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Abstract: Voxel-based morphometry (VBM) has been used repeatedly in single-center studies to investigate
regional gray matter (GM) atrophy in multiple sclerosis (MS). In multi-center trials, across-scanner variations
might interfere with the detection of disease-specific structural abnormalities, thereby potentially limiting the
use of VBM. Here we evaluated longitudinally inter-site differences and inter-site comparability of regional
GM in MS using VBM. Baseline and follow up 3D T1-weighted magnetic resonance imaging (MRI) data of
248 relapsing-remitting (RR) MS patients, recruited in two clinical centers, (center1/2: n ¼ 129/119; mean age
42.6 � 10.7/43.3 � 9.3; male:female 33:96/44:75; median disease duration 150 [72–222]/116 [60–156]) were
acquired on two different 1.5T MR scanners. GM volume changes between baseline and year 2 while control-
ling for age, gender, disease duration, and global GM volume were analyzed. The main effect of time on re-
gional GM volume was larger in data of center two as compared to center one in most of the brain regions.
Differential effects of GM volume reductions occured in a number of GM regions of both hemispheres, in par-
ticular in the fronto-temporal and limbic cortex (cluster P corrected <0.05). Overall disease-related effects
were found bilaterally in the cerebellum, uncus, inferior orbital gyrus, paracentral lobule, precuneus, inferior
parietal lobule, and medial frontal gyrus (cluster P corrected <0.05). The differential effects were smaller as
compared to the overall effects in these regions. These results suggest that the effects of different scanners on
longitudinal GM volume differences were rather small and thus allow pooling of MR data and subsequent
combined image analysis.Hum Brain Mapp 33:1225–1245, 2012. VC 2011Wiley Periodicals, Inc.
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INTRODUCTION

Previous longitudinal single-site studies have shown pro-
gressive regional gray matter (GM) atrophy in relapsing-
remitting multiple sclerosis (RRMS) using voxel-based mor-
phometry (VBM) [Audoin et al., 2006; Battaglini et al., 2009;
Bendfeldt et al., 2009; Bodini et al., 2009; Pagani et al., 2005;
Sepulcre et al., 2006]. Providing automated measures of
highly localized regional differences in the concentration/
volume of GM or white matter (WM) [Ashburner and Fris-
ton, 2000; Good et al., 2001], the VBM technique can be
used as an indirect measure of regional pathology in MS.
Regional measures in principle are more sensitive to subtle
inhomogenously distributed cerebral volume changes than
global measures, and thus may have the potential to facili-
tate the assessment and monitoring of MS disease. In con-
trast to WM lesions, however, the majority of regional GM
changes are not visible on conventional magnetic resonance
imaging (MRI) [Pirko et al., 2007].

Therefore, large numbers of subjects are required, necessi-
tating pooling of data from different centers to increase statisti-
cal power. In longitudinal MS-trials, it is common to pool1

scanning resources frommultiple centers. Comparison of VBM
data derived from different MRI scanners, however, has been
critically discussed because the potential confound introduced
by different scanners [Ashburner and Friston, 2000; Stonning-
ton et al., 2008] might reduce or wholly offset any gain in
power for detecting group differences [Schnack et al., 2010].

A number of studies have been conducted to investigate
the reliability of multicenter VBM (Table I). This previous
work covers (a) phantom tests [Ewers et al., 2006], (b) studies
of healthy volunteers [Ewers et al., 2006; Huppertz et al.,
2010; Moorhead et al., 2009; Tardif et al., 2009], and (c) stud-
ies of the brain in different states of function and dysfunction,
the latter comparing either patients with Alzheimer’s disease
and patients with Mild Cognitive Impairment [Ewers et al.,
2006] or with cognitively normal elderly controls [Stonning-
ton et al., 2008], Childhood Absence Epilepsy subjects with
healthy controls [Pardoe et al., 2008], and groups of patients
with psychiatric diseases and twins [Schnack et al., 2010].

To date, however, VBM studies focusing on reliability of
multicenter MRI in MS are missing. Therefore, the goal of
the present study was to investigate whether GM volume
changes can be elucidated in multi-center studies in the
context of MS. In particular, we investigated inter site dif-
ferences and inter site comparability of GM changes in a
large sample of RRMS patients recruited and scanned in
two different clinical centers on two different 1.5T scanners.

On the basis of the previous literature, we hypothesized
that differential effects of time on regional GM volume
changes between the two centers would occur. We also
hypothesized that the interaction of scanner-and disease-

related effects would be rather small in this longitudinal com-
bined dataset and that this would allow pooling of MR data.

Over and above these methodological aspects, on the ba-
sis of previouslongitudinal MRI studies of MS using either
smaller samples or different methodology [Audoin et al.
2006; Battaglini et al. 2009; Bendfeldt et al. 2009; Chen et al.
2004; Pagani et al. 2005], we hypothesized a general predom-
inance of GM volume changes in fronto-temporal cortical
regions in RRMS patients in this combined multi-site dataset.

MATERIALS AND METHODS

Patients

We analyzed pairs of MRI data from 248 Caucasian
patients (77 men, 171 women) with a diagnosis of clini-
cally definite relapsing remitting MS [Polman et al., 2005]
of the case-controlled study for genotype-phenotype associ-
ations in MS (GeneMSA; GSK, UK) recruited in two clinical
centers (center one: n ¼ 129, center two: n ¼ 119) participat-
ing in the GeneMSA consortium. Patients with a clinical
relapse or glucocorticosteroid treatment within the month
previous to baseline or follow-up scan were excluded,
whereas the concomitant use of disease modifying therapies
for MS was permitted. 127 patients (center one: 80, center
two: 47) received immunomodulatory-immunosuppressive
drugs (interferon-b-1a, interferon-b-1b, glatiramer acetate)
during the entire study; no change of these medications
occurred between baseline and follow-up scan at 2 years.
During follow-up 75 RRMS patients had received corticoste-
roid therapy to treat acute relapse. At the time of baseline
and follow up MR scan, all patients had been relapse-free
and interacted with steroids for at least 1 month. The study
was approved by the local ethical standards committee and
written informed consent was obtained from each subject.

There is overlap between subjects in this study and those
used in previous MR structural imaging studies [Bendfeldt
et al., 2009, 2010c]. Previously we have searched for GM
volume changes in RRMS patients from center one. In those
studies, between-group differences (baseline vs. 1-year fol-
low-up) in GM volume were estimated by fitting an analy-
sis of covariance (ANCOVA) model at each intracerebral
voxel in standard space. For each subject follow-up minus
baseline difference images were created, and then analyzed
with a regression model with an intercept (parameter of in-
terest) and centered covariates of age, gender and disease
duration. Within the RRMS group, we specifically focused
on those patients with increasing T2 and T1 lesion burden
(n ¼ 45) and patients lacking an increase in WM lesion bur-
den (n ¼ 44). The former studies provided evidence of an
association between the progression of regional GM volume
reductions in specific fronto-temporal cortical areas and
WM lesion volume progression on the one hand [Bendfeldt
et al., 2009; Nakamura and Fisher, 2009] and lesion location
on the other hand [Kappos et al., 2006].

In the present study we analysed subsets of 129 patients
from center one and 119 patients from center two (baseline

1Note that ‘‘pooling’’ is used here in the sense of ‘‘combining’’ data;
not in the sense of ‘‘collapsing of factor levels when combining data’’
in which it is often used inmulticenter trials [e.g., Schwemer, 2000].
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vs. 2-year follow-up). The study focuses (a) on the differential
effects potentially occurring in patients from different sites/
scanners and (b) on the overall disease related effects in
the whole dataset of the pooled samples rather then on asso-
ciations of GM and WM changes. In contrast to the former
analyses, here, we have included T2- and T1 lesion volumes
and scanner as additional covariates.

MR Image Acquisition

All subjects were scanned twice (baseline and 2-year fol-
low-up) using either one of two 1.5T MR systems (center
one: Siemens Avanto; center two: Siemens Vision) with simi-
lar protocols. For VBM analysis, 3D-heavily T1-weighted gra-
dient echo images were acquired (TR: 7–20.8 ms; TE: 2–4
ms; TI: 300–400 ms), consisting of isotropic 1 � 1 � 1 mm3

voxels. Additionally, dual echo-T2-weighted images (mag-
netization-prepared rapid gradient echo ‘‘MP-RAGE’’; TR:
2,000–4,000 ms; TE: 14–20/80–108 ms), with interleaved axial
3.0-mm-thick slices and an in-plane resolution of 1.0 �
1.0 mm2 were acquired. Lastly, post-contrast T1-weighted
spin-echo images (TR: 467–650 ms; TE: 8–17 ms; axial 3.0-mm-
thick slices with an in-plane resolution of 1.0 � 1.0 mm2) were
obtained. The same image acquisition parameters were used
between timepoint no. 1 and timepoint no. 2.

MR Imaging Data Analysis

We analyzed MR images for all subjects on a commer-
cially available Intel-based workstation running Debian
Linux 3.1 using VBM. Images were processed with Statisti-
cal Parametric Mapping software (SPM5, Wellcome
Department of Imaging Neurosciences, University College
London, [http://www.fil.ion.ucl.ac.uk/spm] version 958,
last updated December 13, 2007) running under the MAT-
LAB 7.00 (R14) environment.

The images were processed using the VBM toolbox v1.03
(http://dbm.neuro.uni-jena.de/vbm/, last updated December
6, 2006) as described before [Bendfeldt et al., 2009, 2010a].

In brief, the method was modified to reduce the influence of
MS lesions in the process, which could alter the normalization
and segmentation procedures. To prevent WM lesions from
being misclassified as GM, lesions identified on T2 images
were masked from the three-dimensional MP-RAGE images
[Nakamura and Fisher, 2009]. MS lesions were outlined on the
proton density scans (to calculate 3D binary masks and quan-
tify the areas of previously identified brain lesions) using the
commercial semi-automatic thresholding contour software
AMIRA 3.1.1 (Mercury Computer Systems), [Kappos et al.,
2006]. The 3D binary masks were then co-registered to the MP-
RAGE to remove the MS lesions. All VBM input images were
controlled carefully regarding WM lesions adjacent to the cor-
tex or deep gray matter to estimate the amount of false positive
or negative GM volume changes, respectively.

In the segmentation step, images were spatially normal-
ized into the same stereotactic space. In SPM5, prior probabil-
ity maps that are relevant to tissue segmentation are warped

to the individual brains, making the creation of a customized
template unnecessary. The normalization was performed by
first estimating the optimum 12-variable affine transforma-
tion for matching images and then optimizing the normaliza-
tion using 16 nonlinear iterations using 6 � 8 � 6 basis
functions to account for global non-linear shape differences
[Ashburner and Friston, 1999]. To preserve the total within-
voxel volume, which may have been affected by the nonlin-
ear transformation, every voxel’s signal intensity in the seg-
mented GM images was multiplied by the Jacobian
determinants derived from the spatial normalization.

When using unsupervised clustering methods like SPM5
in combination with a lesion mask, simple changes in the
lesion mask (such as increases in T2 lesion volume) could
have an effect on the clustering results. As the set of vox-
els used for parameter estimation changes, the segmenta-
tion could change as a result.

The potential bias coming from errors in registration has
been minimized by visually checking all GM and WM
lesion registrations analyses to ensure that there were no
failures of alignment and consequent misclassification of
tissues. Segmentation accuracy was assessed by examining
axial slices of each subject’s GM, WM, and cerebrospinal
fluid (CSF) image in the individual’s space. The warping
accuracy was assessed by displaying axial slices from each
subject with edges from the atlas image.

To preserve the total within-voxel volume, which may have
been affected by the nonlinear transformation, every voxel’s
signal intensity in the segmented GM images was multiplied
by the Jacobian determinants derived from the spatial normal-
ization. The analysis of these modulated datasets was used to
detect regional differences in absolute tissue volume. Finally,
in order to increase the signal-to-noise ratio and to account for
variations in normal gyral anatomy all images were smoothed
using a 5-mm full-width-at half-maximum isotropic Gaussian
kernel as done before [Bendfeldt et al., 2009; Borgwardt et al.,
2007a,b, 2008; Fusar-Poli et al., 2007]. On the basis of the
expected subtle regional differences [Ashburner and Friston,
2000], we have chosen a small smoothing kernel, because it
allows us to detect a greater number of regions with small
structures as the medial temporal lobes, parahippocampal
gyrus, and anterior cingulate cortex. Also, according to the
matched filter theorem, the width of the smoothing kernel
determines the scale at which morphological changes are
most sensitively detected [White et al., 2001].

Statistical Analysis

Demographic data

The median and interquartile range, or the mean and stand-
ard deviation were used to describe clinical andMRI character-
istics. We used chi-squared test, paired t test, Mann-Whitney-
U andWilcoxon test for nonparametric data to compare demo-
graphic and clinical variables. For these tests, a significance
level of P < 0.05 was considered. Statistical analysis was per-
formed with SPSS software, version 15 (SPSS, Chicago, IL).

r Scanner and Overall Disease-Related Effects in MS r

r 1229 r



MRI data

Between-group differences (baseline vs. 2-year follow-
up) in gray matter volume were estimated by fitting an
analysis of covariance (ANCOVA) model at each intracere-
bral voxel in standard space. We have chosen a full-facto-
rial design with centered covariates age, gender, disease
duration, T2- and T1 lesion volume, and scanner. Before
entering the linear regression models, T2 and T1 lesion
volume was transformed to reduce skew of lesion volume
and reduce the impact of outlier lesion volumes using the
logarithm with base 10 (logT2LV, log T1LV). To assess
additional nuisance variation due to head size differences
the analysis was adjusted for each subject’s global GM vol-
ume (GMV) by entering the global values as additional
covariate. GMV (mean value) was calculated by SPM5. We
performed F-tests to investigate whether there were any
longitudinal GM volume changes in each of the two cen-
ters followed by subsequent T-tests contrasting each center
against the other.

Statistical maps were assessed for significance with clus-
ter size inference adjusted for non-stationarity [Hayasaka
et al., 2004; Moorhead et al., 2005] (http://dbm.neuro.uni-
jena.de/vbm/non-stationary-cluster-extent-correction/). A
cluster-defining threshold of P ¼ 0.001 uncorrected was
used, and clusters were considered significant at P < 0.05
cluster level, corrected for a whole-brain search (though
for completeness our tables also report family-wise error
(FWE)-corrected voxel-wise P-values as well). Significant
clusters were anatomically localized using the atlas of
Talairach and Tournoux, except for foci in and close to the
cerebellum, which were localized using the atlas of
[Schmahmann et al., 1999].

All the potentially confounding covariates were
included in the original analysis. However, to confirm the
results in a more stringent way, we also investigated two
matched groups of patients of center one (n ¼ 73) and cen-
ter two (n ¼ 73) (Table II). These patients were sex-
matched on top of being age-matched. Then each subject
of center one was assigned a patient of center two which
did not differ by more than �5 years in age at baseline
and by more than �2 years in disease duration.

RESULTS

Clinical and MRI (non-VBM) Characteristics

The clinical and MRI characteristics of the 248 RRMS
patients are reported in Table II. Cross-sectionally, subjects
from both centers did not differ significantly with respect
to age, gender, GMV, T1, and T2 lesion volumes and num-
ber of new T2 lesions neither at baseline nor at follow-up.
Scan-interval, disease duration, EDSS, number of new gad-
olinium-enhancing lesions, and the proportion of patients
without/with immunomodulatory treatment were signifi-
cantly different between the centers. Gray matter volume
decreased slightly over time in center one and T2 lesion

volumes increased in both centers. To account for these
differences, we also report the results from the matched
samples (Table II, italic letters).

Any Longitudinal Gray Matter Volume

Change: Main Effect of Time

We investigated the main effect of time on GM volume
within each of the two centers. Contrast estimates and 90%
confidence intervals, which are reflective of the standard
deviations, are shown in Table II. Generally, the effect of
time on GM volume was rather small. It was larger, how-
ever, in most of the significant clusters of the limbic, frontal,
and occipital cortices in center two as compared to center
one. In these regions, confidence intervals were larger rela-
tive to the contrast estimates in center one, and similar
between the two centers. Smaller effects in center one
occurred in particular in regions of the the left parahippo-
campal, cingulate, rectal, medial frontal gyrus, paracentral
lobule and in the left claustrum, as well as in the right pre-
central and lingual gyrus and in the right precuneus. Larger
effects in center one occurred bilaterally in regions of the
medial frontal gyrus and in the left precuneus. Effects of
similar magnitude occurred in the left postcentral gyrus and
cuneus, as well as in the right temporal gyrus (Table III).

Inter-Site Differences

To look for inter-site differences of regional GM volume
reductions, we analyzed the interaction of time and center,
while correcting for multiple comparisons across the brain.
First, to increase statistical power, we analyzed the whole
samples. Then, to reduce the confounding effect of age,
gender, disease duration, and medication with GM volume,
we repeated the analysis in a subsample of optimally-
matched pairs of patients from both scanners (n ¼ 73 each).

Differential effects in the complete data

Statistically significant differences occurred bilaterally in
the precuneus, superior temporal, and medial frontal
gyrus. In the left hemisphere, additional differences occur
in the rectal, postcentral, parahippocampal, and cingulate
gyrus, as well as in the cuneus, paracentral lobule, and
claustrum. In the right hemisphere, differences occur in
the precentral and lingual gyrus and in the superior parie-
tal lobule (Table IV, Fig. 1).

Confidence intervals were small relative to the contrast esti-
mates and similar between the different brain regions (Fig. 1).

Differential effects in the matched groups

Statistically significant differences between the matched
groups occurred bilaterally in a number of fronto-temporal
and parietal cortical regions and in the cerebellum. In con-
trast to the whole samples, the limbic and occipital lobes
were not involved (Table V).
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Disease-Related Versus Differential Effects

(Matched Groups)

We also looked for GM volume reductions between base-
line and follow-up in the complete data of the matched
groups. Significant GM volume reductions in patients with
RRMS were found bilaterally in the cerebellum, in the left
inferior temporal gyrus and insula, and in the right superior
frontal gyrus and uncus (Table VI). Figure 2 shows that the

differential effects of the two centers/scanners were smaller
than the disease-related effects in these regions.

DISCUSSION

The principal aim of the current study was to investi-
gate longitudinal GM volume changes in a large sample of
RRMS patients (n ¼ 248) recruited and scanned at two

TABLE II. Clinical and MRI characteristics

‘‘Center one’’ ‘‘Center two’’ Statistics
N ¼ 129 N ¼ 119 Center comparison

N ¼ 73 N ¼ 73 (P value)

Age at bs in years, mean (SD) 42.6 (10.7) 43.3 (9.3) 0.587
41.2 (9.0) 41.1 (8.7) 0.966

Male/female (ratio) 33/96 (1:2.9) 44/75 (1:1.7) 0.052
22/51 (1:2.3) 22/51 (1:2.3) 1

Disease duration: Time since first symptoms
at bs in months, median (IQR)

150 (72–222) 116 (60–156) 0.024
96 (48–186) 96 (60–186) 0.895

Scan-interval, months (SD) 24.5 (1) 25.4 (1.6) <0.001
24.5 (1) 25.5 (1.6) <0.001

Drug treatmenta (T/NT) 80/47 47/71 <0.001
41/32 41/32 0.966

EDSS at bs, median (IQR) 2.5 (1.5–3.0) 3.0 (2.0–4.0) <0.001
2.0 (1.5–2.5) 3.0 (2.0–4.0) <0.001

EDSS at y2, median (IQR) 2.5 (1.5–3.5) 3.5 (2.5–4.0) <0.001
2.0 (1.5–3.0) 3.5 (2.5–4.0) <0.001

Statistics: EDSS change, bs versus y2 (P value) 0.162 0.005
0.169 0.006

GMV in cm3 (mean SD) at bs 635 (74) 624 (68) 0.210
644 (75) 624 (65) 0.108

GMV in cm3 (mean SD) at y2 631 (75) 625 (67) 0.550
641 (79) 628 (65) 0.406

Statistics: GMVC (bs versus y2, P-value) 0.018 0.314
0.168 0.396

T2 lesion load in ml, median (IQR) at bs 2.9 (1.0–8.0) 2.6 (1.0–7.8) 0.583
2.6 (0.9–7.3) 2.6 (1.2–8.2) 0.81

T2 lesion load in ml, median (IQR) at y2 3.5 (1.0–8.5) 2.8 (1.0–7.9) 0.546
2.9 (0.9–7.5) 2.6 (1.0–8.1) 0.862

Statistics: T2 lesion volume change (increase), bs versus y2: P-value 0.016 0.010
0.079 0.011

T1 lesion load in ml, median (IQR) at bs 0.7 (0.1–2.7) 0.5 (0.1–2.5) 0.416
0.5 (0.1–2.7) 0.5 (0.1–2.2) 0.883

T1 lesion load in ml, median (IQR) at y2 0.9 (0.1–2.6) 0.6 (0.2–2.4) 0.410
0.6 (0.1–2.6) 0.6 (0.1–2.3) 0.810

Statistics: T1 lesion volume change, bs versus y2: P-value 0.928 0.808
0.795 0.795

New T2-Lesions at y2 [count, median (IQR)] 0 (0–1) 0 (0–1) 0.092
0 (0–1) 0 (0–2) 0.304

New gadoliniumd-enhancing lesions at
y2 [count, median (IQR)]

0 (0–0) 0 (0–0) 0.038
0 (0–0) 0 (0–0) 0.056

T, treated; NT, not treated; SD, standard deviation; IQR, interquartile range; EDSS, expanded disability status scale; bs, baseline; y2,
year2; GMV, global gray matter volume; GMVC, gray matter volume change. Results of a subgroup with optimally pair wise matched
subjects of n ¼ 73 (center one) vs. n ¼ 73 (center two) is presented in italic letters.
aNo changes in medication during follow-up.
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different sites. It is the first VBM study looking for the effects
of sites/scanners on the detection of subtle longitudinal GM
volume differences in MS in a comparative manner.

The results suggest larger effects of time on GM volume
change in data of scanner two as compared to scanner one
in most of the brain regions. Additionally, differential

TABLE III. Any longitudinal GM volume change

Area
MNI coordinates of

cluster maximum (x y z)
Contrast estimate:
mean (SD)Center 1

Contrast estimate:
mean (SD)Center 2 F

Contrast estimatecenter 1 < center 2

Limbic lobe Claustrum (�36/�9/�2) 0.0039 (0.0041) 0.0093 (0.0043) 15.48
Parahippocampal gyrus (�29/�31/�10) 0.0060 (0.005) 0.0120 (0.0052) 18.77
Cingulate gyrus (�1/�42/28) 0.0024 (0.0053) 0.0124 (0.0055) 14.26

Frontal lobe Rectal gyrus (�9/26/�24) 0.0083 (0.0056) 0.0176 (0.0058) 30.80
Paracentral lobule (�5/�37/67) 0.0038 (0.0068) 0.0184 (0.0070) 19.36
Medial frontal gyrus (�35/7/55) 0.0093 (0.0073) 0.0131 (0.0073) 12.39
Precentral gyrus (13/�33/64) 0.0033 (0.0048) 0.0148 (0.0050) 24.72

Occipital lobe Lingual gyrus (16/�93/�12) 0.0031 (0.0075) 0.0189 (0.0077) 16.65
Precuneus (7/�65/48) 0.0078 (0.0055) 0.0105 (0.0057) 14.93

Contrast estimatecenter 1 > center 2

Frontal lobe Medial frontal gyrus (26/29/46) 0.0151 (0.0059) 0.0021 (0.0061) 18.21
(�24/37/41) 0.0177 (0.0060) 0.0008 (0.0062) 24.10

Occipital lobe Precuneus (�29/�63/48) 0.0140 (0.0060) 0.0054 (0.0062) 17.01

Contrast estimatecenter 1 � center 2

Parietal lobe Postcentral gyrus (�49/�21/53) 0.0075 (0.0051) 0.0070 (0.0053) 15.68
Temporal lobe Superior temporal gyrus (59/�53/18) 0.0083 (0.0053) 0.0087 (0.0055) 13.41

(60/�40/12) 0.0075 (0.0051) 0.0070 (0.0053) 10.63
Occipital lobe Cuneus (�24/�80/31) 0.0089 (0.0061) 0.0074 (0.0063) 9.47

Comparison of main effects of time in MR data from center one (n ¼ 129) and center two (n ¼ 119) (Cluster Pcorrected < 0.05). Coordi-
nates (x, y, and z) refer to the point of maximal change in each cluster in stereotactic space as defined in the MNI atlas.

TABLE IV. Differential effects: Interaction of center and time

Area
MNI coordinates of

cluster maximum (x y z) T
Cluster size
kE(voxels)

Cluster
Pcorrected

Voxel
PFWE-corrected

Left hemisphere
Limbic lobe Claustrum �36/�9/�2 5.19 1,326 <0.001 0.032

Parahippocampal gyrus �29/�31/�10 5.85 3,573 <0.001 0.001
Cingulate gyrus �1/�42/28 4.50 2,796 <0.001 0.410

Frontal lobe Rectal gyrus �9/26/�24 7.46 10,522 <0.001 <0.001
Paracentral lobule �5/�37/67 5.26 3,355 <0.001 0.024
Medial frontal gyrus �37/41/27 4.79 3,332 <0.001 0.150

�35/7/55 4.92 2,677 <0.001 0.104
�24/37/41 5.02 1,465 <0.001 0.069

Temporal lobe Superior temporal gyrus �54/�58/30 4.88 1,436 <0.001 0.120
Parietal lobe Postcentral gyrus �49/�21/53 4.94 1,221 <0.001 0.095
Occipital lobe Precuneus �29/�63/48 5.24 3,371 <0.001 0.026

Cuneus �24/�80/31 4.32 647 0.014 <0.001

Right hemisphere
Frontal lobe Medial frontal gyrus 27/55/15 5.56 5,737 <0.001 0.006

26/29/46 4.73 564 0.029 0.191
Precentral gyrus 13/�33/64 6.02 3,099 <0.001 <0.001

Temporal lobe Superior temporal gyrus 59/�53/18 5.16 5,665 <0.001 0.037
60/�40/12 4.60 572 0.027 0.299

Parietal lobe Superior parietal lobule 17/�48/63 4.09 771 0.005 0.906
Occipital lobe Precuneus 7/�65/48 5.41 1,765 <0.001 0.012

Lingual gyrus 16/�93/�12 4.77 666 0.012 0.165

Results refer to comparison of MR data from center one (n ¼ 129) and center two (n ¼ 119) (Cluster Pcorrected < 0.05). Coordinates (x, y,
and z) refer to the point of maximal change in each cluster in stereotactic space as defined in the MNI atlas.
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Figure 1.

Comparison of longitudinal regional GM volume changes from

two different 1.5T scanners in patients with RRMS For each

individual region from left to right: (a) Superimposed image of

the significant GM volume differences (P < 0.01 corrected) onto

an MNI-template. (b) Mean signal intensities (‘‘eigenvalues’’) for

the interaction between the effects of site (center one and cen-

ter two) and time (baseline vs. follow-up scan) in a variety of

cortical regions. * for more details see also Table III) Contrast

estimates and 90% confidence intervals for the differential

effects. Images are presented in standard radiological fashion,

with the right hemisphere shown on the left of the figure, and

vice versa. The crosshairs show the focus of the cluster and

refer to the MNI coordinates. The X/Y/Z coordinates show the

position of each slice with respect to MNI atlas. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]



longitudinal GM volume reductions were observed bilater-
ally in a number of fronto-temporal, parietal, limbic and
occipital cortical regions of both hemispheres as well as in
the left claustrum. Differential effects in the fronto-tempo-

ral and parietal cortex were also confirmed with the analy-
sis of the matched groups. Longitudinal GM volume
reductions in the complete data of the matched groups
were found bilaterally in the cerebellum, in the left inferior

Figure 1. Continued
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temporal gyrus and insula, and in the right superior fron-
tal gyrus and uncus. The center/scanner-related effects
were smaller as compared to the disease-related effects in
these regions.

Interindividual and Between-Scanner Effects

In principle, several factors may affect the capacity of
VBM to detect regional GM loss, including physiological

Figure 1. Continued
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and pathological interindividual heterogeneity as well as
scanner effects that may have introduced systematic error
[Ashburner and Friston, 2000; Stonnington et al., 2008],
thus making the interpretation of results difficult. Scanner

effects due to partial volume effects [Li et al., 2005], noise
of the electronics of the MRI system, imaging gradient
non-linearity [Jovicich et al., 2006], and/or differential
scanner drift over time may all contribute to image

Figure 1. Continued
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intensity inhomogeneity. Furthermore, differences in sub-
ject positioning between sites can occur and images can
vary as a function of protocol differences between a base-
line and a later scan or with drifts in instrument signal to
noise over time [Preboske et al., 2006]. The interaction of
scanner differences with segmentation remains a particular
concern and potential cause of varied measures of regional
tissue volume in the brain [Ashburner and Friston, 2000].

In the current study interindividual heterogeneity was
compensated for by using a large sample of 248 patients
scanned twice. The sample sizes of the two centers (129
and 119, respectively) provided adequate power for detect-
ing even subtle changes in regional GM volume. Although
the effect sizes of the longitudinal regional GM volume
reductions were rather small, confidence intervals, which
are reflective of the standard deviations, for the contrast
estimates were small relative to the effect sizes and similar

between the different regions and scanners, indirectly sug-
gestive of relatively little variance across the different
regions and scanners.

Generally, as compared to cross-sectional comparisons,
for longitudinal VBM analyses most of the above men-
tioned factors should be of minor relevance. With respect
to the clinical and MRI data, except for the slight longitu-
dinal changes of GMV in center one and EDSS score in
center two, none of these variables changed significantly
in the course of time. To account for potentially confound-
ing group-specific factors, however, we included age, gen-
der, global GM volume, disease duration and WM lesion
volumes as covariates in the SPM regression model.

Additionally, given the intercenter differences in disease
duration and drug treatment we created two groups of
strictly matched subjects from each center (n ¼ 73, each
group). Interestingly, the comparison of these two well-

Figure 1. Continued

TABLE V. Differential effects: Interaction of center and time (matched groups)

Area
MNI coordinates of

cluster maximum (x y z) T

Cluster size
kE (voxels)

Cluster
Pcorrected

Voxel
PFWE-corrected

Left hemisphere
Frontal lobe Rectal gyrus �9/24/�27 6.19 1,480 <0.001 <0.001

Precentral gyrus �12/�29/68 5.53 6,852 <0.001 0.007
MFG �35/10/�21 4.83 1,463 <0.001 0.133

�29/36/40 4.74 942 0.004 0.184
Temporal lobe Fusiform gyrus �50/�37/�23 5.24 1,448 <0.001 0.025

Hippocampus �30/�31/�9 4.43 822 0.008 0.485
Parietal lobe Angular gyrus �54/�56/35 4.45 1,239 0.001 0.460

Right hemisphere
Frontal lobe Paracentral lobule 7/�30/70 5.35 3,570 <0.001 0.015

Orbital gyrus 17/36/�26 5.22 1,560 <0.001 0.027
MFG 39741/22 3.99 594 0.042 0.987

Temporal lobe Hippocampus 27/�34/�2 4.27 1,039 0.002 0.694
Supramarginal gyrus 55/�51/28 4.37 775 0.011 0.570

Parietal lobe Superior parietal lobule 29/�51/62 4.37 915 0.004 0.564
Cerebellum 25/�68/�21 5.13 918 0.004 0.039

Results refer to comparison of the optimally pair-wise matched groups from center one (n ¼ 73) and center two (n ¼ 73) (Cluster Pcorrected

< 0.05). Coordinates (x, y, and z) refer to the point of maximal change in each cluster in stereotactic space as defined in the MNI atlas.
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matched groups revealed similar results in a variety of
cortical regions. Except for the EDSS scores, which are
slightly different even after matching, matching minimized
the possibility that the unequal covariates may have biased
the result. Thus, the changes in regional GM volume that
we observed in RRMS patients are unlikely to be related
to one of these factors.

To account for potential scanner effects in the analyses
we used ‘‘optimized’’ and modulated VBM with linear
and non-linear modulation [Good et al., 2001], thus mini-
mizing the potentially confounding effects of errors in ste-
reotactic normalization, global brain shape, head size
differences, and differences in subject positioning as well as
for image intensity variability. It is, however, necessary to
rule out any possible interaction between scanner and effect
of interest and/or account for the effects of different scan-
ners in a principle manner [Mikol et al., 2008; O’Connor
et al., 2009; Stonnington et al., 2008]. Therefore, in the statis-
tical model, we have additionally corrected for center.

The misclassification of lesions as GM is a potential
problem, in particular in longitudinal studies, because MS
lesions are highly dynamic and the misclassified lesion
volume changes may be even greater than the true GM
volume change [Bendfeldt et al., 2009]. Thus, to avoid mis-
classification, lesions identified on T2w images were
masked from the three-dimensional MP-RAGE images
[Battaglini et al., 2009; Bendfeldt et al., 2009; Pagani et al.,
2005; Sepulcre et al., 2006]. As recently demonstrated
[Bendfeldt et al., 2009] this might be insufficient to pro-
duce an accurate GM segmentation. To minimize the
potential bias coming from errors in registration, we visu-
ally checked all GM and WM lesion registration analyses
to ensure that there were no failures of alignment and con-
sequent misclassification of tissues.

Early accelerated loss of brain volume and a rapid
decrease in the number of gadolinium-enhancing lesions
has been discussed as ‘‘pseudoatrophy’’ related to the anti-
inflammatory effects of medication [Barkhof et al., 2009].
We have therefore accounted for this effect by excluding

patients who changed from one to another immunomodu-
latory drug less than 6 months before baseline MRI or dur-
ing follow-up.

Relevance of Regional GM Changes

in Relation to Disease

Recently, research has focused on the tissue compart-
ments and regions within which brain atrophy occurs
[Chard et al., 2002; Chen et al., 2004; Dalton et al., 2004;
De Stefano et al., 2003; Jasperse et al., 2007; Pagani et al.,
2005; Prinster et al., 2006; Quarantelli et al., 2003; Sailer
et al., 2003; Sepulcre et al., 2006; Tedeschi et al., 2005;
Tiberio et al., 2005]. The topography of GM involvement
differs among patients with different clinical phenotypes,
with a prominent involvement of the thalamus in the early
stages and an extensive and diffuse cortical GM loss in the
progressive forms [Ceccarelli et al., 2008].

The results of the present study are broadly consistent
with previous longitudinal VBM studies, as well as studies
using other image analysis methods, which report progres-
sive GM atrophy in MS patients in both the fronto-tempo-
ral cortices and the deep GM regions [Audoin et al., 2006;
Battaglini et al., 2009; Bendfeldt et al., 2009; Chen et al.,
2004; Pagani et al., 2005; Sepulcre et al., 2006] (Table VII).

In our former longitudinal study of 151 patients with
RRMS from center one followed up for 1 year, we showed
significant cortical GM volume reductions in the anterior
and posterior cingulate, the temporal cortex, and cerebel-
lum [Giorgio et al., 2010], while GM volume reductions in
primary sensory, visual, or motor areas were not evident.
Another recent publication based on a rather small cohort
of 20 patients with RRMS followed-up for 15 months,
which combined Structural Image Evaluation Using Nor-
malization of Atrophy (SIENA) and SPM analysis [Pagani
et al., 2005], reported brain atrophy development in the
insula, cingulate sulcus, as well as in frontal, parietal, and
temporal regions.

TABLE VI. Overall longitudinal GM volume reductions in the complete data (matched groups)

Area
MNI coordinates of

cluster maximum (x y z) T

Cluster size
kE(voxels)

Cluster
Pcorrected

Voxel
PFWE-corrected

Left hemisphere
Frontal lobe MFG �44/33/34 3.89 619 0.035 0.986
Parietal lobe Inferior parietal lobule �42/�54/55 4.07 1,038 0.002 0.911

Cerebellum �39/�40/�36 7.13 47,528 <0.001 <0.001

Right hemisphere
Frontal lobe Inferior orbital gyrus 40/�89/�3 5.87 864 0.006 0.001

Paracentral lobule 4/�32/48 4.95 1,530 <0.001 0.081
Temporal lobe Uncus 20/�4/�33 5.63 3,172 <0.001 0.004
Occipital lobe Precuneus 6/�71/44 4.58 887 0.005 0.313

Cerebellum 42/�39/�31 7.07 15,980 <0.001 <0.001

Results refer to the complete MR data (matched groups) from center one (n ¼ 73) and center two (n ¼ 73) (FWE corrected <0.05). Coor-
dinates (x, y, and z) refer to the point of maximal change in each cluster in stereotactic space as defined in the MNI atlas.
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Figure 2.

Contrast estimates and 90% confidence intervals for disease-

related effects and center/scanner effects (matched groups) Dis-

ease-related effect in the complete data in the (a) left medial

frontal gyrus at [�44, 33, 34; x, y, z], (c) left cerebellum [�39,

�40, �36], (e) right paracentral lobule [4, �32, 48], (g) right

uncus [20, �4, �33], and (J) right precuneus [6, �71, 44]. Dif-

ferential effects of center/scanner in the (b) left medial frontal

gyrus at [�44, 33,34], (d) left cerebellum [�39, �40, �36], (f)

right paracentral lobule [4, �32, 48], (h) right uncus [20,

�4, �33], and (k) right precuneus [6, �71, 44]. * cluster sizes

refer both to the left and right panels; for more details see also

Table III. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]



In the present study, we have investigated GM changes
between baseline and Year 2. Overall longitudinal GM
volume reductions in the complete data of the matched
groups occurred bilaterally in the cerebellum, in the left
inferior temporal gyrus and insula, and in the right supe-
rior frontal gyrus and uncus. In contrast to the separate
analyses (data not shown), the pooled dataset provided
significant brain volume reductions in brain areas that
were consistent with previous longitudinal single-site
1.5T MR studies in RRMS with different sample sizes, dif-
ferent clinical data, and different morphometry tools (see
parameters in Table VII). These results support the notion
that a pooled analysis gives brain areas with significant
longitudinal effects that are not detectable in single-site
datasets.

Contrary to previous studies [Bendfeldt et al., 2009;
Pagani et al., 2005], significant effects in the anterior and
posterior cingulate were not found in this pooled analysis.
This could reflect either demographical or clinical sample
differences, scanner effects, or statistical power of the anal-
ysis. Short-term fluctuations of GM volume during the 2-
year time interval of 2 years could also play a role.

Furthermore, we have shown that the development of
GM reductions is closely associated with the concurrent
progression of T2 and T1 lesion volumes [Bendfeldt et al.,
2009]. Therefore, although we have included lesion load as
a covariate in the model, the different proportions of
patients with ‘‘progressive’’ and ‘‘non-progressive’’ WM
lesion load in the different samples, might have influenced
the pattern of GM atrophy differentially.

Finally, the locations of the WM lesions per se might
have influenced the pattern of atrophy. This is in part sup-
ported by the finding that WM lesions are mainly located
in the periventricular regions in patients with clinically
isolated syndrome (CIS), RRMS, and secondary progres-
sive (SP) MS [Ceccarelli et al., 2008]. Increasing degenera-
tion of those lesions could interrupt tracts that originate
from or project to prefrontal, cingulate, and association

areas. The anterior cingulate, e.g., has extensive cortico-
cortical connections with highly inter-connected cerebral
regions, such as the insula, which in turn has numerous
connections with other parts of the limbic system, e.g., the
hippocampus, parahippocampal gyrus, as well as the fron-
tal, parietal and temporal cortices. Those interconnected
areas might prone to be affected by axonal degeneration in
the cerebral white matter [Charil et al., 2007]. This could
help explain why highly interconnected cortical areas
might be more vulnerable to atrophy than regions with
relatively fewer connections. Furthermore, histopathologic
studies in MS have also demonstrated that the cingulate
gyrus, temporal lobe, and insula generally show a higher
prevalence of cortical demyelinated lesions than other
areas [Kutzelnigg and Lassmann, 2005].

Limitations

Very few methodological approaches have been
described to establish the reliability of multicenter VBM
[Clark et al., 2006; Ewers et al., 2006; Moorhead et al.,
2009; Pardoe et al., 2008; Schnack et al., 2010; Stonnington
et al., 2008; Tardif et al., 2009]. Ewers et al. [2006] calcu-
lated voxelwise coefficients of variance from a single sub-
ject scanned on 10 scanners while Schnack et al. [2010]
applied a multicenter calibration study with six healthy
volunteers scanned at five sites with scanners from four
different manufacturers, each running different acquisition
protocols. The resulting reliability maps showed good
comparability between the four sites, showing a reasonable
gain in sensitivity in most parts of the brain whereas in
some brain areas, e.g., around the thalamus, scan pooling
was difficult. Clark et al. [2006], investigating scanner/
post-processing combinations showed that due to partial
voluming effects the thalamic region was susceptible to
voxelwise segmentation errors. In patients, [Pardoe et al.,
2008] carried out a multicenter study on childhood

Figure 2. Continued
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absence epilepsy and [Stonnington et al., 2008] analyzed
multicenter Alzheimer’s disease data.

Longitudinal studies using other approaches then VBM
also show that the reliability of MRI across centers was rel-
atively good even when scanners with different field
strength were used. In a longitudinal aging study of
healthy adults using different scanners did not affect
measured intracranial volume with a manual tracing
method [Raz et al., 2005], and manual hippocampal meas-
urements performed on both 1.5 T and 3.0 T scanners
were not affected by field strength [Briellmann et al.,
2001]. Multi-center data from three different 1.5T scanners
have also been used to explore the validity and the vari-
ability of some of the freely available automated methods
currently being used to segment GM and to estimate GM
atrophy in MS [Derakhshan et al., 2010].

The current literature, however, is devoid of VBM stud-
ies that describe the analysis of longitudinal MS data
acquired on different scanners with regard to the interac-
tion of scanner with effects of interest.

To compare the longitudinal similarities and/or differ-
ences between regional GM volumes of patients scanned
at two different sites, in the present study, we used a
whole-brain imaging method. VBM is a widely used
method for assessing differences in regional volume or tis-
sue ‘‘concentration’’ across subjects in conventional MR
images. The procedure is relatively straightforward and is
most commonly carried out using the statistical parametric
mapping (SPM) software package. SPM5/VBM (Statistical
Parametric Mapping software), was already used in our
prior longitudinal VBM studies of regional GM volume
changes in RRMS [Bendfeldt et al., 2009, 2010a,b].

In terms of the differential effects of disease and of scan-
ner, a factorial design would have been favorable, with
scanner as one factor (e.g., Center 1 and 2) and group
(e.g., the longitudinal GM volume changes of patients and
longitudinal GM volume changes of controls) as the other.
Presumably, the effects of scanner would be present
regardless of disease, so this would have been another
way to assess the effect of disease and the effect of scanner
and also potentially allow pooling of the data. In the Gen-
eMSA study, however, although a series of clinical data
from healthy relatives were collected, MRI data were not
recorded, so that no controls were available for our retro-
spective study. A previous test–retest study performed
with healthy volunteers [Han et al., 2006] has shown that
cortical thickness is comparable across 1.5T sites (even
from different MR vendors), indirectly supporting our
finding of low scanner-related variation in longitudinal
GM volumes. Therefore, although MRI data used here has
rather low heterogeneity from the point of view of a
multi-site MR study—two sites, with MR systems of the
same field strength and from the same vendor—the results
might benefit planning of multisite VBM-MS-MRI studies
to reduce the sources of heterogeneity in the future. In the
present study, we have shown that multicenter VBM data
can be used in terms of reliability and expected gain

obtained from pooling the data. Additionally, VBM techni-
ques may be extended to multi-center studies involving
other imaging modalities as well.

It is rather unlikely that the observed differences
between centers were related to WM lesion load, because
T2- as well as T1 lesion volumes did not differ between
the centers. A significant impact of new lesions in relevant
WM tracts is unlikely as well, because the differences
between the numbers of new lesions in the two centers
were rather small and it is known from clinical trials, that
the different immunomodulatory drugs used in the cur-
rent study are equally good at preventing the occurrence
of new inflammatory lesions. Lesions in the internal cap-
sule and periventricular WM are critical for functional dis-
ability as measured by the Expanded Disability Status
Scale (EDSS). Furthermore, in patients with EDSS scores
below 4, the specific pathways interrupted by lesions seem
to be important in explaining cognitive deficits [Giorgio
et al., 2010]. EDSS scores in center two were about 0.5 to
one point larger than in center one and further increased
during follow-up.

Medication might have influenced the trajectory of re-
gional GM volumes differentially in the two centers.
Whereas there is clear evidence demonstrating the impact
of medication on disease activity as measured by clinical
and MRI parameters, its impact on regional GM atrophy
in particular is widely unclear. Although in treatment tri-
als with different agents, no significant effects of medica-
tion on global GM volume were reported, the different
drugs used in the current study (i.e., interferon-b-1a, inter-
feron-b-1b, glatiramer acetate) as well as the proportion of
immunomodulatory-treated and untreated patients in both
centers might have influenced regional GM volume devel-
opment differentially. The results from a previous analysis
[Bendfeldt et al., 2010b] assessing the effect of immunomo-
dulatory medication indeed suggest differences in the dy-
namics of regional GM volume atrophy in differentially
treated (Interferon 1a/b or glatiramer acetate) or untreated
MS patients. Differences in the insula and hippocampus
were found in patients treated with either interferons or
glatiramer acetate, but not between treated and untreated
patients (treatment allocation was non-randomized).
Although we accounted for potentially confounding cova-
riates in the analysis of the complete data, we can not rule
out an effect on the results of the present study. However,
matching the patient groups of both centers for disease
duration and the proportion of immunomodulatory
treated and untreated patients, revealed similar results.

Statistically significant differences between the matched
groups occurred bilaterally in a number of fronto-temporal
and parietal cortical regions and in the cerebellum. In con-
trast to the whole samples, however, the limbic and occipi-
tal lobes were not involved. This might have been caused
by reduced power of the subset analysis on the one hand
or better matching of the samples on the other hand. Fur-
thermore, as discussed earlier, the location of WM lesions
might have influenced the pattern of atrophy differentially.
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There are a few regions with greater effects in center
one than center two or vice versa. This could reflect either
heterogeneity of the sample, systematic change due to
scanner variation or protocol disparity. Because the brain
regions are not influenced consistently, it is rather
unlikely, however, that these differences are due to sys-
tematic change alone. Because the scan-intervals were sig-
nificantly different between the two centers, they were
considered in the statistical model as well (data not
shown). The results show slightly reduced effect sizes in
some of the significant regions, which has no impact on
the main conclusions of this study.

Another limiting factor might be the fact, that the effect
of aging is not well modeled by a linear fit across the age
range in this study. This is of particular importance
because aging-related structural changes might have inter-
fered with disease-specific effects. Although we have
included age as a covariate in the statistical model, and it
is a relatively small longitudinal age change (2 years), we
cannot completely exclude a potential confound of aging
in the current study [Sowell et al., 2007].

CONCLUSION

To our knowledge, this is the first longitudinal large-
scale study to provide evidence that, among certain brain
areas, VBM studies using data from more than one clinical
center in MS offer similar results. This is of great interest,
as differences in GM volumes between studies using dif-
ferent MR scanners are not comparable a priori. We
showed that the effects of the different sites/scanners on
the detection of longitudinal GM volume differences were
rather small. It is, however, still recommended to rule out
possible interactions between time point and effect of in-
terest for each individual study and/or account for the
effects of different scanners in a principle manner.

Future studies exploring the comparability of different
scanners are necessary to reduce the sources of heteroge-
neity of VBM studies, and to sustain the ongoing research
in clinical neurology.
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