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Abstract: The association of white matter (WM) lesions and grey matter (GM) atrophy is a feature in
relapsing-remitting multiple sclerosis (RRMS). The spatiotemporal distribution pattern of WM lesions,
their relations to regional GM changes and the underlying dynamics are unclear. Here we combined
parametric and non-parametric voxel-based morphometry (VBM) to clarify these issues. MRI data
from RRMS patients with progressive (PLV, n = 45) and non-progressive WM lesion volumes (NPLV,
n = 44) followed up for 12 months were analysed. Cross-sectionally, the spatial WM lesion distribution
was compared using lesion probability maps (LPMs). Longitudinally, WM lesions and GM volumes
were studied using FSL-VBM and SPM5-VBM, respectively. WM lesions clustered around the lateral
ventricles and in the centrum semiovale with a more widespread pattern in the PLV than in the NPLV
group. The maximum local probabilities were similar in both groups and higher for T2 lesions (PLV:
27%, NPLV: 25%) than for T1 lesions (PLV: 15%, NPLV 14%). Significant WM lesion changes accompa-
nied by cortical GM volume reductions occured in the corpus callosum and optic radiations (P = 0.01
corrected), and more liberally tested (uncorrected P < 0.01) in the inferior fronto-occipital and longitu-
dinal fasciculi, and corona radiata in the PLV group. Not any WM or GM changes were found in the
NPLV group. In the PLV group, WM lesion distribution and development in fibres, was associated
with regional GM volume loss. The different spatiotemporal distribution patterns of patients with pro-
gressive compared to patients with non-progressive WM lesions suggest differences in the dynamics of
pathogenesis. Hum Brain Mapp 31:1542-1555, 2010.  © 2010 Wiley-Liss, Inc.
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INTRODUCTION

Multiple sclerosis is an inflammatory-mediated demyeli-
nating disease of the central nervous system implicating
degenerative processes and progressive cerebral atrophy
of both, white matter (WM) and grey matter (GM) [Pirko
et al.,, 2007]. Quantitative MRI indicates that GM atrophy
develops faster than WM atrophy [Chard et al., 2004],
occurs even in the earliest stages of the disease [Chard
et al.,, 2002; Chard et al., 2004; Dalton et al., 2004] and is
more related to physical disability and cognitive impair-
ment [Amato et al., 2004; Chard et al., 2002; Dalton et al.,
2004; De Stefano et al., 2003; Ge et al., 2001; Quarantelli
et al., 2003; Sailer et al., 2003; Sanfilipo et al., 2005; Sanfi-
lipo et al., 2006; Tiberio et al., 2005] than WM-lesion vol-
umes. To date, however, the spatiotemporal relations
between regional WM and GM changes are less well
understood.

The assumption that WM lesions and GM volumes are
associated with each other is supported by a positive cor-
relation between WM lesion load and atrophy of total GM
[Chard et al., 2002; De Stefano et al., 2003; Furby et al.,
2009; Ge et al., 2001; Sanfilipo et al., 2005]. In contrast,
regression analyses of regional GM atrophy and WM
lesions have revealed conflicting results ranging from low
[Morgen et al., 2006; Prinster et al., 2006] to moderate cor-
relation [Charil et al., 2007; Sailer et al.,, 2003]. Regional
measures in principle are more sensitive to subtle inhomo-
genously distributed cerebral volume changes than global
measures. In contrast to WM lesions, however, the major-
ity of regional GM changes are not visible on conventional
MRI [Pirko et al., 2007]. Therefore, measurement of GM
volume loss as an alternative, indirect measure of regional
pathology has been used in numerous neuroimaging stud-
ies of relapsing and progressive MS [Chard et al., 2002;
Charil et al., 2007; De Stefano et al., 2003; Ge et al., 2001;
Morgen et al., 2006; Prinster et al., 2006; Sailer et al., 2003;
Sanfilipo et al., 2005]. Longitudinal MRI studies relating
regional GM volume changes to WM lesions in MS [Batta-
glini et al.,, 2009a; Bendfeldt et al., 2009a; Pagani et al.,
2005; Sepulcre et al., 2006] (Table I) suggested an associa-
tion between increasing WM lesion volumes and decreas-
ing GM volumes in patients with RRMS. The presence of
WM lesions, however, only partially accounted for var-
iance changes of GM atrophy, suggesting that other neuro-
degenerative processes are probably involved as well
[Sepulcre et al., 2009].

In this study, we examined the spatiotemporal relations
between individual WM lesions and regional GM volume
changes. We focused on patients with RRMS and (a)
increasing, i.e. ‘progressive’ total T2 and T1 lesion volumes

(PLV; n = 45) and newly developed WM lesions and (b)
with ‘non-progressive’ total T2 and T1 lesion volumes
without newly developed WM lesions (NPLV; n = 44) fol-
lowed up for a mean period of one year. The regional dis-
tribution pattern of T2- as well as T1 lesions was studied
in both groups at baseline and one-year follow-up using
lesion probaility maps (LPMs) which represent consistent
image changes across groups of subjects. The LPM is a
suitable tool for studying in vivo MS lesion distribution,
providing indirect clues regarding the mechanisms of
lesion development of the entire brain, while avoiding
WM aprioristic biases [Sepulcre et al., 2009]. Here, two dif-
ferent VBM analyses (FSL/VBM, based on the FMRIB Soft-
ware Library tools and SPM5/VBM, based on the
Statistical Parametric Mapping software package) were
used to compare longitudinally voxel-wise regional WM
lesion volume changes and GM volume changes. The ana-
tomical association of regional GM atrophy progression in
relation to the extent of focal white matter lesions was
studied. On the basis of our own and other previous longi-
tudinal MRI studies (Table I), we hypothesized that the
distribution patterns of focal WM lesions and GM volume
changes are associated in RRMS. In particular, we
hypothesized that regional WM lesion volume changes are
anatomically associated with GM volume reductions in
related cortical brain areas in the PLV but not in the
NPLV group of patients.

MATERIALS AND METHODS
Patients

We analysed pairs of MRI data from 89 patients of the
case-controlled study for genotype-phenotype associations
in MS (GeneMSA; GSK, UK) with the diagnosis of relaps-
ing-remitting MS [McDonald et al., 2001] (64 women, 25
men; mean age at baseline, 41.5 years; SD 10.0 years). Sev-
enty-three patients received immunomodulatory-immuno-
suppressive  drugs (interferon-p-la, interferon-B-1b,
glatiramer acetate) during the entire study (Table I). No
change of medication occurred between baseline and fol-
low-up scan. During follow-up, 23 RRMS patients had
received corticosteroid therapy to treat acute relapse. At
time of baseline and follow up MR scan, all patients had
been relapse- and steroid-free for at least one month. 45
RRMS patients had increasing T2- as well as T1-lesion bur-
den (‘progressive lesion volumes’, PLV) with a minimum
of 1% change in total lesion volume, whereas 44 patients
had neither T2- nor Tl-lesion volume increase (‘non-pro-
gressive lesion volumes’, NPLV) during follow-up. The
study was approved by the local ethical standards
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committee and written informed consent was obtained
from each subject.

MR Image Acquisition

All subjects were scanned twice (baseline and one-year
follow-up) using a MAGNETOM Avanto 1.5 T scanner
(SIEMENS, Erlangen, Germany) at the University Hospital
Basel. A three-dimensional (3D) magnetization prepared
rapid acquisition gradient echo sequence (MPRAGE) gen-
erated 160 contiguous, 1 mm thick sagittal slices. Imaging
parameters were: echo time, 3 ms; time-to-repetition, 20.8
ms; flip angle, 12; matrix size, 240 x 256; field of view,
24.0 x 25.6 cm? matrix; voxel dimensions, 1 x 1 x 1 mm®.
Transaxial contiguous 3-mm dual-echo 3D T2-weighted
images were acquired using turbo spin echo. T2 image pa-
rameters were: echo time 14 ms; time-to-repetition 3,980
ms; flip angle 180; turbo factor 7; matrix size 192 x 256;
field of view 18.75 x 25 cm? voxel dimension 0.9766 x
0.9766 x 3.0 mm®. T1 image parameters were: TE 8.1 ms,
TR 400 ms, matrix size 192 x 256 mm, field of view 250
mm, voxel dimension 0.9766 x 0.9766 x 3.0 mm®.

MR Imaging Data Analysis
VBM protocol

MR images for all subjects were analysed on a commer-
cially available Intel-based workstation running Debian
Linux 3.1 using voxel-based morphometry (VBM). Images
were processed with Statistical Parametric Mapping
software (SPM5, Wellcome Department of Imaging
Neurosciences, University College London, [http://
www.filion.ucl.ac.uk/spm]. version 958, last updated
Dec13, 2007 running under the MATLAB 7.00 (R14)
environment.

The images were processed using the VBM toolbox
v1.03 (http://dbm.neuro.uni-jena.de/vbm/, last updated
Dec 6, 2006 as described before [Bendfeldt et al., 2009a].
In brief: the method was modified to reduce the influence
of MS lesions in the process, which could alter the normal-
ization and segmentation procedures. For any fitted model
outliers and problem subjects were identified with diag-
nostic statistics (SPMd toolbox, http://www.sph.umich.
edu/~nichols/SPMd/version 5beta, last downloaded 03/
01/2008). The essential diagnostics checked were the spa-
tial outlier rate (expressed as a percentage of the expected
number of outliers per image) and the image of Shapiro-
Wilk normality test statistics.

To prevent WM lesions from being misclassified as GM,
lesions identified on T2w images were masked from the
3D MPRAGE images. The 3D binary masks of the MS
lesions of the T2w scans were co-registered to the
MPRAGE using the SPM5 Co-register function. In the seg-
mentation step, images were spatially normalized into the
same stereotactic space. The normalization was performed

by first estimating the optimum 12-variable affine transfor-
mation for matching images and then optimizing the nor-
malization using 16 nonlinear iterations. 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 normalization. The analysis of these modulated
datasets was used to detect regional differences in absolute
tissue volume. Finally, 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 [Bend-
feldt et al., 2009a; Borgwardt et al., 2007a,b, 2008; Fusar-
Poli et al., 2007]. A small smoothing kernel, allowed us to
detect volume changes in small structures such as the
medial temporal lobes, parahippocampal gyrus (PHG) and
anterior cingulate cortex (ACC). 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].

White Matter LPMs

To obtain WM LPMs and total lesion volumes, WM
lesions were outlined at voxel level by four independent
observers on each of the transverse sections of the T2-
weighted MR images and Tl-weighted MR images by
means of the commercially available semi-automatic
thresholding contour software AMIRA 3.1.1 (Mercury
Computer Systems Inc) in accordance with common prac-
tice in brain imaging studies [Kappos et al., 2006]. Inter-
rater reliability was excellent (intraclass correlation
coefficient = 0.99; P < 0.001).

To create LPMs of the T2- and T1-weighted images, all
baseline and follow-up images were linearly registered
and normalized from native space to a template in stand-
ard space (MNI152_T1_Imm_brain, 1 x 1 x 1 mm?>/ voxel)
with an affine transformation using FMRIB Software
library’s (FSL) FLIRT (fast linear interpolation and registra-
tion tool; with the following settings: 12-parameter, corre-
lation ratio, trilinear interpolation). The resulting
transformation matrices were then co-registered and aver-
aged by using the SPM5 software, resulting in maps with
a value for each voxel ranging from zero to one, indicating
the proportion of patients with a lesion in that particular
voxel. According to [Roosendaal et al., 2009] the probabil-
ity maps were thresholded at 0.1, thus showing voxels, in
which in at least 10% of the total of 45 and 44 patients,
respectively, a lesion was present.
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TABLE Il. Clinical and MRI characteristics

‘Non-progressive’ Statistics: ‘progressive’

‘Progressive” N = 45 N =44 versus ‘non-progressive’ (P value)

Age at bs in years, mean (SD) 39.0 (9.1) 44.0 (10.3) 0.01
Male/Female (ratio) 16/29 (1:1.8) 9/35 (1:3.8) 0.13
Disease duration:Time since first symptoms 8 (6-14) 10 (8-19) 0.07

at bs in years, median (IQR) 80
Drug treatment® (% of patients) 77 091
Scan interval (months), mean, SD, p value 12.6 (0.7) 12.6 (1.1) 0.99
EDSS at bs, median (IQR) 2.5 (1.5-3.0) 2.5 (2.0-3.13) 0.51
EDSS at y1, median (IQR) 2.5 (1.5-3.5) 2.5 (2.0-3.13) 0.26
Statistics: EDSS change, bs versus y1 (P value) 0.71 0.91
T2 lesion load in ml, median (IQR) at bs 3.9 (2.4-10.1) 3.3 (1.3-7.6) 0.25
T2 lesion load in ml, median (IQR) at y1 4.6 (2.6-11.3) 3.1 (1.1-7.1) 0.06
T2 lesion volume change, bs versus y1: P-value <0.001 <0.001
T1 lesion load in ml, median (IQR) at bs 1.2 (0.3-3.5) 0.9 (0.2-2.6) 0.37
T1 lesion load in ml, median (IQR) at y1 1.4 (0.54.1) 0.8 (0.2-2.4) 0.06
T1 lesion volume change, bs versus y1: p-value <0.001 <0.001
New T2-Lesions at y1 (count) 1 (0-4) 0 (0-0)
New Gd-enhancing lesions at y1 (count) 0 (0-1) 0 (0-0) 0.014
T1/T2 at bs (mean, SD) 0.32 (0.19) 0.29 (0.16) 0.45
T1/T2 at y1 (mean, SD) 0.33 (0.18) 0.27 (0.15) 0.06
GMV in cm®, (mean SD) at bs 656 (78) 637 (74) 0.42
GMV in cm®, (mean SD) at yl 643 (80) 638 (75) 0.78
PGMVC, bs versus y1: (mean, SD), —1.28 (0.3) 0.17 (0.1)0.59
P-value 0.001 0.59

*No changes in medication during follow-up.

SD, standard deviation; IQR, interquartile range; EDSS, expanded disability status scale; bs, baseline; y1, yearl; GMV, global grey matter

volume; PGMVC, percentage grey matter volume change.

Statistical Analysis
Demographic data

The median and interquartile range, or the mean and
standard deviation were used to describe clinical and MRI
characteristics. We used chi-squared test, paired t-test,
Mann-Whitney-U and Wilcoxon test for non-parametric
data to compare demographic and clinical variables. For
these tests, a significance level of P < 0.05 was considered.
Statistical analysis was performed with SPSS software, ver-
sion 15 (SPSS Inc, Chicago, IL).

Longitudinal GM and WM Changes
Regional GM changes

Summary from previous publication. Between-group dif-
ferences (baseline vs. one-year follow-up) in GM volume
were estimated by fitting an analysis of covariance
(ANCOVA) model at each intracerebral voxel in standard
space [Bendfeldt et al., 2009a]. For each subject follow-up
minus baseline difference images were created, and then
analysed with a regression model with an intercept (pa-
rameter of interest) and centred covariates of age, gender
and disease duration.

To assess additional nuisance variation due to head size
differences the analysis was adjusted for each subject’s

global GM volume (GMV) by entering the global values as
additional covariate. GMV (mean value) was calculated
by SPMB5. Statistical maps were assessed for significance
with cluster 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 = 0.001
uncorrected was used, and clusters were considered signif-
icant at P < 0.01 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). Finally, the MNI (Montreal Neurological Institute)
coordinates corresponding to areas of significant differen-
ces were converted to Talairach coordinates. Significant
clusters were anatomically localised using the atlas of
Talairach and Tournoux, except for foci in and close to the
cerebellum, which were localised using the atlas of
Schmahmann et al. [1999].

Regional WM Lesion Changes

Statistical analysis of total WM lesion volume change
(baseline vs. one-year follow-up) was performed with
SPSS software, version 15 (SPSS Inc, Chicago, IL).

We tested for regionally specific differences in the
expression of lesions in the PLV and NPLV groups in the
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Figure I.
Baseline lesion probability maps for patients with ‘progressive’ (PLV) and ‘non-progressive’
(NPLV) lesion volumes. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

course of one year. This involved comparison of the mean
lesion load at each voxel from the baseline and year one
scans using non-parametric FSL-VBM analysis.

For statistical analysis of the individual lesion volume
changes during follow-up, a single 4D image file was cre-
ated from the registered 3D lesion files. To approximate
the neuropathological characteristics of MS with greater
tissue damage in the centre of the lesions, the 4D image
file was smoothed by applying an isotropic gaussian ker-
nel (5-mm FWHM). A WM regional lesion frequency mask
was created with the mean of the individual 3D binary
masks. The use of this mask ensured that only voxels of
WM were included in the analysis. Subsequently, paired
differences were determined using ‘randomise’ imple-
mented in FMRIB’s Software Library (FSL), a permutation
program, which enables modelling and inference on statis-
tic maps (with an unknown null distribution) using stand-
ard GLM design setup [Nichols et al., 2002].

To analyse WM lesions data, we used Threshold-Free
Cluster Enhancement (TFCE), a newly proposed alterna-
tive to cluster-based thresholding, which enhances cluster-
like structures in an image without having to define an
initial cluster-forming threshold in a binary way or carry
out a large amount of data smoothing. Because of the ex-
ploratory nature of this analysis a rather liberal cluster-

defining threshold (P = 0.01 uncorrected) was used. To
avoid false positive results only clusters >50 voxels were
reported. Cluster-like structures are enhanced but the
image remains fundamentally voxelwise. Projection, com-
missural and association fibres are shown in Table III. Pro-
jection and commissural fibres refer to the anatomy
toolbox of SPM 5, Wellcome Department of Imaging Neu-
rosciences, University College London, [http://www fil.
ion.ucl. ac.uk/spm], version 958, last updated Dec 13,
2007]. Association fibres refer to the Jiilich Histological
Atlas (JHU) and the JHU WM tractography atlas, imple-
mented in FMRIB’s Software Library (FSL).

Association of WM LPMs and GM Volumes in the
PLV Group

To determine the impact of T2 lesion volumes on corti-
cal GM volume changes, we searched for correlations
between both of them by using the framework of the gen-
eral linear model implemented in the SPM5 software and
applied voxel-by-voxel multiple linear regressions. This
analysis strategy enabled us to screen the WM of the entire
brain for baseline lesion volumes associated with further
longitudinal WM lesion progression and increasing GM

* 1547 »



¢ Bendfeldt et al. ¢

TABLE Ill. Location and LPM measures of ‘progressive’ T2 lesions

Projection-and MNI coordinates ~ Clustersize
commissural fibres Association fibres Hemi-sphere (xyz) (voxels) Puncorrected  Peorrected
Callosal body and Anterior thalamic radiation; Right 22 51 26 2535 <0.001 <0.01
Optic radiation Forceps major;
Cingulum (hippocampus)
ILF Inferior occipitofrontal fasciculus Left —35 —43 -9 227 <0.01 0.079
Forceps major Cingulum (hippocampus)  Left —-22 -5519 52 <0.01 0.079
Callosal body n.lf Right 18 —16 31 305 <0.001 0.056
Superior occipitofrontal fasciculus Left —27 =33 22 73 <0.01 0.077
n.lf Left —17 -33 26 61 <0.01 0.094
nlf Right 18 —29 34 53 <0.01 0.087
Corticospinal tract ~ SLF Left -31 -17 26 598 <0.01 0.058
SLF Right 31 -1119 67 <0.01 0.081
SLF Right 31 =526 59 <0.01 0.094
Superior occipitofrontal fasciculus; Right 221121 389 <0.01 0.056
Anterior thalamic radiation
SLF Left -25919 155 <0.001 0.063
ITG, optic radiation ILF, SLF Left —44 -34 —-15 61 <0.01 0.089

Projection and commissural fibres refer to the anatomy toolbox of SPM5, Wellcome Department of Imaging Neurosciences, University
College London, [http://www fil.ion.ucl.ac.uk/spm]. Association fibres refer to the Jiilich Histological Atlas (JHU) and the JHU WM
tractography atlas, implemented in FMRIB’s Software Library (FSL). ITG, inferior temporal gyrus; ILF, inferior longitudinal fasciculus;

SLF, superior longitudinal fasciculus; n.1.f, no label found.

volumes, while avoiding the introduction of any a priori
knowledge of possible WM anatomic target locations. All
correlations were adjusted by age, gender and disease
duration.

To ensure that only voxels of significant WM lesion vol-
ume changes were included in the analysis, a WM lesion
mask was applied created with the TFCE image of the re-
gional WM changes. The mean signal intensity values
(SPM eigenvalues) of each significant cluster were
extracted with the VOI (volume of interest) toolbox of
SPM5. To minimize type I error, the level of significance
for the results was set at stringent P < 0.05 after correction
for multiple comparisons (false discovery rate method)
[Grossman et al., 2004].

RESULTS
Clinical and MRI Characteristics

Of the 89 patients with RRMS, 45 subjects with PLV did
not differ significantly from the 44 RRMS subjects with
NPLV with respect to ethnicity, gender, mean inter-scan
interval, expanded disability status scale (EDSS) scores,
medication, and lesion load neither at baseline nor at fol-
low-up (Table II).

The mean inter-scan interval of all MS subjects was 12
months. Changes of the T2 and T1 lesion volumes in the
PLV and NPLV groups were highly significant (P < 0.001).
Global GM volume decreased significantly in the PLV
group, and remained unchanged in the NPLV group. Age
and disease duration, however, were slightly increased in
the NPLV group as compared with the PLV group.

Summary of the Results From Previous
Publication

Longitudinal changes of regional cortical grey matter
volumes

In patients with relapsing remitting MS (RRMS) (n =
151), significant cortical GM volume reductions between
baseline and follow-up scans were found in the anterior
and posterior cingulate, the temporal cortex, and cerebel-
lum [Bendfeldt et al. 2009a]. Within the RRMS group,
those patients with PLV (n = 45) showed additional GM
volume loss during follow-up in the frontal and parietal
cortex, and precuneus. In contrast, NPLV patients (n = 44)
did not show any significant GM volume changes.

Results From the Present Study

Spatial deployment of T2-hyperintense and
TI-hypointense lesions

We characterised the spatial deployment of WM lesions
in the PLV and NPLV groups. LPMs revealed a typical
distribution pattern of T2-hyperintense lesions in the cere-
bral white matter, with lesion clusters mainly in the peri-
ventricular regions around the anterior and posterior
horns of the lateral ventricles and in the centrum semi-
ovale in the PLV (left column) and NPLV groups of
patients (right column).

The T2- and Tl-lesion probability maps were thresh-
olded to show voxels in which in at least 10% of the
patients a lesion was present. The maximum local
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Figure 2.
Areas of GM and WM volume changes in RRMS patients and ‘progressive’ WM lesion volume (n = 45).
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

probabilities for both the T2- and Tl-lesions in the PLV
group (peak probability 27% for T2 and 15% for T1; Fig. 1,
upper panel) and in the NPLV group (peak probability
25% for T2 and 14% for T1; Fig. 1, lower panel) were
almost the same. The peak probability for T2-lesions was
twice as high as compared to Tl-lesions in both groups.
T2 as well as T1 lesions were localised more widespread
in the PLV group, in particular in the optic radiations, the
corona radiata and in the centrum semiovale (see Fig. 1).

Regional WM Lesion Changes in PLV and NPLV

Non-parametric FSL-VBM analysis comparing the pro-
portion of WM lesions at each voxel between baseline and
year one identified specific T2 hyperintense areas, but not
T1 hypointense areas, to be significantly more frequently
involved at year one relative to baseline in the PLV group
(Table III, Figs. 2 and 3). These areas corresponded ana-
tomically to parts of the corticospinal tract, the corpus cal-
losum, the inferior fronto-occipital fasciculus, the ILF, both
optic radiations and the corona radiata. Figure 3 illustrates
WM lesion changes occuring in the PLV group in relation
to baseline LPM and GM changes.

No significant differences neither for T2 nor T1 lesions
were found in the NPLV group.

Associations between WM LPMs and GM volume
changes

Although significant focal WM lesion volume changes
appeared in the PLV group (Table I), and not in the NPLV

group, no direct anatomical overlap was found between
areas of significant GM volume reduction and significant
focal WM lesion volume changes in the PLV group (see
Fig. 1). Reduced cortical GM volumes of the PLV group
did not correlate with baseline WM LPMs associated with
further longitudinal WM lesion progression in any of the
areas described above.

DISCUSSION

To develop a better understanding of the spatiotemporal
relations between regional GM atrophy and WM lesion
changes in RRMS, here we studied their spatiotemporal
relations in two patient groups with either ‘progressive’ or
‘non-progressive’” WM lesion load. Voxelwise regional
brain volume changes were assessed using VBM, a struc-
tural image analysis method that avoids an aprioristic
knowledge about the relationship among these anatomic
structures, and queries the entire brain [Sepulcre et al.,
2009]. We used LPMs, obtained from T2-weighted or T1-
weighted structural MRI of a large sample of MS patients
and applied ‘optimized” VBM to compare WM and GM
changes.

Spatial Deployment and Development of WM
Lesions

Baseline differences in the spatial deployment of cere-
bral WM lesions in the PLV and NPLV groups were
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Figure 3.
Overlay map of significant T2 lesion volume increases (red)
in the PLV group of patients (n = 45) on a lesion probability map
at baseline (LPM, blue) and GM volume changes (orange). [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

shown using LPMs, which provide a quantitative descrip-
tion of the spatial distribution of the different lesion types.
T2 lesions have a predilection for specific areas around the
lateral ventricles and within the corpus callosum [Lee et al.,
1999; Narayanan, 1997; Vrenken, 2006]. In this study, the
majority of WM lesions in patients with RRMS were located
in the periventricular regions as reported previously for
patients with clinical isolated syndrome (CIS) and second-
ary progressive MS (SPMS) [Ceccarelli et al. 2008]. Typical
distributions of lesion clusters with peaks at the anterior
and posterior horns of the lateral ventricles and in the cen-
trum semiovale were found, with a twice as high peak prob-
ability for T2 hyperintense lesions than for T1 hypointense
lesions (black holes) in both patient groups.

Generally, both T2 and T1 lesions were localised more
widespread in the PLV group as compared with the
NPLV group. Except for age, which was lower in patients
with increasing lesion volumes, the clinical and MRI data,
including baseline WM lesion load, did not differ between
the PLV and NPLV groups. Thus, the pattern of a more
widespread spatial distribution of WM injury at baseline
might be a central issue predicting further lesion develop-
ment as well as development of GM atrophy in the PLV
group. In comparison to the NPLV group, the PLV group
consisted of the more active patients in terms of new
lesions formation after one year follow-up [Bendfeldt
et al., 2009a], implicating the development of more brain
atrophy in active than in non-active patients. The underly-

ing dynamics of new lesion development and the develop-
ment of cortical pathology might therefore differ between
the NPLV and PLV patients.

T2 lesion volume changes in the corticospinal tract, the
corpus callosum, the inferior fronto-occipital fasciculus,
the ILF, both optic radiations, and the corona radiata in
the PLV group, but not in the NPLV group of patients,
was in accordance with the more widespread distribution
of WM lesions in the PLV group at baseline. In compari-
son to the T2 lesions, however, no significant longitudinal
differences were found for the T1 lesions. Total T1 lesion
volume significantly increased in the PLV group during
follow-up. The peak probability of 15% for the T1 lesions,
however, was relatively low as compared to a peak proba-
bility of 27% for the T2 lesions. Therefore, the variance
between the spatial distribution patterns of the focal T1
lesions of the individual patients could have limited
power of statistical group analysis. No significant longitu-
dinal changes neither for T2 nor T1 lesions were found in
the NPLV group, consistent with the finding that total
lesion volume did not increase during follow-up in this
patient sample [Bendfeldt et al., 2009a].

Associations of WM Lesion Changes and GM
Atrophy

Cerebral atrophy of both the WM and the GM of the
central nervous system is a hallmark of MS pathology
[Kutzelnigg et al., 2005] and has become an important
marker for charting disease progression. Recently, research
has focused on the tissue compartments 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]. Previous VBM studies, as well as studies using
other image analysis methods, have shown GM changes in
MS patients in both cortical and deep GM regions [Audoin
et al., 2006; Battaglini et al., 2009; Bendfeldt et al., 2009a;
Chen et al., 2004; Pagani et al., 2005; Sepulcre et al., 2006].

Longitudinal MRI studies [Battaglini et al., 2009; Bend-
feldt et al., 2009a; Pagani et al., 2005; Sepulcre et al., 2006]
showed an association between increasing WM lesion vol-
umes and increasing GM volume loss in the frontal and pa-
rietal cortex of patients with RRMS. In addition, WM lesion
volumes were shown to correlate with ventricular enlarge-
ment [Pagani et al., 2005] and focal WM damage in the
optic radiations with upstream GM atrophy of the lateral
geniculate nucleus and visual cortex in patients with RRMS
[Sepulcre et al., 2009]. The presence of WM lesions, how-
ever, only accounted for less than half of the variance
changes for GM atrophy, suggesting that other neurodege-
nerative processes are probably involved as well [Sepulcre
et al., 2009]. Battaglini et al. [2009] showed in 59 RRMS
patients decreasing GM in several cortical regions (frontal,
temporal, parietal, occipital lobes and insula). After three-
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year follow-up, a further reduction of GM volume in the
lateral frontal and parietal cortices was observed, which
generally correlated with increasing T2-hyperintense lesion
volume over the follow-up period. Our own prior longitu-
dinal VBM study demonstrated significant cortical GM vol-
ume reductions between baseline and follow-up scans in
the PLV but not in the NPLV group [Bendfeldt et al,
2009a,b]. Overall, longitudinal MRI studies support the hy-
pothesis that the progression of regional GM volume reduc-
tions is associated with global WM lesion volume
progression, predominantly in fronto-temporal cortical
areas.

Spatiotemporal Relationship of WM Lesion and
Regional GM Volumes in RRMS

In this study, regionally specific significant differences in
the expression of voxelwise T2 lesion changes in the PLV
group occurred in different pathways interconnecting sev-
eral cortical areas. Of all the cortical regions showing
reduced GM volumes in the PLV group, none was in close
spatial relationship to those WM lesions showing increas-
ing T2 lesion volume during follow-up. The pattern of GM
reductions in the PLV group, however, might also originate
from degeneration of axons damaged by progressive
changes in WM lesions located more distantly in these
pathways, e.g. in large periventricular lesions.

Different mechanisms may underlie the observed GM
changes, including primary damage of the GM, such as
GM lesions or transsynaptic degeneration [Briick, 2005;
Hauser and Oksenberg, 2006; Perry and Anthony, 1999].
GM changes could also be secondary to axonal transection
and retrograde neurodegeneration in the WM lesions of
related WM tracts [Chard et al., 2002; Evangelou et al.,
2000]. A recent cross-sectional study using MRI-based
lesion probability maps (LPM) supports the hypothesis,
that retrograde damage of the perykarya from axonal
injury within MS plaques might be crucial to the genesis
of GM atrophy [Sepulcre et al., 2009]. In this study, how-
ever, of all the cortical regions showing reduced GM vol-
umes in the PLV group, none was anatomically closely
adjacent to the WM lesions. Significant WM changes
appeared in a number of fibre tracts only in the PLV, but
not in the NPLV group. Thus, retrograde damage of the
neuronal perikarya could at least partly be related to
injury of their axons in remote lesions and could contrib-
ute to the observed regional GM atrophy in the PLV
group.

WM injury, however, not only involves focal lesions but
also the dirty appearing white matter (DAWM) [Moore
et al., 2008] and normal appearing white matter (NAWM)
[Ciccarelli et al., 2003; Vrenken, 2006; Werring et al., 1999].
In autopsy tissue from MS patients, degenerating axons
were present throughout the whole NAWM, with an
increase around demyelinated lesions and within defined
fibre tracts emerging from the lesions [Kutzelnigg et al.,

2005]. Diffuse tissue changes in the NAWM have in part
been explained by axonal destruction in the MS lesions fol-
lowed by secondary Wallerian degeneration [Evangelou
et al., 2000]. Thus, in addition to the more widespread dis-
tribution of WM lesions in the PLV group of our study
population, the NAWM in particular in the vicinity of the
focal lesions might also be damaged to a larger extent as
compared with the NPLV group, thereby contributing to
regional cortical GM changes.

Pathways of Progressive WM Lesion Changes
and Their Effect on Regional GM

Location of GM and WM pathology is an important fac-
tor in determining the nature of the deficits in MS [Charil
et al., 2003]. The GM volume reductions in the PLV group
occured in a variety of highly interconnected cortical areas,
e.g. the cingulate gyrus and the insula, prone to be
affected by axonal degeneration in the WM [Charil et al.
2007]. Those areas seemed to be more vulnerable to GM
volume reductions than regions with relatively fewer con-
nections. Multiple disconnections between different areas
of cortical networks, could relate to widespread cortical at-
rophy and cognitive impairment, commonly observed in
MS [Charil et al., 2003; Rao et al.,, 1991; Mesulam, 1998;
Goodale, 1997; Fox et al., 2008; ffytche, 2008; ffytche and
Catani, 2005; Ross, 2008; Catani and Mesulam, 2008; Catani
et al., 2003; Plant, 2008]. A small number of non-progres-
sive lesions located in WM tracts, i.e. of the associative
cortex, might have interrupted relatively few connections
with little or no effect on regional GM volumes in the
NPLV group. A larger number of progressive lesions,
however, accompanied by a widespread spatial distribu-
tion, could have interrupted a higher number of associa-
tive connections, thereby contributing to the progression of
GM atrophy in the PLV group.

Methodological Issues

In this study, voxel-wise statistical non-parametric
(FMRIB’s randomize utility) [Nichols and Holmes, 2002]
and parametric mapping technique (SPM5/VBM) were
combined to compare longitudinally voxel-wise regional
WM lesion volume changes and GM volume changes. A
number of studies have used voxel-wise techniques to
compare lesion distributions across populations [Charil
et al.,, 2003; DeCarli et al.,, 2005; Di Perri et al., 2008; Di
Perri et al.,, 2009; Enzinger et al., 2006; Ghassemi et al.,
2008; Lee et al., 1998; Narayanan 1997, Wen and Sachdev
2004] and the resulting statistical parametric and non-para-
metric probability maps have been shown to be powerful
tools for studying lesion distribution in vivo. The non-
parametric permutation approach gives results similar to
those obtained from a comparable SPM approach using
GLM with multiple comparisons corrections derived from
random field theory [Nichols and Holmes, 2002], with a
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close correlation between the numbers of significant voxels
obtained with the two different procedures [Battaglini
et al., 2009].

An ‘optimized” and modulated VBM method [Good
et al, 2001] was used to minimize the potentially con-
founding effects of errors in stereotactic normalization. To
prevent WM lesions from being misclassified as GM
[Nakamura and Fisher, 2009], lesions identified on T2w
images were masked from the 3D MPRAGE images [Bend-
feldt et al., 2009a]. The potential bias coming from errors
in registration has also been minimized by visually check-
ing all GM and WM lesion registrations analyses to ensure
that there were no failures of alignment and consequent
misclassification of tissues. The latter was in particular im-
portant, because in order to provide for modest group
sizes, we used a relatively small cut-of of 1% change in T2
lesion volume (LV) over a year of follow up to distinguish
the PLV and NPLV groups. Despite our excellent inter-
rater reliability (intraclass correlation coefficient = 0.999;
P < 0.001), changes in the order of such a magnitude may
be simply due to images mis-alignment or mis-registration
over time and may not necessarily mean disease progres-
sion. However, there was a significantly higher number of
new T2 as well as gadolinium-enhancing lesions in the
PLV group compared to the NPLV group, which contrib-
utes to the definition of progressive versus non-progres-
sive cases. Overall there were no differences in the T2 LV
at either the baseline or the one-year time point between
the PLV and NPLV groups. Conversely, T2 LV changed
significantly during the one-year follow-up within each
group. However, the changes were relatively low and part
of the lack of significant association between GM and WM
disease changes we failed in finding might be due to the
small changes observed in the WM lesion volume. Similar
considerations can be applied to the T1 lesion volume.

There might be other methodological limitations in the
present study, leading to a lack of regional correspon-
dence, e.g. the parametric SPM5/VBM approach we used
to search for correlations between WM and GM data, the
size of the WM lesion mask or the smoothing factor used.

Generally, it would have been interesting to validate the
lesions on T2WI or TIWI with those seen on FLAIR
images, and to compare the spatiotemporal distribution
patterns of WM lesions obtained with the different sequen-
ces. Genuine WML, are best seen with T2-weighted
sequences such as long TR dual-echo spin-echo or FLAIR
(fluid-attenuated inversion recovery [Barkhof and Schel-
tens, 2002] and is therefore a promising technique for
quantifying cerebral pathology in MS which is not accessi-
ble to 2D CSE [Tubridy et al., 1998]. However, in this
study, we were more interested in the comparison of the
spatiotemporal distribution patterns of the MS lesions
between the PLV and the NPLV groups, than the absolute
number of detectable lesions.

Medication might possibly influence T2W lesion volume
and grey matter volume (for review see: Smieskova et al.,
2009). The changes in regional GM volume that we

observed, however, are unlikely to be related to medica-
tion, as medication did not differ between the groups. Fur-
ther on, there was no evidence for volumetric GM changes
in the different treatment groups during the follow-up pe-
riod (data not shown). Although the rates of atrophy pro-
gression in the first year of treatment with interferons are
higher than in the following years (‘pseudoatrophy’) it
remains controversial whether there is an overall treatment
effect on atrophy. In several treatment trials with different
agents, no significant effects on grey matter volume were
reported [Molyneux et al., 2000; Rovaris et al., 2001],
although whole brain volume seems to be affected [Hard-
meier et al., 2003; Rudick et al., 1999].

CONCLUSION

By using LPM’s, here we have demonstrated a more
widespread regional distribution pattern of WM lesions in
the PLV group as compared to the NPLV group of RRMS
patients. This might be a central issue predicting further
lesion development as well as development of GM atro-
phy. Furthermore, the longitudinal VBM analysis revealed
spatial T2 lesion changes in parts of the cerebral projec-
tion, commissural and association fibre system. These
changes were accompanied by GM volume reductions in
specific cortical regions predilected for atrophy. Multiple
disconnections between different areas of cortical net-
works, could relate to widespread cortical atrophy and
cognitive impairment, commonly observed in MS.
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