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BACKGROUND AND PURPOSE: VBM has been widely used to study GM atrophy in MS. MS lesions lead
to segmentation and registration errors that may affect the reliability of VBM results. Improved
segmentation and registration have been demonstrated by WM LI before segmentation. DARTEL
appears to improve registration versus the USM. Our aim was to compare the performance of
VBM-DARTEL versus VBM-USM and the effect of LI in the regional analysis of GM atrophy in MS.

MATERIALS AND METHODS: 3T T1 MR imaging scans were acquired from 26 patients with RRMS and
28 age-matched NC. LI replaced WM lesions with normal-appearing WM intensities before image
segmentation. VBM analysis was performed in SPM8 by using DARTEL and USM with and without LI,
allowing the comparison of 4 VBM methods (DARTEL � LI, DARTEL � LI, USM � LI, and USM �LI).
Accuracy of VBM was assessed by using NMI, CC, and a simulation analysis.

RESULTS: Overall, DARTEL � LI yielded the most accurate GM maps among the 4 methods (highest
NMI and CC, P � .001). DARTEL � LI showed significant GM loss in the bilateral thalami and caudate
nuclei in patients with RRMS versus controls. The other 3 methods overestimated the number of
regions of GM loss in RRMS versus controls. LI improved the accuracy of both VBM methods.
Simulated data suggested the accuracy of the results provided from patient MR imaging analysis.

CONCLUSIONS: We introduce a pipeline that shows promise in limiting segmentation and registration
errors in VBM analysis in MS.

ABBREVIATIONS: CC � cross-correlation; DARTEL � diffeomorphic anatomical registration through
exponentiated lie algebra; EDSS � Expanded Disability Status Scale; FP � false-positives; GM �
gray matter; LI � lesion in-painting; MDEFT � Modified Driven Equilibrium Fourier Transform; NC �
normal controls; NMI � normalized mutual information; RRMS � relapsing-remitting MS; USM �
unified segmentation model; VBM � voxel-based morphometry

GM atrophy is a well-established and clinically relevant
component of MS pathology.1 It occurs early in the dis-

ease process, and most likely reflects irreversible tissue loss.
Measures of cerebral atrophy have been proposed as sensitive
and reliable longitudinal surrogates of disease severity and
neuroprotective therapeutic effects.1 GM atrophy shows par-
ticular potential due to its proposed more sensitive role in
measuring destructive effects compared with whole-brain or
WM atrophy measures.1

Various advanced MR imaging postprocessing techniques

have been developed that are particularly useful in assessing
the pattern of GM loss. One such technique, VBM,2 is an au-
tomated tool used to assess the topography of GM atrophy.
VBM performs voxelwise statistical analysis on smoothed nor-
malized segmented brain MR images, revealing localized vol-
ume differences among subject groups.2 Prior VBM stud-
ies1,3,4 have identified regional GM atrophy in MS; however,
there is a known set of technical challenges that may have
limited these results, including segmentation and registration
errors.5-10 One of the major sources of error in MS is the pres-
ence of WM lesions, leading to misclassification of WM tissue
as GM and errors in alignment. While improved segmentation
and registration of MS brains have been demonstrated by WM
LI before segmentation,11-13 the effect of lesions on the reli-
ability of VBM results has not been systematically studied.

Recent studies have suggested various ways to optimize
VBM procedures,6-10,14-16 including the use of DARTEL,17

which has shown better registration and anatomic precision
versus other registration approaches in the SPM software, in-
cluding the USM18 and other available intersubject registra-
tion algorithms.19-23 DARTEL is just beginning to be applied
to VBM studies in MS.4 No studies to date have systematically
tested the reliability and accuracy of VBM of high-resolution
3T images in MS related to the combined consideration of
registration improvements and addressing lesion-related
errors.
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Our goal was to compare the accuracy of VBM-DARTEL
versus VBM-USM and the effect of LI on each method in the
analysis of regional cerebral GM atrophy in MS. To validate
our findings, we also provided a measure of ground truth by
using simulated data.

Materials and Methods

Subjects
Demographic and clinical characteristics of the subjects are summa-

rized in Table 1. We identified 26 patients with MS with the following

criteria: 1) age, 18 –55 years; 2) availability of neurologic examination,

including the EDSS24 scoring; 3) diagnosis of RRMS25; 4) no other

major medical disorder; and 5) no relapse or corticosteroid use in the

4 weeks before study entry to avoid transient confounding effects on

MR imaging. Twenty four of the patients (92%) were receiving dis-

ease-modifying treatment at the time of the scanning. Ten patients

were receiving monotherapy with �-interferon 1a, 1 with �-inter-

feron 1b, 12 with glatiramer acetate, and 1 with �-interferon 1a in

combination with mycophenolate mofetil. Twenty-eight NC with a

distribution of age and sex similar to that of the patients with MS and

no known neurologic or major medical disorders were also included.

This study was approved by our institutional review board, and all

subjects gave informed consent.

MR Imaging Acquisition
All subjects underwent 3T brain MR imaging (Signa; GE Healthcare,

Milwaukee, Wisconsin) by using the same scanning protocol. MR

imaging was performed by using a head-only phased array coil. Brain

imaging included the following:

1) Axial FLAIR: TR � 9000 ms, TE � 151 ms, TI � 2250 ms,

section thickness � 2 mm (70 sections, no gap), matrix size � 256 �

256, pixel size � 0.976 � 0.976 mm, number of signal averages � 1,

acquisition time � 9 minutes.

2) Coronal 3D MDEFT9,26: TR � 7.9 ms, TE � 3.14 ms, flip

angle � 15°, section thickness � 1.6 mm (124 sections, no gap),

matrix size � 256 � 256, pixel size � 0.938 � 0.938 mm, number of

signal averages � 1, acquisition time � 7.5 minutes. These sequence

parameters were optimized as described in Deichmann et al.26 We

used this sequence for its superiority versus other T1-weighted se-

quences (magnetization-prepared rapid acquisition of gradient echo

and fast low-angle shot) for VBM studies.9

MR Imaging Analysis
Brain MR imaging analysis was performed by using the Jim (Version

5, http://www.xinapse.com) and the SPM (Version 8, http://www.fil.

ion.ucl.ac.uk/spm) software packages.

FLAIR and T1 Hypointense Lesion Segmentation. MS FLAIR

hyperintense and MDEFT hypointense cerebral lesions were seg-

mented by using a semiautomated edge-finding tool based on local

thresholding with manual corrections applied as needed in Jim5.27,28

The presence of T1 hypointense lesions on MDEFT images was deter-

mined by consensus of 2 trained observers as part of a reading panel

and was used to determine the T1 hypointense lesion number. FLAIR

and T1 hypointense lesion volumes were obtained as described pre-

viously.27,28 The T1 hypointense lesion volume measurement showed

mean intraobserver and interobserver coefficients of variation of

0.93% and 2.45%, respectively (n � 3 patients with MS).

Skull Stripping. Studies have shown that VBM can be improved

by deskulling T1-weighted images before entry into the VBM pipe-

line.6-8 Thus, T1-weighted MDEFT images were manually deskulled

before VBM analysis. The intracranial volume was calculated from

deskulled MDEFT images.

White Matter Lesion In-Painting. Hypointense cerebral WM le-

sions in each MDEFT image were in-painted with a distribution of

signal-intensity values equivalent to those in normal-appearing WM

in the image.12 The normal-appearing WM mean signal intensity was

estimated by fitting a 4-Gaussian model to the whole-brain histogram

of a bias-field-corrected image, after brain extraction and the masking

of WM lesions. Normal-appearing WM signal intensities for in-painting

were randomly generated from a Gaussian distribution on the basis of the

normal-appearing WM peak location and full width at half maximum.

These were used to replace voxels within the hypointense WM lesion

mask. To maintain a consistent appearance with normal-appearing WM,

in-painted voxels were spatially smoothed with a 0.6-mm Gaussian

smoothing kernel and scaled to maintain the same SD. The bias field

obtained earlier was applied to the in-painted values to match spatial

variation in WM intensity to the original image.12

VBM Analysis. VBM analysis was performed in SPM8 by using

DARTEL and USM with (�) and without (�) LI, allowing the com-

parison of 4 VBM methods (DARTEL � LI, DARTEL � LI, USM �

LI, and USM �LI) as described below.

1) VBM-USM: Deskulled MDEFT images with and without LI

were aligned to a template image in Montreal Neurological Institute

space, segmented, normalized, and modulated by using the USM,18

which accounted for image-intensity nonuniformity, with default set-

tings and template. Spatially modulated, normalized, and segmented

GM images were then smoothed with a 8-mm full width at half max-

imum isotropic Gaussian kernel.

2) VBM-DARTEL: Deskulled MDEFT images with and without LI

were aligned to a template image in Montreal Neurological Institute

space and segmented by using the USM method.18 Next, DARTEL,

implemented as a toolbox for SPM8, was used to derive a set of group-

specific templates following the method given in the SPM8 manual in

its standard version. After warping the segmented images to the

group-specific final templates, these images were modulated by using

the Jacobian determinants from the nonlinear deformation.17 VBM-

DARTEL outputs were evaluated in their own template space, to

avoid the negative effect of resampling interpolation to Montreal

Neurological Institute space. Spatially modulated, normalized, and

segmented GM images were then smoothed with an 8-mm full width

at half maximum isotropic Gaussian kernel.

Table 1: Demographics, conventional MR imaging and clinical
findings of all subjectsa

NC RRMS
No. of subjects 28 26
Men/womenb 7:21 6:20
Age (yr)b 43.0 � 7.1 39.2 � 9.4
Disease duration (yr) – 8.5 � 5.9
EDSS score – 1.2 � 0.9
FLAIR cerebral lesion volume (mL) – 15.0 � 14.7
T1 hypointense cerebral lesion volume (mL) – 7.7 � 9.6
Number of T1 hypointense cerebral lesions – 57.0 � 57.6
ICV 1380.6 � 124.1 1414.6 � 139.6

Note:— – indicates not applicable.
a Values are mean � SD.
b No significant group differences when comparing NC and patients with RRMS.
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Assessment of Intersubject Alignment. To assess the best regis-

tration condition, differences in the similarity measures, NMI,22 and

CC29 were evaluated. We created average GM templates (smoothed at

8-mm full width at half maximum) for each of the 4 registration

conditions from the individual unmodulated warped GM segmented

images. NMI and CC were calculated between the individual warped

GM segmented images and the corresponding average GM template

for each condition. We assessed differences in GM alignment between

DARTEL � LI and DARTEL � LI and then between USM � LI and

USM � LI. Additionally, we also tested the differences between DAR-

TEL � LI and USM � LI and between DARTEL � LI and USM � LI.

Simulated Data Analysis. To test the validity of our results, we

assessed VBM methods on ground truth data. We obtained 16 normal

brain 3D T1-weighted images (TR/TE � 22/9.2 ms, flip angle � 30°,

and 1-mm isotropic voxel size) from a public dataset (BrainWeb,

http://www.bic.mni.mcgill.ca/brainweb). We simulated atrophy in

these images by using an automated algorithm.30 In short, the algo-

rithm creates volume loss in a spheric region of interest centered on a

specified point. To emulate the GM loss seen in our MS cohort, we

created artificial atrophy centered in 2 deep GM regions: the right

thalamus and the left caudate. The radius of the region of atrophy was

10 mm in the right thalamus and 5 mm in the left caudate. So that the

ground truth data replicated the MS state, we also created MS lesions

in these images by using an artificial lesion-generation method.12 We

generated 2 image sets from the original T1 dataset (which served as

controls): 1) original T1-weighted images with simulated atrophy,

and 2) original T1-weighted images and original T1-weighted images

with simulated atrophy and artificial lesions. Before the VBM analysis

with DARTEL and USM, these images were deskulled and reoriented

to the Montreal Neurological Institute space as described above in the

section on skull-stripping and VBM analysis.

Group comparisons were performed between the following: 1)

original T1-weighted images and original T1-weighted images with

simulated atrophy, and 2) original T1-weighted images with simu-

lated atrophy and artificial lesions. We calculated the number of true-

positives, FPs, true-negatives, and false-negatives, to determine the

specificity [true-negatives/(true negatives � FP)] and sensitivity [true

positives/(true positives � false-negatives)] of DARTEL and USM to

subcortical atrophy. We used an atlas-based approach (WFU_Pick

Atlas: http://fmri.wfubmc.edu/software/PickAtlas), where we divided

the brain GM into 92 regions and counted the number of GM regions

in which atrophy was seen for all VBM approaches. True-positive

areas were defined as the areas of significant GM atrophy in the spec-

ified regions under the ground truth (ie, the thalamus and caudate).

All VBM approaches were able to identify the specified areas under

the ground truth. True-negatives areas were defined as those in which

there was no significant GM atrophy seen. FP areas were defined as

those in which significant GM atrophy was seen outside the specified

regions under the ground truth. False-negative areas were not ob-

served because all VBM approaches were able to find areas that were

abnormal on the ground truth maps.

Statistical Analysis
In the subject analysis, group comparisons for age and intracranial

volume were performed by using a t test and for sex by using the

Fisher exact test (Version 17.0, SPSS, Chicago, Illinois). VBM statis-

tical results were assessed in SPM8. An analysis of covariance model

was used to assess regional differences in the smoothed GM images

between patients with RRMS and NC. Age, sex, and intracranial vol-

ume were included as nuisance covariates. A linear regression analysis

was used to assess the correlation between EDSS and GM atrophy. In

the simulated analysis, a paired t test was used to assess regional dif-

ferences on the smoothed GM images. Covariates were not assessed in

the simulation analysis. An explicit mask was constructed by thresh-

olding the mean GM image obtained from GM normalized maps, at a

level of 0.5 for each VBM method. All VBM results were assessed after

correction for multiple comparisons by using false discovery rate at

voxelwise P � .05 with a cluster size �20 and with a family-wise error

correction at a threshold of P � .05. Differences in the similarity

measures (CC and NMI) between each method with and without LI

were assessed by using Wilcoxon paired signed rank test.

Results

Demographic, Clinical, and Conventional MR Imaging
Findings
Table 1 shows demographic, clinical, and conventional MR
imaging findings of NC and patients with RRMS. No signifi-
cant group differences were observed when comparing NC
and patients with RRMS on age (P � .1), sex (P � .6), and
intracranial volume (P � .4).

VBM Analysis
Figure 1 shows group comparisons (RR versus NC) among all
4 VBM methods (DARTEL � LI, DARTEL � LI, USM � LI,
and USM � LI). All 4 VBM methods showed significant GM
loss in patients with RRMS compared with NC (P � .05, cor-
rected for multiple comparisons by using false discovery rate,
cluster size �20). While DARTEL � LI showed more focal
GM loss (total volume of the blobs detected � 11.2 mL),
DARTEL � LI (total volume of the blobs detected � 14.8 mL),
USM � LI (total volume of the blobs detected � 9.8 mL), and
USM � LI (total volume of the blobs detected � 23.3 mL)
showed a widespread pattern of GM loss. Overall, DARTEL �
LI minimized group differences and showed GM loss in the
bilateral thalami and caudate nuclei, thereby showing the few-
est number of differences between groups (Fig 1). At the fam-
ily-wise error correction (threshold of P � .05), all 4 VBM
methods showed regional GM loss in the bilateral thalami
(data not shown) in patients with RRMS compared with NC.

VBM–Clinical Disability Correlations in the MS Group
Correlations between regional GM loss detected by all 4 VBM
methods (DARTEL � LI, DARTEL � LI, USM � LI, and
USM � LI) and EDSS were nonsignificant.

Assessment of Intersubject Alignment
As shown in Table 2, the NMI and CC were significantly
higher with DARTEL � LI compared with DARTEL � LI (P �
.0001) and with USM � LI compared with USM � LI (P �
.0001). DARTEL showed improved similarity (measured with
CC and NMI; P � .0001) versus USM. Overall, DARTEL � LI
achieved the best intersubject alignment of GM maps among
the 4 methods.

Simulated Data Analysis
Figure 2 shows a comparison between the VBM (DARTEL and
USM) methods on the simulated (atrophy and lesion) data.
Both VBM approaches detected significant GM loss in the
specified regions (thalamus and caudate) under the ground
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truth with the presence of several FP errors (P � .05, corrected
for multiple comparisons by using false discovery rate, cluster
size �20). The presence of simulated MS lesions increased the
number of FP errors in both DARTEL and USM. However,
DARTEL (Fig 2A) showed fewer FP errors than USM (Fig 2B).
Sensitivity was similar for both DARTEL (1.0) and USM (1.0)
in the presence of simulated atrophy and simulated atrophy �
simulated MS lesions. Specificity was similar for DARTEL
(0.89) and USM (0.88) in the presence of simulated atrophy
only. However, the specificity was higher in DARTEL (0.80)
than USM (0.56) in the presence of both simulated atrophy
and simulated MS lesions. At the family-wise error correction

(threshold of P � .05), both VBM approaches (DARTEL and
USM) showed regional GM loss only at the level of the right
thalamus and left caudate (data not shown).

Discussion
In the present study, we tested the effect of registration and LI
on VBM analysis in detecting regional cerebral GM atrophy in
MS. While previous research studies have investigated the im-
pact of LI on single-subject automated GM segmentation12

and registration11 in MS, our study examined how LI affects
detection of patient-versus-control differences in regional GM
volume at the group level. In particular, we explored the use of

Fig 1. Regions of decreased GM volume in patients with RRMS (n � 26) compared with NC (n � 28) (P � .05, corrected for multiple comparisons by using false discovery rate, cluster
size �20), overlaid on a GM template (A–D). Comparisons of all 4 methods (DARTEL � LI, DARTEL � LI, USM � LI, and USM � LI) are illustrated. The pattern of GM atrophy in patients
with RRMS shown by DARTEL is more focal, while with USM, it is more widespread. DARTEL � LI (C) likely yielded the most accurate results compared with DARTEL � LI (A), USM �
LI (B), and USM � LI (D) (see “Discussion”). Bar is color-coded for t values. Images are presented in the neurologic convention (right side of image � right side of brain). See “Materials
and Methods” and “Results” sections for more details.

Table 2: Assessment of intersubject alignmenta

Similarity
DARTEL � LI

(n � 54)
DARTEL � LI

(n � 54)
P (DARTEL � LI vs

DARTEL � LI)
USM � LI
(n � 54)

USM � LI
(n � 54)

P (USM � LI vs
USM � LI)

NMI 1.2630 (0.0064) 1.2602 (0.0063) �.0001 1.1998 (0.0063) 1.1981 (0.0062) �.0001
CC 0.9675 (0.0039) 0.9669 (0.0040) �.0001 0.9090 (0.0106) 0.9084 (0.0107) �.0001
a Values are mean (SD). Overall, DARTEL showed higher NMI and CC (P � .0001) compared with USM.
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LI and different registration methods in the context of VBM. Our
results suggest that VBM is more accurate when using DARTEL
than USM. The application of the LI algorithm improves the ac-
curacy of VBM results in MS. We provided further validation of
our work by using simulated VBM data as the ground truth to
demonstrate that DARTEL is more reliable than USM.

DARTEL versus USM
We compared the performance of DARTEL and USM-based
VBM approaches in MS. While a direct comparison of DAR-
TEL versus USM has not been previously described in MS,
such characterization has been performed in other conditions,
including Alzheimer and Huntington diseases.8,19-21 As ex-
pected from these studies, we found improved performance of
DARTEL over USM in the evaluation of GM atrophy in MS.
We found fewer regions showing GM atrophy in patients with
MS versus NC with DARTEL than USM (Fig 1). These results
obtained with DARTEL are likely reflective of greater accuracy
and specificity because they reflect a better registration as sug-
gested by similarity measures analysis. When we quantitatively

evaluated the registration performance of DARTEL and USM
techniques through measures of similarity (NMI and CC),
DARTEL showed significantly higher NMI and CC than
USM.22,29 These results indicated that the DARTEL registra-
tion algorithm, starting from the same segmentation of USM,
is better able to correct for misalignment. The high similarity
measures (NMI and CC) with DARTEL indicated improved
intersubject alignment through registration, increasing confi-
dence that real morphologic differences were detected be-
tween patients with MS versus NC rather than artifacts related
to misalignment.

Because we did not have any criterion standard data in the
subject data, we used an atrophy-simulation paradigm to val-
idate our findings from the subject data. In the simulated data
analysis, we artificially created atrophy in the thalamus and
caudate, which have been shown to be affected in MS.1 While
both DARTEL and USM techniques were able to detect atro-
phy in the thalamus and caudate, DARTEL showed improved
performance with fewer FPs between groups. Our results from
simulated data are in line with a recent study that has shown

Fig 2. Regions of GM atrophy by using simulated ground truth data (A–D). Comparisons based on all methods are illustrated. Sixteen normal brain T1-weighted images were used as a
control group and were compared with 2 groups of simulated patients (P � .05, corrected for multiple comparisons by using false discovery rate, cluster size �20). The results are displayed
on a 3D glass brain. In 1 group (C and D), we only simulated atrophy of the thalamus and caudate, and in the other (A and B), we simulated atrophy in the same regions and added artificial
lesions. DARTEL in the presence of only atrophy (C) yielded the most accurate results, detecting the atrophy under the ground truth and reducing the number of false-positives compared
with USM (D). The presence of lesions increased the number of FP errors in both DARTEL and USM (A and B). See “Materials and Methods” and “Results” section for more details.
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improved performance of VBM-DARTEL compared with
other VBM approaches on simulated data.31

It should be noted that to facilitate the comparison between
DARTEL and USM, we evaluated the performance of
DARTEL and USM by using the same smoothing kernel of 8
mm. Because higher smoothing has been shown to minimize
the risk of FP errors,32 the degree of smoothing is related to the
registration accuracy. Thus, one would expect that in increas-
ing the smoothing kernel to 12 mm, USM would show fewer
FP errors. However, DARTEL has shown higher sensitivity
and specificity over USM in SPM5, even when the smoothing
kernel used was 8 mm for DARTEL and 12 mm for the USM.21

Effect of LI
While T1-weighted sequences are widely used to perform
VBM analysis in MS, there are errors in registration11 and
segmentation12 associated with the presence of hypointense
WM lesions affecting the accuracy of VBM outputs. With hy-
pointense WM lesions often misclassified as GM, accurate GM
atrophy measurement in MS requires the lesion volume to be
reclassified as WM after segmentation. A previous report has
shown the importance of LI for single-subject GM automated
segmentation enabling more accurate estimation of GM/WM
volumes.12 Segmentation biases associated with MS lesions
may occur due to a subtle shift in tissue classification in areas
with lower GM/WM contrast such as the deep GM and
GM/WM boundaries.12,13 Focusing only on the registration
aspect, Sdika and Pelletier11 showed that the presence of WM
lesions may distort and bias the output of registration, while
the use of LI may reduce the registration bias associated with
WM lesions. VBM studies to date in MS have primarily relied on
a postsegmentation rather than a presegmentation lesion-correc-
tion approach.3 Hence, before running VBM analysis, we used an
LI algorithm to negate the effect of MS lesions. With this tool, we
in-painted T1 hypointense lesions with the simulated values of
the same distribution and spatial-intensity variation as normal-
appearing WM to create MR images devoid of MS lesions.

Thus, by LI we sought to avoid the limitations observed
with postsegmentation lesion corrections that are vulnerable
to GM underestimation and WM overestimation.13 As a result
of LI, we found fewer GM differences between patients with
MS and NC (Fig1C, -D) than without LI (Fig 1A, -B) in both
VBM procedures. The use of LI reduced differences in GM
maps between patients with RRMS and NC. We also found a
high intersubject similarity (NMI and CC) with LI. The sim-
ulated data analysis confirmed the findings of the subject data
analysis and gave us an estimation of the FP differences. DAR-
TEL showed fewer VBM differences compared with USM both
when artificial lesions and atrophy were present at the same time
in the comparisons and when only atrophy of the thalamus and
the caudate differentiated the 2 groups. The presence of WM
lesions increased the number of these FP differences (Fig 2).

Effect of Statistical Correction
Varying the type and level of the statistical correction has been
shown to affect VBM results.16 Therefore we tested various
statistical scenarios. For example, when using a stringent sta-
tistical family-wise error correction, we found atrophy only in
the bilateral thalami across all the comparisons (DARTEL �
LI, DARTEL � LI, USM � LI and USM � LI) in patients with

MS (data not shown). Similarly, by using a stringent statistical
family-wise error correction in the simulated analysis, we ob-
served atrophy in only the areas under the ground truth for all
DARTEL-versus-USM comparisons (data not shown). This
effect of family-wise error correction was predictable because
studies16 have shown that such correction dramatically re-
duces the number of differences. However, because family-wise
error correction could also hide the true-positive differences,
thereby reducing the sensitivity of VBM methods,16 we chose a
priori a less stringent corrected threshold to allow more voxels to
be detected. We show that the difference in GM atrophy between
the 2 statistical corrections (false discovery rate and family-wise
error) was higher for USM than for DARTEL; this confirms that
DARTEL was able to show fewer FPs with the corrected results
and with a lower statistical correction. We further demonstrate
that the differences in statistical corrections between the 2 VBM
methods were increased in the absence of LI. Conversely, we
found that the effect of LI on final VBM outputs was reduced at
the strict statistical correction. In this context, results from previ-
ous VBM studies employing strict level of statistical correction
without using an LI algorithm for accounting for WM lesions in
MS should be considered reliable.3,4

Assessment of Topographic Distribution of Volume
Changes in the GM
In our cohort, we found atrophy only in deep GM areas, in-
cluding the bilateral thalami and caudate nuclei by using
DARTEL � LI. In patients with MS, deep GM atrophy has been
demonstrated to be a prominent and early finding.1 Other studies
in MS have also shown GM atrophy in the cortex, hippocampus,
and cerebellum.1,3,4,33-37 Discrepancies between our findings and
those studies may relate to a variety of factors. It is plausible that
our technique could be affected by false-negative results (low sen-
sitivity). This is unlikely because results from simulated ground
truth analysis indicate a high sensitivity of all VBM methods. Al-
ternatively, divergent results may reflect differences in methodo-
logic approaches, sample sizes, and clinical characteristics (such
as level of disability, phenotypes, and disease duration).33-37

Limitations
Because of the small sample size, the findings should be con-
sidered preliminary. We did not find any association between
GM atrophy and clinical disability. This result should be in-
terpreted with caution because the narrow range on the EDSS
may have limited the ability to show GM-clinical correlations.
Alternatively, other clinical measures such as cognitive func-
tion or fatigue, which are associated with GM damage,1 were
not assessed in our study. Additional studies of patients with
progressive forms of MS are necessary to understand the gen-
eralizability regarding the utility of LI in VBM analysis. We
manually traced the T1 hypointense WM lesions on MDEFT
images. This approach is very time-consuming and less prac-
tical; however, other approaches,38 such as creating FLAIR or
T2 lesion masks and registering those to the T1-weighted im-
ages followed by manual correction, could be used to reduce
analysis times. We have not used GM (cortical and deep gray)
LI in our study, which may further improve the validity of our
results. In addition, we did not systematically evaluate the im-
pact of regional lesion clusters on the VBM results.

While previous studies with older VBM approaches have
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used corrections of lesion misclassification after the segmen-
tation step,3 in our study, we did not perform this analysis and
assessed its comparison with our technique for 2 main rea-
sons. First, as mentioned above, various studies have already
demonstrated that the lesion correction after segmentation
underestimates GM volume compared with the LI proce-
dure.12,13 Second, although in DARTEL it is possible to per-
form lesion correction after segmentation on the rigid-body
aligned images before the warping and template-creation
steps, this same procedure is not technically feasible in USM.
Because USM is a generative procedure in which the segmen-
tation and registration steps are performed together with uni-
formity-correction iteratively for each subject,18 the inherent
technical limitation of USM did not easily permit this ap-
proach. Finally, we only performed VBM analysis for the as-
sessment of GM atrophy. We plan to assess the effect of re-
gional lesion clusters on the regional GM loss and to pursue
VBM of WM atrophy in conjunction with LI in the future with
a larger cohort of patients with MS.

Conclusions
We introduce a pipeline that can be applied to 3T brain MR
imaging scans to detect MS-related regional cerebral GM at-
rophy by using VBM. The pipeline leverages an automated
algorithm to account for the effects of MS lesions and applies a
recently developed registration tool. Future longitudinal stud-
ies are warranted, with a larger sample size and patients with
advancing disease to confirm our findings.
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