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Abstract: The purpose of this study is to define the topographical distribution of gray matter (GM) and
white matter (WM) damage in patients with primary progressive multiple sclerosis (PPMS), using a
multiparametric MR-based approach. Using a 3 Tesla scanner, dual-echo, 3D fast-field echo (FFE), and
diffusion tensor (DT) MRI scans were acquired from 18 PPMS patients and 17 matched healthy volun-
teers. An optimized voxel-based (VB) analysis was used to investigate the patterns of regional GM den-
sity changes and to quantify GM and WM diffusivity alterations of the entire brain. In PPMS patients,
GM atrophy was found in the thalami and the right insula, while mean diffusivity (MD) changes
involved several cortical-subcortical structures in all cerebral lobes and the cerebellum. An overlap
between decreased WM fractional anisotropy (FA) and increased WM MD was found in the corpus cal-
losum, the cingulate gyrus, the left short temporal fibers, the right short frontal fibers, the optic radia-
tions, and the middle cerebellar peduncles. Selective MD increase, not associated with FA decrease,
was found in the internal capsules, the corticospinal tracts, the superior longitudinal fasciculi, the
fronto-occipital fasciculi, and the right cerebral peduncle. A discrepancy was found between regional
WM diffusivity changes and focal lesions because several areas had DT MRI abnormalities but did not
harbor T2-visible lesions. Our study allowed to detect tissue damage in brain areas associated with
motor and cognitive functions, which are known to be impaired in PPMS patients. Combining regional
measures derived from different MR modalities may be a valuable tool to improve our understanding
of PPMS pathophysiology. Hum Brain Mapp 30:3009-3019, 2009.  ©2009 Wiley-Liss, Inc.
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INTRODUCTION

Patients with the primary progressive (PP) form of the
disease represent about 10-15% of the general multiple
sclerosis (MS) patient population [Miller and Leary, 2007].
PPMS is characterized, clinically, by a progressive worsen-
ing of symptoms/signs from the onset of the disease with-
out phases of remission [Filippi et al., 2004; Polman et al.,
2005; Thompson et al., 2000].

Several magnetic resonance imaging (MRI) studies of the
brain and cord have shown that the extent of overall cen-
tral nervous system (CNS) damage in these patients in
terms of macroscopic T2-hyperintense, T1-hypointense,
and gadolinium-enhancing lesions is similar, if not less
pronounced, than that observed in other, and usually less
disabling, disease phenotypes [Filippi et al., 2004; Ingle
et al., 2002; Miller and Leary, 2007]. During the past deca-
des, the application of quantitative, MR-based techniques,
including magnetization transfer (MT) MRI, diffusion ten-
sor (DT) MRI, and proton MR spectroscopy ('H-MRS), for
the assessment of microscopic tissue damage in these
patients has revealed the presence of a diffuse damage to
the normal-appearing tissues, including not only the white
matter (WM) but also the gray matter (GM) [De Stefano
and Filippi, 2007; Filippi et al., 2000; Rocca et al., 2003;
Rovaris et al., 2001, 2002, 2005a,b, in press] and the spinal
cord [Agosta et al., 2005, 2006, 2007; Rovaris et al., 2001, in
press]. Despite these results, the factors responsible for the
adverse clinical course of patients with PPMS are not fully
elucidated yet.

In this study, we wished to take advantage from recent
technical developments to gain additional insights into the
MRI substrates of PPMS, which might ultimately lead to
disability accumulation in these patients. For this, we used
a high-field MR scanner and parallel imaging technology,
which, thanks to an increased spatial resolution and sig-
nal-to-noise ratio (SNR) [Charil et al., 2006], are contribut-
ing to improve the sensitivity of MRI for detecting CNS
damage. This latter aspect is particularly important for dif-
fusion tensor (DT) MRI, because the application of diffu-
sion gradients causes an attenuation of the signal, which
in turn intrinsically limits the SNR available. The recent
application of DT MRI at 3 Tesla (T) for the quantification
of damage of the different brain compartments has con-
firmed the potential of such a strategy in the assessment of
patients with MS [Ceccarelli et al., 2007, 2008]. We also
applied a voxel-based (VB) approach [Ashburner and Friston,
2000], which allows to define reliably the topography of
damage in the brain WM and GM. Indeed, using VB mor-
phometry (VBM), previous studies have shown that re-
gional GM atrophy is restricted to the deep GM (especially
the thalamus), in patients with early PPMS, while cortical
and infratentorial GM structures are involved later on,
when the disease progresses [Khaleeli et al., 2007; Sepulcre
et al., 2006]. An uneven distribution of disease-related
damage in the different brain compartments might help to
explain some of the clinical manifestation of the disease,

thus contributing to solve, at least partially, the clinical-ra-
diological paradox.

Finally, we used a multiparametric approach, based on
the combination of pieces of information derived from dif-
ferent MR modalities, that is, brain volumetry and diffu-
sivity because a few preliminary studies [Galanaud et al.,
2003; Iannucci et al.,, 2001; Mainero et al., 2001] on 1.5 T
scanners showed that this might represent an ideal strat-
egy for an accurate in vivo imaging of the two main path-
ological aspects of MS damage (i.e., the amount of tissue
lost and the status of the remaining tissues). Furthermore,
the assessment of regional changes of DT and volumetry
measures might allow to identify brain regions more sensi-
tive to disease-related damage, which might be the target
for future treatment trials.

The main hypotheses of this study were that diffuse
structural brain abnormalities are frequent and overcome
focal T2 lesions in PPMS, and that the use of various MR-
based techniques might contribute to define the distribu-
tion of the involvement of the different brain compart-
ments at a regional level.

MATERIALS AND METHODS
Subjects

We recruited 18 patients with PPMS [Polman et al,
2005] (10 women and 8 men, mean age [range] = 49.6 [38-
73] years, median [range] expanded disability status scale
[EDSS] [Kurtzke, 1983] score = 5.5 [3.0-7.0], mean disease
duration [range] = 10.7 [4-21] years). All patients were
evaluated clinically by the same experienced neurologist,
who was blinded to the MRI results, on the same day of
MR examination. Seventeen sex- and age-matched (11
women and 6 men; mean age 51.3 years, range 26-68
years) healthy volunteers with no history of neurological
disorders were also studied. The study was approved by
the local Ethics Committee, and a written informed con-
sent was obtained from all subjects prior to study entry.

MRI Acquisition

Brain MR scans were obtained using a 3.0 T scanner
(Intera, Philips Medical Systems, Best, The Netherlands).
During a single imaging session, the following sequences
were obtained from all subjects: (1) dual-echo turbo spin
echo (TSE) sequence (TR = 3,500, TE = 24/120 ms; echo
train length = 5; flip angle = 150°, 44 contiguous, 3-mm-
thick, axial slices with a matrix size = 256 X 256 and a
field of view [FOV] = 240 X 240 mm?); (2) 3D T1-weighted
fast field echo (FFE) sequence (TR = 25, TE = 4.6 ms, flip
angle = 30°, 220 contiguous, axial slices with voxel size =
0.89 mm X 0.89 X 1 mm, matrix size = 256 X 256, FOV =
230 X 230 mm?); (3) pulsed-gradient spin-echo echo planar
pulse sequence with SENSE (acceleration factor = 2.5, TR
= 8283.2, TE = 80; 55, 2.5 mm thick axial slices; acquisition
matrix size = 96 X 96; FOV = 240 X 240 mmz; after

¢ 3010 ¢



¢ Regional Brain Damage in PPMS ¢

SENSE reconstruction, the matrix dimension of each slice
was 256 X 256, with an in-plane pixel size of 0.94 X 0.94
mm) and diffusion gradients applied in 35 noncollinear
directions, using a gradient scheme, which is standard on
this system (gradient over-plus) and optimized to reduce
echo time as much as possible. Two optimized b factors
were used for acquiring diffusion weighted images (b; =
0, b, = 1,000 sec/ mmz). Fat saturation was performed to
avoid chemical shift artifacts. All slices were positioned to
run parallel to a line that joins the most infero-anterior
and infero-posterior parts of the corpus callosum (CC).

Image Analysis and Postprocessing

The structural MRI postprocessing was performed by a
single experienced observer, unaware to whom the scans
belonged. Total T2 lesion volumes (LV) were measured
using a local thresholding segmentation technique (Jim 4.0,
Xinapse System, Leicester, UK).

Global assessment of volumes and DT MRI changes
of the NAWM and GM

On 3D-FFE images, normalized brain volumes (NBV)
and intracranial volume (ICV) were measured using the
cross-sectional version of the fully automated structural
imaging evaluation of normalized atrophy (SIENAx) soft-
ware [Smith et al., 2001].

Diffusion gradient directions were corrected for scanner
settings (i.e., slice angulation, slice orientation, etc.) before
DT estimation [Farrell et al., 2007]. From DT MR images,
mean diffusivity (MD) and fractional anisotropy (FA)
maps were derived [Pierpaoli and Basser, 1996] and aver-
age MD of the normal appearing (NA) WM, and GM, and
average FA of the NAWM were computed, as previously
described [Ceccarelli et al., 2007]. Average FA was derived
only for the NAWM as no preferential direction of water
molecular motion is expected to occur in the GM because
of the absence of a microstructural anisotropic organiza-
tion of this tissue compartment.

Assessment of topographical distribution of atrophy
and DT MRI changes of the WM and GM

Regional volumetry analysis was performed on 3D T1-
weighted FFE images using VBM and statistical parametric
mapping (SPM2) software (www.fil.ion.ucl.ac.uk/spm). An
optimized VBM method was used, as described by Good
et al. [2001]. Briefly, a customized T1 template, together
with the corresponding probability maps of GM, WM, and
cerebrospinal fluid (CSF), was first created using 3D-FFE
scans of both controls and MS patients. Then, GM proba-
bility maps in the native space were normalized toward
the new customized GM template, and the computed
transformation was used to modulate the normalized GM
maps, to incorporate the point-wise volume expansion/

contraction induced by the transformation [Ashburner and
Friston, 2000].

To assess GM regional diffusivity changes, the nonlinear
transformation previously calculated was applied to the
MD maps coregistered onto the 3D-FFE with a rigid trans-
formation. To assess MD and FA regional changes in the
WM, MD and FA maps were normalized into the standard
SPM space. Using SPM2, a rigid transformation was calcu-
lated between the nondiffusion weighted images and the
T2-weighted images and between the T2-weighted images
and the SPM T2-weighted atlas. The transformation was
then applied to the FA maps. A customized FA atlas was
obtained by averaging the transformed FA maps of both
controls and MS patients. Then, a nonlinear transformation
was calculated between the customized FA atlas and the
FA maps and applied to the MD maps. GM modulated
maps, WM FA and MD maps and GM MD maps were all
smoothed with a 12 mm® FWHM Gaussian kernel in the
MNI space, before their use as input for the statistical
analysis.

To avoid MS lesion misclassification, lesions were
masked out from the GM maps and reassigned to WM
maps, after each segmentation step of the described post-
processing strategy. To this end, a lesion mask of the T2-
visible lesions was created, coregistered to the 3D-FFE
space and normalized to the MNI space. To exclude from
the statistical analysis pixels assigned by the segmentation
to GM/WM with low probability values and pixels with a
low inter-subject anatomical overlay after normalization,
GM and WM masks were created by averaging GM and
WM normalized maps from all subjects. These masks were
eroded (erosion of the first-line outer voxels), thresholded
at a value of 0.50 (pixels with computed GM fraction val-
ues >50% were selected) and then used as explicit mask
during the statistical analysis.

From controls” data, a study-specific tractography atlas
was created [Pagani et al., 2005], using a tractography
algorithm to construct the major intra- and inter-hemi-
spheric WM fiber bundles, including the corticospinal tract
(CST), the CC, the optic radiation (OR), the superior longi-
tudinal fasciculus (SLF), the fronto-occipital fasciculus
(FOF), the uncinate fasciculus, and the fornix. Then, to
assess the location of regions of atrophy and DT MRI
changes of the previous WM fiber bundles, SPM maps
resulting from regional analysis of atrophy and DT MRI
WM and GM changes were superimposed to WM fibers
bundle probability maps [Pagani et al., 2005].

Areas of anatomical correspondence between
regional GM and WM damage

Assessment of areas of anatomical correspondence
between decreased WM FA and increased WM MD
changes, as well as between GM loss and increased GM
MD, were identified by overlaying the results of the corre-
sponding analysis on the same anatomical image (FA
atlas).
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Spatial distribution of T2-visible lesions

A probability map of the spatial distribution of T2-visi-
ble lesions was also created for PPMS patients by averag-
ing the normalized T2-lesion masks previously created.
This map was superimposed to the SPM maps of DT MRI
WM and GM changes.

Statistical Analysis

A Mann-Whitney test was used to assess between-group
differences in demographic and MRI measures of global
NAWM and GM damage.

An analysis of covariance (ANCOVA) was used to com-
pare volumetry and diffusivity measurements between
PPMS patients and controls. Age, sex, and ICV volume
were included as nuisance covariates for the volumetry
comparisons, whereas age and sex were used as nuisance
covariates for the diffusivity comparisons. We used a false-
discovery rate (FDR) correction at P < 0.001 for multiple
comparisons at voxel level across the whole brain. In addi-
tion, only clusters with 10 or more contiguous voxels were
considered.

A linear regression analysis was used to assess the cor-
relations between regional damage and clinical findings
(EDSS and disease duration). Age, sex, and ICV volume
were included as nuisance covariates for the volumetry
correlations, whereas age and sex were used as nuisance
covariates for the diffusivity correlations. The significance
threshold was set at P < 0.001 (uncorrected for multiple
comparisons).

RESULTS

Volumetry and Diffusivity Changes of Overall
NAWM and GM

In Table I, brain volumetry and DT-MRI derived metrics
from controls and PPMS patients are reported. Except for
NAWM average MD, all DT-MRI derived metrics were
significantly different between PPMS patients and controls
(P values ranging from < 0.0001 to 0.04).

Regional Distribution of Atrophy and Diffusivity
Changes of the GM and WM

GM atrophy

Compared to controls, PPMS patients had significant
clusters of locally reduced GM concentration in the thal-
ami (SPM space coordinates: right thalamus 3, —11, 4; left
thalamus —2, —4, 3; t values = 5-14 for both), and the
right insula (SPM space coordinates: 41, —17, 12; ¢ value =
4.56) (P < 0.05, corrected for multiple comparisons) (see
Fig. 1].

TABLE I. Brain volumetric and DT MRI derived metrics
of the normal appearing white and gray matter from
healthy volunteers and patients with primary
progressive multiple sclerosis (PPMS)

Healthy

volunteers PPMS p?
T2 LV (SD) (ml) 0.98 (2.3) 9.5 (12.0) <0.0001
NBV (SD) (ml) 1602.3 (100.4) 1533.8 (86.5) 0.05
Average lesion FA (SD) 0.32 (0.06) 0.34 (0.05) n.s.
Average lesion MD (SD) 0.93 (0.08) 1.06 (0.09)  0.002
NAWM Average FA (SD) 0.38 (0.02) 0.36 (0.03)  0.001
NAWM Average MD (SD) 0.78 (0.03) 0.80 (0.05) ns.
GM Average MD (SD) 0.91 (0.03) 0.97 (0.09)  0.04

“Mann-Whitney Test. See text for further details.

PPMS, primary progressive multiple sclerosis; NBV, normalized brain
volume; NAWM, normal-appearing white matter; GM, gray matter; SD,
standard deviation; MD, mean diffusivity; FA, fractional anisotropy.
Average MD is expressed in units of mm?s~! X 1073, FA is a dimen-
sionless index.

GM MD changes

Compared to controls, PPMS patients had significant
clusters of locally increased GM MD in several cortical-
subcortical structures, including the left middle frontal
gyrus (MFG), the cingulate gyri, the left inferior parietal
lobe (IPL), the left superior temporal gyrus (STG), the mid-
dle temporal gyri (MTG), the inferior frontal gyri (IFG),
the lingual gyri (LG), the left precuneus, the right cuneus,
and bilaterally in the cortex of the posterior lobe of the cer-
ebellum, the insula, the thalamus, and the caudate nucleus
(Table II, Fig. 1).

Areas of anatomical correspondence between GM
loss and GM MD changes

In PPMS patients, an overlap between GM loss and
increased GM MD was found exclusively in the thalami
(see Fig. 1).

WM FA changes

Compared to controls, PPMS patients had significant
clusters of locally decreased WM FA in several regions of
the frontal and temporal lobes, the CC, the cingulum, the
ORs, and the middle cerebellar peduncles (Table III,
Fig. 2].

WM MD changes

Compared to controls, PPMS patients had significant
clusters of locally increased WM MD in several short asso-
ciative fibers in all cerebral lobes, bilaterally, as well as in
the anterior and posterior limbs of the internal capsulae,
the CC, the SLFs, the FOFs, the CSTs, the ORs, the right
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t values

Figure I.

Top row: statistical parametric mapping (SPM) regions (color-
coded for t values) with decreased gray matter (GM) concentra-
tion in patients with primary progressive multiple sclerosis
(PPMS) compared with controls (P < 0.05, corrected for multi-
ple comparisons). The thalami and the right insula appear to be
damaged (A, B). Middle row: SPM regions (color-coded for t val-
ues) with increased GM mean diffusivity (MD) in PPMS patients
compared with controls (P < 0.001, FDR corrected). Several
cortical-subcortical structures, including the left middle frontal
gyrus (MFG) (D), the cingulate gyri (E), the left inferior parietal

cerebral peduncle and the middle cerebellar peduncles
(Table 1V, Fig. 2).

Areas of anatomical correspondence between
decreased WM FA and increased WM MD changes

In PPMS patients, an overlap between decreased WM
FA and increased WM MD was found in the CC, the cin-
gulate gyrus, the left short temporal fibers, the right short

lobe (IPL) (E), the left superior temporal gyrus (STG) (D), the
middle temporal gyri (MTG) (D), the inferior frontal gyri (IFG)
(D), the lingual gyri (LG) (D), the left precuneus (E), the right
cuneus (D), the cerebellum, bilaterally (C), the insulae (D), the
thalami (D), and the caudate nuclei (D) appear to be damaged.
Bottom row: SPM regions with anatomical correspondence
between GM atrophy (blue) and GM MD (red) changes. An
overlap is visible in the thalami (F, G). Images are in neurological
convention. See text for further details.

frontal fibers, the and the middle cerebellar

peduncles (see Fig. 2).

ORs,

Analysis of Regional Distribution of T2-Visible
Lesions

To investigate the correspondence between areas of MD
and FA changes and areas with an increased occurrence of
lesions, lesion maps were superimposed onto the MD and
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TABLE Il. Regions of significantly increased gray matter
mean diffusivity in patients with primary progressive
multiple sclerosis (PPMS) compared to controls

(P <0.001)
PPMS vs controls
Anatomical regions Side BA SPM coordinates f value
Middle frontal gyrus L 47 —40, —42, —4 4.45
L 9 —36, 8, 36 3.99
Cingulated gyrus R 32 6,30, 22 4.84
R 29 6, —42, 20 452
L 32 —4,26, —6 4.23
Insula R 13 46, 8, 6 3.81
L 13 —34, —14,6 5.50
Thalamus R - 14, —24,2 4.73
L - -12, =26, —6 4.85
Caudate nucleus R - 6,4, —6 6.08
L - -2,6, -8 5.18
Inferior parietal lobe L 40 —54, —46, 22 4.58
L 40 —60, —26, 32 4.53
Superior temporal gyrus L 42 —56, —14, 12 4.58
L 41 —54, -23,5 4.06
Middle temporal gyrus R 21 60, —52, 2 4.67
L 22 —58, =38, —6 5.67
Inferior temporal gyrus R 30 42, —-50, —16 4.00
L 20 —50, =52, —14 5.04
L 35 —16,-18, —18 471
Lingual gyrus R 19 30, —60, —6 4.24
L 17 -12, =92, —4 4.15
Precuneus L 31 —12, —54, 28 3.84
Cuneus R 31 22, =56, 22 4.09
R 18 8, —82,22 3.96
Cerebellum R - 32, 66, —40 4.08
R - 2, =74, =20 3.96
L - —16, =76, —40 4.44

PPMS, primary progressive multiple sclerosis; R, right; L, left; BA,
Brodman area.
See the text for further details.

FA WM SPMt maps. This analysis showed a discrepancy
between regional WM FA and MD changes and focal
lesion distribution, as several areas were identified that
had DT MRI abnormalities, but did not harbor T2-visible
lesions (see Fig. 3).

Correlations Between GM and WM Damage and
Clinical Characteristics

No correlation was found between GM and NAWM
structural MRI changes and the tested clinical variables.

DISCUSSION

In this study, we used a multiparametric VB approach
to define the topographical distribution of tissue damage
in the NAWM and GM in patients with PPMS, with the
ultimate goal of gaining additional insight into the MRI
correlates of this puzzling condition, where the small
amount of focal lesion pathology clashes with the severe
clinical status of the patients [Filippi et al., 2004; Ingle

et al., 2002; Miller and Leary, 2007]. Several previous quan-
titative MR-based studies [Agosta et al., 2005, 2006, 2007;
De Stefano and Filippi, 2006; Rocca et al., 2003; Rovaris
et al., 2001, 2002, 2005a,b, in press] have demonstrated
convincingly that PPMS patients have subtle and diffuse
damage in the NA brain tissues, even if the nature of these
changes is still poorly understood. In agreement with these
studies [Rocca et al., 2003; Rovaris et al., 2002, 2005b], our
analysis of DT MRI derived metrics of overall NAWM and
GM confirmed the presence of diffuse extra-lesional
changes in PPMS patients.

Assessment of Volumetry and Diffusivity
Changes in the GM

The VBM analysis of GM atrophy demonstrated selec-
tive damage in the thalami, and the right insula in PPMS
patients. Thalamic involvement in MS has been reported
by both pathological [Brownell and Hughes, 1962; Cifelli
et al., 2002] and imaging [Cifelli et al., 2002; Fabiano et al.,
2003; Inglese et al., 2004, 2007; Ormerod et al., 1987; Wyle-
zinska et al., 2003] studies. GM loss in the thalami seems
to be an almost constant profile of MS, because it has been
shown in patients with early PPMS [Khaleeli et al., 2007;
Sepulcre et al., 2006], in those with early RRMS [Audoin
et al., 2006], and in pediatric MS patients [Mesaros et al.,
2008]. A recent VBM comparison of patients with different
disease phenotypes [Ceccarelli et al.,, in press] hypothe-
sized that tissue loss in the thalamus might be a prominent
finding in patients with the progressive forms of MS, pos-
sibly as a result of a longer disease duration. The correla-
tion found by the majority of studies [Cifelli et al., 2002;
Fabiano et al., 2003; Inglese et al., 2004; Wylezinska et al.,
2003] between thalamic GM loss and T2 LV supports retro-
grade neuroaxonal degeneration or anterograde transynap-

TABLE Ill. Regions of significantly decreased white
matter fractional anisotropy in primary progressive
multiple sclerosis (PPMS) patients compared
to controls (P < 0 001)

PPMS vs. controls

Anatomical regions Side  SPM coordinates t value
Short frontal fibers R 40, 40, —6 4.06
Short temporal fibers L —36, —58, 16 4.25
L —46, —34, —16 4.02
Corpus callosum - -6, 6, 30 3.82
- —16, —44, 16 3.64
- 22, —42,24 3.70
Cingulum R 12, 36, —8 4.67
L -8, 32, -10 4.75
L —10, 48, 10 4.25
Optic radiation R 30, —64, 24 4.81
L —28, =50, 18 4.14
Middle cerebellar peduncle R 26, —66, —38 4.56
L —32, =62, —40 4.00

PPMS, primary progressive multiple sclerosis; R, right; L, left.
See the text for further details.
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Figure 2.

Top row: statistical parametric mapping (SPM) regions (color-
coded for t values) with decreased white matter (WM) fractional
anisotropy (FA) values in patients with primary progressive mul-
tiple sclerosis (PPMS) compared with controls (P < 0.001, FDR
corrected). Several regions in the frontal and temporal lobes,
the CC, the cingulum, the OR, and the middle cerebellar
peduncle, bilaterally, appear to be damaged. Middle row: SPM
regions (color-coded for t values) with increased WM mean dif-
fusivity (MD) in PPMS patients compared with control subjects

tic changes from axonal transection in WM lesions as pos-
sible pathologic substrates of such a damage. Alternatively,
thalamic damage might be the consequence of local inflam-
matory activity [Brownell and Hughes, 1962].

The insula has numerous connections with the cerebral
cortex (frontal lobe, temporal lobe, parietal lobe and ante-
rior cingulate cortex), the basal ganglia, the amygdala and
other areas that are part of the limbic system, such as the
parahippocampal cortex. As a consequence its involvement
in PPMS patients might contribute to explain, at least in
part, deficits of cognitive function often encountered in
these patients [Camp et al., 2005].

The VB analysis of GM MD changes revealed the pres-
ence of widespread abnormalities, which extended well
beyond those detected by the assessment of atrophy, and
involved several cortical-subcortical regions, located in all
cerebral lobes, the cerebellum, the insulae and the caudate
nuclei. Each of these regions has a specific functional role,
as a consequence their involvement might contribute to

(P < 0.001, FDR corrected). Widespread MD abnormalities in
the major short and long intra-hemispheric associative pathways,
as well in the CC and cingulum are visible. Bottom row: SPM
regions with anatomical correspondence between decreased
WM FA (red) and increased WM MD (blue). An overlap is visi-
ble in the CC, the cingulate gyrus, the left short temporal fibers,
the right short frontal fibers, the OR, bilaterally, and the middle
cerebellar peduncles. Images are in neurological convention. See
text for further details.

explain part of the symptoms typically experienced by
these patients. For instance, a reduction of glucose metabo-
lism in the hippocampus, thalamus, associative occipital
cortex, and cerebellum has been associated with long-term
memory deficits in MS patients [Paulesu et al., 1996]. The
cerebellum has extensive connections with the motor and
somatosensory cortex and is involved in motor program-
ming, execution, and control [Ehrsson et al., 2002]. Recent
studies have also highlighted its role in cognition [Schmah-
mann and Caplan, 2006; Schmahmann and Sherman,
1998].

The discrepancy between atrophy and DT MRI results
confirms that these two techniques are sensitive toward
different aspects of MS pathology and, as a consequence,
might provide complementary pieces of information for
the assessment of CNS damage in these patients. It is
worth noting that the only regions that showed an overlap
between MD and atrophy changes were the thalamus and
the insula. Even if we can not completely rule out that
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TABLE IV. Regions of significantly increased white
matter mean diffusivity in patients with primary
progressive multiple sclerosis (PPMS) compared

to controls (P < 0.001)

PPMS vs. controls

SPM T
Anatomical regions Side coordinates value
Short frontal fibers R 46,18, 14 4.21
L -40, 16, 10 3.86
L -32, 38, -8 4.68
Short parietal fibers R 10, —42, 12 5.11
L —46, —46, 26 3.69
L -44,-10, 16 4.58
Short temporal fibers R 58, -18, 2 3.66
R 42,6, 12 3.55
L -32, 0, -30 3.91
Short occipital fibers L -12, -84, -6 3.55
Corpus callosum - 2,24, -2 4.83
- 0,0,24 4.44
- -8, 40, 8 5.78
- 10, 44, 18 5.25
- 10, 42, 12 5.11
Anterior limb of internal capsule R 10,2, 0 4.05
L -12,6,4 5.60
Posterior limb of internal capsule L -12, 6,4 5.60
Superior longitudinal fasciculus R 32,-58,0 4.58
R 36, 0, 34 391
L —-44, -10, 16 4.96
Fronto-occipital fasciculus R 4,24,10 4.82
L —44,-16,-14 4.20
Corticospinal tract R 12, -6, -8 4.83
L -12, -16, -6 5.60
L -4, -32, -38 4.98
Optic radiation R 28, -74, 18 4.68
L -56, —42, -6 5.23
Cerebral peduncle R 30, -18, 16 3.48
Middle cerebellar peduncle R 14, -70, —40 3.94
L -30, —64, -40 4.48

PPMS, primary progressive multiple sclerosis; R, right; L, left.
See the text for further details.

these findings might be because of methodological issues
(i.e., the small size of the sample studied), it is tempting to
speculate that these results might be secondary to the
“strategic” position of these structures in the brain, which
in turn render them vulnerable to processes, such as
Wallerian and transynaptic degeneration of fibers passing
through diseased WM areas.

The notion that combining different MR modalities
might be a valuable tool to improve the understanding of
PPMS pathophysiology is also supported by the results of
a recent voxel-based study in a relatively large sample of
PPMS patients, which assessed GM volume and MT MRI
changes in these patients and identified several cortical
and subcortical regions with abnormalities of MT ratio
(MTR) values, in the absence of significant atrophy
changes [Khaleeli et al., 2007]. It is worth noting that in
this previous study [Khaleeli et al., 2007], consistently with
the major clinical manifestations of the disease, the largest
and more significant regions of MTR and volume reduc-

tion were in the precentral gyrus, which did not appear to
be involved in our study. Differences in number and clini-
cal characteristics of the patients included as well different
sensitivities of the MR methods applied toward the hetero-
geneous pathological substrates of MS are among the fac-
tors which might contribute to explain these discrepant
results. In the VB analysis of regional distribution of GM
damage, we applied several strategies to reduce possible
technical biases on our results, including the masking of
T2-visible lesions from the GM maps and the application
of a GM mask during the statistical analysis (to exclude
pixels with a low probability to belong to GM and those
with a low inter-subject anatomical overlay). Furthermore,
a stringent statistical threshold was used. As a conse-
quence, our results are unlikely to represent false positive
differences.

Figure 3.

Two representative axial slices showing lesion probability maps
(in yellow) and areas with significant decreased fractional anisot-
ropy (FA) (SPMt map in blue) for primary progressive multiple
sclerosis (PPMS) (A and B). The overlap between lesion proba-
bility maps and areas with significant decreased FA are in light
green. Two representative axial slices showing lesion probability
maps (in yellow) and areas with significant increased mean diffu-
sivity (MD) (SPMt map in blue) for PPMS (C and D). The over-
lap between lesion probability maps and areas with significant
increased MD are in light green. Images are in neurological con-
vention. See text for further details.
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Assessment of Diffusivity Changes in the WM

The analysis of regional distribution of tissue damage in
the WM showed the presence of diffuse, and predomi-
nantly bilateral, FA and MD abnormalities in several intra-
and inter-hemispheric WM fiber bundles, including the
CC, the cingulate gyrus, the short temporal fibers, the
short frontal fibers, the OR, and the middle cerebellar
peduncles. In addition, widespread MD abnormalities, not
associated with corresponding FA changes, were detected
in an additional set of WM pathways, which represent im-
portant nodes for somatosensory integration and for cogni-
tive function, including the internal capsules, the CSTs, the
SLFs, the FOFs, and the cerebral peduncles. The relation
between damage of specific WM pathways and cognitive
dysfunction in patients with MS is still poorly understood.
Using a voxel based lesion function mapping, a recent
study in MS patients with different clinical phenotypes
[Sepulcre et al., 2008] has demonstrated an association
between damage of specific pathways located in the tem-
poral and frontal lobes as well as in the corticospinal tract
and thalamus and performance on declarative verbal
memory.

Several pathological substrates are likely to contribute to
the observed WM diffusivity changes [Kutzelnigg et al.,
2005; Lassmann et al., 2007]. Myelin and axonal loss
should lead to increased MD (by causing a net loss of
structural barriers), and reduced FA (by altering the physi-
ological organization of structural barriers to water molec-
ular motion). Reactive gliosis might also contribute to a
decreased FA (glial cells do not have the same anisotropic
morphology as the tissue they replace). The partial mis-
match between MD and FA findings might also be second-
ary to the presence of inflammatory processes, which have
been suggested to become trapped behind a closed or
repaired blood-brain-barrier in the progressive forms of
the disease [Lassmann et al., 2007].

As for GM analysis, we applied several strategies to
minimize possible biases on our results, including the
registration of individuals” FA maps to a FA atlas and not
to the T2-weighted images (because WM fiber bundles are
visualized better on FA maps), and the use of a conserva-
tive threshold to WM masks, to minimize the effect of par-
tial volume from voxels containing CSF. In addition, to
have a more precise location of DT MRI abnormalities, a
study-specific WM fiber bundle atlas of the major WM
pathways was also built.

Assessment of Regional Distribution of T2-Visible
Lesions

To improve the understanding of the mechanisms re-
sponsible for the patterns of regional distribution of WM
damage in patients with PPMS, we investigated the loca-
tion of T2-visible lesions and analyzed the correlation
between the distribution of T2-visible lesions and that of
FA and MD WM damage. This analysis showed a partial

discrepancy between regional WM FA and MD changes
and lesion distribution, as several areas were identified
that had DT MRI abnormalities (mainly increased MD val-
ues) and no T2-visible lesions. These results confirm previ-
ous imaging [Rocca et al., 2003] and pathological [Lassman
et al., 2007] findings suggesting that diffuse NAWM dam-
age, beyond macroscopic T2-visible lesions, is likely to
have a prominent role in the pathogenesis of PPMS.

Correlations Between GM and WM Damage and
Clinical Characteristics

Disappointingly, we found no correlation between re-
gional damage in the NAWM and GM and clinical metrics,
such as disability and disease duration. Several factors can
contribute to explain such a finding. First, we focused our
investigation on the distribution of regional damage in dif-
ferent brain compartments and we did not consider the
involvement of the spinal cord, which may play a major
role in locomotor disability in PPMS [Agosta et al., 2005,
2007; Rovaris et al., 2001, in press]. Second, we used only
two of the available quantitative MR-based techniques to
assess microscopic tissue damage [Filippi et al., 2004; Ingle
et al., 2002; Miller and Leary, 2007]. As a consequence, we
can not rule out that the application of other methods,
such as 'H-MRS, which can reliable assess other important
pathological substrates of the disease (e.g., axonal dam-
age/dysfunction) [De Stefano and Filippi, 2007], might
improve our ability of detecting such a correlation. How-
ever, the "H-MRS resolution at a voxel-level is relatively
poor [De Stefano and Filippi, 2007]. Third, despite our
effort to have a precise location of brain tissue damage, we
used a relatively rough scale to measure clinical disability,
and we did not assess impairment in clinical domains,
including cognitive dysfunction. Indeed, a recent study
[Kragt et al., 2008] demonstrated a limited value of EDSS
in the assessment of PPMS patients, which prompts the
application of more accurate and sophisticated clinical
scales, at least in this patient subgroup. Nevertheless, we
can not exclude that the volumetry and diffusivity abnor-
malities that we detected might precede the appearance of
clinical symptoms. In this perspective, only a longitudinal
study might help to shed light on this issue.

CONCLUSIONS

A multiparametric assessment of regional distribution of
damage in different brain compartments may be a valua-
ble tool to improve the understanding of the mechanisms
related to the accumulation of irreversible disability in
PPMS.

Clearly, our study is not without limitations. First, the
sample size is relatively small, and, as a consequence, the
extent of GM involvement might have been underesti-
mated. Second, although the use of a relatively large
smoothing kernel and small cluster size may have
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decreased the possibility to detect small changes in GM
structure, a thresholded map was applied to increase the
certainty that the abnormal regions were located in the
GM and to avoid partial volume effects. Third, a cognitive
evaluation was not planned for the patients involved in
this study. Future studies, with a comprehensive assess-
ment of involvement in different neurological systems
should contribute to further define the relation between
damage and dysfunction of specific regions.
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