7�11.1 5 MVC: 10
other

SCI with TBI
1 F 26 MVC T11/Inc
2 F 20 MVC T3/Com
3 M 50 Fall C4/Inc
4 M 39 Fall L4/Inc
5 M 40 Blow/Fall C4/Inc
6 M 19 MVC C4/Com
7 M 22 MVC T7/Com

Mean � SD 2F/5M 31.6�12.0 4 MVC: 3
other

Controls
Mean � SD 5F/7M 34.6�10.2

OTE. For SCI only, all collateral information reported except that
ndings reported. The SCI only group includes patients with SCI an
ndings. The SCI with TBI group includes patients with SCI and defi
bbreviations: C, cervical; Com, complete; CT, computed tomogra
, male; MVC, motor vehicle collision; NA, not applicable; Neg, neg
stered to the first reference image (b�0) in the first dataset W
sing the automatic image registration toolkit in DTI Studio,
ersion 2.40.b Affine transformations and the trilinear interpo-
ation method were used. Data were then visually inspected,b

nd if necessary, poor quality slices and gradient orientations
ere discarded to prevent biased and inaccurate estimates of
A. A mean set of DTI images was generated from the 3 DTI
atasets and was then brain-extracted using a brain extraction
ool,41 and FA maps were generated using the FMRIB diffu-
ion toolbox,45 both of which are part of the FMRIB software
ibrary suite (www.fmrib.ox.ac.uk/fsl).42

Voxel-wise analysis of FA data was completed using TBSS,
ersion 1.1 in FSL, version 4.0.b TBSS is described in detail
lsewhere.43 TBSS conducted 3 between-group analyses and
ested whether FA was reduced across the whole brain in SCI
ith TBI compared with SCI only, SCI with TBI compared
ith healthy controls, and SCI only compared with healthy

ontrols. An omnibus F test was used for this purpose. In brief,
BSS analyses involved a 4-step procedure, whereby all sub-

ects’ FA images were nonlinearly aligned46 to the 1�1�1mm
NI152 standard-space template in FSL. The mean of all

ligned FA images was then created and thinned to produce a
ean FA skeleton, which represents the tract centers common

o the 3 groups of subjects. The skeleton was then thresholded
o FA 0.20 or higher to include major WM tracts but to exclude

Participants Included in the Study

Structural
RI Findings

Days Between
Injury and MRI

Additional Neurologic
Evidence TBI�/�

Years of
Education

Negative 123 Neg CT 12
Negative 59 No PTA, LOC; GCS�15 10
Negative 64 No PTA; neg NP 15
Negative 73 No PTA; neg NP 10
Negative 61 No PTA; GCS�15 19
Negative 91 No PTA, no LOC 12
Negative 66 Neg NP 12
Negative 59 No PTA, LOC; neg NP 16
Negative 86 No LOC 12
Negative 54 No LOC 12
Negative 186 No LOC, GCS�15 12
Negative 157 No PTA, LOC 9
Negative 102 No LOC, GCS�15 14
Negative 74 No LOC 14
Negative 147 GCS�15 13

93.5�41.3 12.8�2.5

Positive 273 GCS�11, LOS 14
Positive 134 PTA 12
Positive 82 NA 9
Positive 59 None 16
Positive 64 PTA, LOC 9
Positive 185 PTA, LOC, GCS�3 12
Positive 101 PTA, LOC 12

128.3�77.5 12.0�2.5

18.1�3.1

h is invalid, as noted in text. For SCI with TBI group, only positive
evidence of TBI based on structural MRI and collateral neurologic

e structural MRI evidence of TBI.
F, female; Inc, incomplete; LOS, loss of consciousness; L, lumbar;
; NP, neuropsychological assessment; T, thoracic.
ta of

s M

whic
d no
nitiv
M tracts with great intersubject variability. Each subject’s
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A

ligned FA image was then projected onto the skeleton, and
oxel-wise statistics across subjects were carried out on the
keleton-space FA data.

Group comparison of FA was performed using nonparamet-
ic inferential statistics (Monte-Carlo permutations) with
hreshold-free cluster enhancement.47 Threshold-free cluster
nhancement is an improvement over existing cluster-level
nference methods, which required the user to specify an arbi-
rary cluster-forming threshold. The threshold-free cluster en-
ancement approach enhances areas of signal without having to
ely on threshold-based clustering.

egion of Interest Analysis
ROI analyses were carried out using the same FA maps

lready generated for each subject from TBSS. Our study
ocused on ROIs in the following WM tracts: ALIC, PLIC,
orceps minor, gCC, and sCC. ROIs of specific WM structures
ere taken from the ICBM-DTI-81 WM labels atlas included

n FSL.48 The atlas was originally created by hand-segmenta-
ion of a standard-space average of diffusion MRI tensor maps
rom 81 subjects (42 men, 39 women; mean age, 39y). All
ubjects’ FA maps were nonlinearly warped onto the ICBM
ean FA template using IRTK software available as part of the
MRIB software library package (www.fmrib.ox.ac.uk/fsl).43,b

he ROI masks were applied to each subject’s FA map, and the
verage FA value in each ROI was computed. An example of the
arious ROI masks available in the ICBM-DTI-81 WM labels
tlas is represented in figure 1.

tatistical Analysis
All data were analyzed using SPSS 16.0.c Mean FA values

or each group for each ROI were examined in a 1-way
NOVA. For those ANOVAs that showed statistical signifi-

ance, 1-tailed, independent-samples t tests were implemented
or comparison across groups. For each comparison, equality of
ariance was assessed using the Levene test. The threshold for
tatistical significance was set to P less than .05.

RESULTS

egion of Interest Analysis
One-way analysis of variance. The group mean FA value

or each of the ROI is presented in table 2. Of the 5 ROIs
nalyzed in this study, 4 illustrated significant differences on
-way ANOVAs: the ALIC (F2,31�4.537; P�.05), forceps
inor (F2,31�3.784; P�.05), gCC (F2,31�3.494; P�.05), and

CC (F2,31�5.186; P�.05). Thus, planned comparisons were
erformed for these ROIs.
In the PLIC, results of the 1-way ANOVA were not signif-

cant (F2,31�0.664; P�.522). Therefore, planned comparisons
ere not carried out.
Planned comparisons. As predicted, FA values were de-

reased in the predilection sites for DAI in the SCI with TBI
rch Phys Med Rehabil Vol 89, Suppl 2, December 2008
roup: for the forceps minor ROI, FA values were significantly
ecreased in the SCI with TBI group compared with the control
roup (t17�2.158; P�.05) and compared with the SCI-only
roup (t20�2.344; P�.05). FA values for the gCC were re-
uced in the SCI with TBI group in comparison to the healthy
ontrols (t17�2.185; P�.05) and to the SCI-only group
t20�2.334; P�.05). In the sCC, too, there was a reduction in
A values in the SCI with TBI group relative to the control
roup (t7.439�2.192; P�.05) and relative to the SCI-only group
t7.499�2.037; P�.05; equal variance not assumed because of
ignificant Levene test). There were no significant differences
r differences approaching significance between the healthy
ontrols and the SCI-only group for any of these ROIs.

Our prediction of reduced FA in the internal capsule in the
atient groups was not supported. In fact, the SCI-only
roup showed significantly higher FA values than the SCI
ith TBI group (t20�2.653; P�.01), suggesting that the
LIC is more vulnerable to DAI than to loss of afferent
rojections. The SCI-only group showed a higher mean than
hat of controls, a difference that did not reach statistical
ignificance (t25�–1.673; P�.054).

ract-Based Spatial Statistics
TBSS did not reveal any cross-subject FA differences even

t a liberal P value set to .01 uncorrected for multiple voxel
omparisons.

DISCUSSION
Using DTI, we attempted to detect changes in brain WM
icrostructures associated with SCI using 3 groups of subjects:
CI patients with no evidence of TBI on structural MRI and
eurologic examination (SCI only), SCI patients with MRI-
roven brain injury (SCI with TBI), and healthy controls. We
ound that compared with both controls and patients with SCI
nly, patients with SCI with TBI had multiple WM regions
ith reduced FA, including the forceps minor, sCC, and gCC.

Fig 1. Various ROI masks
available in ICBM-DTI-81 WM
labels atlas.48 We applied the
following ROIs to each sub-
ject’s FA map to derive re-
gional mean FA values: ALIC,

Table 2: Mean FA in Each ROI for All Groups

ROIs Control SCI Only SCI With TBI

ALIC (bilateral) 0.495�0.124 0.508�0.133 0.474�0.133
PLIC (bilateral) 0.646�0.081 0.655�0.079 0.646�0.085
Forceps minor

(bilateral) 0.447�0.108 0.446�0.108 0.400�0.106
gCC 0.582�0.139 0.580�0.148 0.540�0.147
sCC 0.636�0.168 0.634�0.170 0.593�0.171

OTE: Means � SDs of FA are presented for each region. The
CI-only group includes patients with SCI and no evidence of TBI
ased on structural MRI and collateral neurologic findings. The SCI
ith TBI group includes patients with SCI and definitive structural
RI evidence of TBI. ROIs in the ALIC and PLIC capsule and forceps
inor combine bilateral structures.
PLIC, forceps minor, gCC, and
sCC.

http://www.fmrib.ox.ac.uk/fsl
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n addition, patients with SCI with TBI had reduced FA in the
LIC compared with the SCI-only group, while no between-
roup differences were found in the PLIC. No significant
egional FA differences were found between the SCI-only
roup and healthy controls.
In patients with SCI who have had concomitant brain injury

nd structural abnormalities on MRI, we expected to find FA
eductions in WM tracts prone to DAI. Predilection sites of
raumatic axonal injury include subcortical WM, corpus callo-
um, internal capsule, and infratentorial WM.17-20 Previous
tudies have shown that even mild TBI could lead to significant
A reductions in the subcortical WM, including the corpus
allosum, minor, and major foceps.29,33 In our study, patients
ith SCI with TBI were found to have decreased FA in the
CC, sCC, and forceps minor in the subacute period after the
riginal trauma. However, TBI was not associated with any FA
hanges in the internal capsule in patients with SCI with TBI
ompared with controls. This is likely because abnormalities in
he internal capsule are markers of more severe TBI, whereas
ur patients with SCI underwent different severities of brain
rauma. Our results confirmed that DTI is a sensitive tool to
etect microstructural WM damage associated with DAI in
atients with SCI who have had concomitant brain injury. FA
hanges in the corpus callosum and forceps minor are sensitive
arkers for TBI in cross-subject comparisons; however, nor-
ative data need to be established before FA value can be used

o diagnose TBI on an individual basis.
Our study did not find any WM FA changes attributable to

CI alone. SCI may cause disruption of the ascending sensory
racts to the brain. One may expect that the loss of afferent
onnections might lead to axonal degeneration in the higher-
rder neurons and thus result in reduced FA in cerebral WM
racts that conduct the sensory pathways. Major sensory affer-
nts including the dorsal column-medial meniscus and spino-
halamic pathways project to the ventral posterolateral nucleus
f the thalamus, from which the thalamocortical afferents
ravel to the primary somatosensory cortex via the posterior
imb of the internal capsule.49 A previous study showed that
atients with cervical SCI had reduced gray matter volume
ilaterally in the primary somatosensory cortex.50 However,
ur study did not demonstrate any between-group FA differ-
nces in the PLIC. In the ALIC, neither the SCI-only group nor
he SCI with TBI group had decreased FA compared with
ealthy controls. In fact, the SCI-only group showed increased
A in the ALIC compared with healthy controls (trend only);

his difference reached significance compared with the SCI
ith TBI group. This finding cannot be reasonably explained

nd needs to be explored in future studies. The absence of
CI-related WM changes in the chosen WM tracts as shown by
ur study have many causes. First, changes in cerebral WM as
result of spinal afferent denervation may develop in the

hronic postinjury period, while our study included patients in
he subacute period after SCI (mean time between injury and
rain MRI was 93.5d). One mechanism for the cerebral WM
hanges in SCI is transsynaptic degeneration, a process of
euronal atrophy caused the lack of synaptic input from affer-
nt fibers.51 Second, we placed our ROIs in the anterior and
osterior limbs of the internal capsule, which contain both
scending and descending neuronal tracts. As a result, we were
nable to compare FA values selectively in the ascending WM
racts, such as the thalamocortical afferents, which we expected
ould be most affected by SCI. Future studies should investi-
ate cerebral WM changes in patients with chronic SCI as well
s elucidate WM FA changes in afferent-specific ROIs in the

nternal capsule and near the sensory cortex. We should also s
orrelate changes in cerebral WM organization with neurologic
nd function outcome in patients with SCI.

We adopted TBSS as well as the ROI technique to assess
etween-group FA differences. TBSS is an automated tech-
ique that allows voxel-wise statistical testing of FA and has
een successfully used to assess changes in neuronal WM
ntegrity associated with various pathologic processes, includ-
ng Alzheimer disease, epilepsy, and schizophrenia.52-54 In our
tudy, TBSS did not find any between-group FA differences,
hich we detected using the ROI technique. One explanation

or the negative results in TBSS is that we did not include
nough subjects to achieve sufficient power for TBSS analysis,
specially in the SCI with TBI group (n�7). In addition, the
iscrepancy between TBSS and ROI results may be explained
y the methodology employed in TBSS, which involves cre-
ting an FA skeleton by thinning the mean of all FA images
nd carrying out voxel-wise statistics across subjects on the
keleton-space FA data.43 As a result, this technique only
onsiders tracts in the center of WM fiber bundles. However, it
s known that 1 major mechanism of DAI is a deceleration-
cceleration impact that generates enough rotational force to
ause axonal shearing.55 Maximum shearing force occurs in
reas with the greatest tissue density difference—that is, at the
ray-WM junction. Thus, fiber tracts in the periphery of WM
racts are more likely to be damaged in a closed-head injury
nd exhibit DAI-related reductions in FA. Using ROIs that
ncorporated both the inner and outer WM fiber tracts, we were
ble to detect changes in WM integrity associated with DAI in
atients with SCI. These findings support the use of an ROI
pproach for discriminating patients with SCI with and without
oncomitant TBI. The current findings do not support the use
f TBSS for this purpose. However, the limited power in this
tudy may have contributed to the null findings. Further studies
mploying TBSS are needed to confirm our results.

tudy Limitations
We present the first study that attempts to characterize and

ifferentiate microstructural WM changes related to either
rain injury or traumatic SCI in patients with SCI. We selected
OIs in WM tracts, which would best allow us to differentiate

he 3 study groups. As a result, the number of ROIs included in
his study was limited. Future studies can achieve a broader
earch for cerebral WM changes in patients with SCI by
ncorporating more ROIs or by using an alternative automated
oxel-based technique. Another limitation of our study is that
e combined bilateral brain structures into 1 ROI in the cross-

ubject comparisons (eg, forceps minor, ALIC, PLIC). It is
ossible that both TBI and SCI may cause unilateral changes
n cerebral axonal organization. Finally, the sample size in
he SCI with TBI group is relatively small (n�7). While we are
resenting the preliminary data, we hope to continue to
xpand our data series and improve the power of the statis-
ical analyses.

CONCLUSIONS
The present study showed that patients with SCI and con-

omitant brain injury had reduced FA in the corpus callosum
nd minor forceps, which are susceptible areas to diffuse
xonal injury. SCI was not found to be associated with any
hanges in cerebral axonal organization. Therefore, DTI shows
romise as a sensitive tool for the detection of TBI-related WM
amage in patients with SCI who have had concomitant TBI.
uture research that provides normative FA values in healthy
ontrol subjects would improve the use of DTI for the diagno-

is of TBI in individual patients.
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