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Abstract

The aim of this study was to simultaneously measure in vivo volumes of gray matter (GM), normal white matter (WM), abnormal white
matter (AWM), and cerebro-spinal fluid (CSF), and to assess their relationship in 50 patients with relapsing-remitting multiple sclerosis
(RR-MS) (age range, 21-59; mean EDSS, 2.5; mean disease duration, 9.9 years), using an unsupervised multiparametric segmentation
procedure applied to brain MR studies. Tissue volumes were normalized to total intracranial volume providing corresponding fractional
volumes (fGM, fawM, fWM, and fCSF), subsequently corrected for aWwM-rel ated segmentation inaccuracies and adjusted to mean patients
age according to age-related changes measured in 54 normal volunteers (NV) (age range 16—70). In MS patients aWM was 23.8 = 29.8
ml (range 0.4-138.8). A significant decrease in fGM was present in MS patients as compared to NV (49.5 + 3.2% vs53.3 = 2.1%; P <
0.0001), with a corresponding increase in fCSF (13.0 + 3.8% vs 9.1 + 2.4%; P < 0.0001). No difference could be detected between the
two groups for fWM (37.5 £ 2.6% vs 37.6 = 2.2%). faWM correlated inversely with fGM (R = —0.434, P < 0.001 at regression analysis),
and directly with fCSF (R = 0.473, P < 0.001), but not with fWM. There was a significant correlation between disease duration and EDSS,
while no relationship was found between EDSS or disease duration and fractional volumes. Brain atrophy in RR-MS is mainly related to
GM loss, which correlates with faWM. Both measures do not appear to significantly affect EDSS, which correlates to disease duration.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction

Brain atrophy is a common finding in multiple sclerosis
(MS) (Dawson, 1916; Loizou, et al., 1982). Progression of
brain atrophy, above norma age-related brain volume
changes, has been detected in MS using linear measures of
width of the ventricles and/or volumetric measures of the
brain/intracranial volume (ICV) ratio (Adams and Kozoil,

* Corresponding author. Istituto di Biostrutture e Bioimmagini, Con-
siglio Nazionale delle Ricerche, Edificio 10, Via Pansini, 5, 80131 Napoli,
Italy.

E-mail address: quarante@unina.it (M. Quarantelli).

2000; Simon et al., 1999; Rudick et al., 1999; L osseff et a.,
1996), over a period of time as short as 1 year.

Tissue damage in MSis not limited to the white matter
(WM) as from inflammation axonal transection ensues (Fer-
guson et al., 1997; Trapp et a., 1998), and this process may
extend by Wallerian degeneration, indirectly demonstrated
by N-acetylaspartate reduction in MR spectroscopy studies
(Davie et a., 1994, 1995; Rooney et a., 1997), possibly
contributing to gray matter (GM) loss.

Accordingly, both GM and WM atrophy can be postu-
lated, but whether they are simultaneously present and size-
able is currently debated, as to date only two studies have
assessed volume changes in these tissues separately in re-
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lapsing-remitting MS (RR-MS), with conflicting results. In
one case (Ge et a., 2001) tissue loss appeared limited to
WM, abeit a significant correlation between GM and ab-
normal white matter volume (aWM) was found, while a
second study (Chard et al., 2002) found a decrease in both
GM and WM fractions, although lesion load (LL) correlated
only with GM loss.

The aim of our study was to simultaneously measure in
vivo, in agroup of patients with RR-MS, aWM and normal
brain tissue volumes, assessing their relationship and the
possible association with disability, using an unsupervised
multiparametric segmentation procedure based on a relaxo-
metric approach (Alfano et al., 2000).

Materials and methods

Patients

Fifty MRI studies (18 males; 32 females; mean age, 35.6
+ 8.7 years; age range 21-59) from patients with clinically
definite MS according to Poser criteria (Poser et a., 1983)
with a relapsing-remitting course (Lublin and Reingold,
1996) were analyzed. All patients had been previously
treated only by brief courses of steroids during clinical
exacerbations.

Expanded Disability Status Scale (EDSS) testing
(Kurtzke et al., 1983) was performed within 11.1 + 9.9 days
(mean = standard deviation; range, 0—38 days) from the
MRI. For comparison, MRI studies from 54 normal volun-
teers (NV) spanning over awider age range (mean age, 38.5
+ 13.1 year; age range, 16—70; 22 males, 32 females) were
used. Exclusion criteria for NV were evidence of cardio-
vascular, metabolic, neurological, and psychiatric impair-
ment, as well as abnormal MRI examination.

Both NV and MS patients agreed to participate in the
study by signing awritten informed consent, and the ethical
committees of participating Institutions previously ap-
proved the protocol.

MR studies

MRI protocol included two interleaved sets of 15 dlices
covering the entire brain obtained at 1.5 T (Magnetom,
Siemens, Erlangen, Germany), sampling the brain at a total
of 30 levels. Each of the two sets was composed of two
conventional spin-echo sequences, generating 15 Tlw
(600/15 TR/ITE) and N(H)/T2w (2200/15-90 TR/TE1-TE2)
images (25 cm FOV, 256 X 256 acquisition matrix, 4-mm-
thick axia dlices).

Relaxation rate calculation

The segmentation procedure used in the present work is
primarily based on the relaxation rates of the voxels for
tissue assignment. For each level, from the T1w, T2w, and
N(H) triplet of images, relaxation rate (R1 and R2) and
N(H) mapswere calculated, as described in detail elsewhere
(Alfano et a., 1995) and summarized hereinafter.

To caculate the R2 maps, pixel values are calculated
from the two N(H) and T2w images according to the fol-
lowing equation,

S e TE2'R2
s1 = g TEL'RZ

where TE1 and TE2 are the echo time of thefirst and second
echo, respectively, and S1 and S2 are the corresponding
signal intensities.

To caculate the R1 map pixel values, which cannot be
obtained analytically, the program preliminarily generates a
look-up table of the signal ratios expected for R1 values
ranging from 0to 2.55 s~ * at the TR and TE of the T1w and
N(H) images. For each voxel the signal intensity ratio is
then looked up in the table, and the corresponding R1 is
assigned. Finaly, N(H) maps are calculated by correcting
N(H) images according to T2 decay on a pixel-by-pixel
basis.

Segmentation procedure

R1 and R2 and N(H) maps were then segmented into
GM, WM, aWM, and cerebrospinal fluid (CSF) with afully
automated multispectral procedure (Alfano et a., 1997,
2000), which provides for each level the corresponding
binarily segmented images (i.e., each intracranial voxel is
labeled as belonging univocally to GM, WM, aWM, or
CSF).

Briefly, the program takes advantage of the known po-
sition of the brain tissue clusters (both normal tissue and
awM) in the multiparametric R1, R2, N(H) space to iden-
tify WM, GM, and CSF, aswell asaWM voxels. To achieve
this, a set of regions of interest (ROI) defined a priori in the
multiparametric space is used to preliminarily assign the
voxels accordingly.

Segmentation is then performed through the following
steps:

(a) realignment across dices of the whole brain R1 his-
tograms to the central slice aiming at correcting the R1
maps for residual RF inhomogeneities (R1 maps are inher-
ently insensitive to RF inhomogeneities);

(b) adjustment of the GM/WM R1 cutoff at 45% of the
limits of the realigned R1 histogram of the whole brain. The
GM/WM R1 cutoff is the only ROI coordinate tailored on
the single study (all the other ROI limits are fixed);

(c) elimination, using an iterative erosion agorithm, of
the voxels belonging to extrameningeal tissues with relax-
ation rates overlapping those of intracranial tissues (i.e.,
nasal mucosa and intraocular fluids);

(d) assignment of the voxels located outside the pre-
defined ROIs to the prevalent tissue among the surrounding
voxels;

(e) assignment of the clusters of voxels falling into the
aWwM ROI (potential lesions) either to aWM or to another
tissue (i.e., the tissue with the most similar relaxometric
features) by applying a function that takes into account the
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Fig. 1. Effect of the presence of aWM on the accuracy of automated measures of fGM (A), fWM (B), and fCSF (C) volumes, compared with corresponding
fractional volume changes of brain normal tissuesin M S patients. The fractional volumes are expressed as percentage of their original value (measured before
aWM addition) for smulated M S studies (filled squares) and as percentage of the value expected for patient agein M S studies (empty squares). For simulated
data, significant regression lines are reported along with corresponding equations and R values. A small although significant overestimation of fWM and fCSF

and underestimation of fGM is detectable, largely below the observed changes in fGM and fCSF in MS patients.

shape and size of the potential lesions as well as the com-
position of surrounding tissues (i.e., only potential lesions
that are roundish and surrounded mainly by WM are as-
signed to awWwM).

Assessment of the reproducibility of the segmentation
procedure has shown an inter study standard deviation of
2.5 ml in repeat aWM measurement in M S patients (Alfano
et a., 2000), and of 1.1% in repeat normal tissue fractional
volumes measurements in NV studies (Alfano et al., 1998),
while comparison of the results of the agorithm versus
manual definition of plaguesin 16 MS studies provided R =
0.993 at linear regression analysis and 87.3% sensitivity
(Alfano et a., 2000).

The segmentation program was written using FOR-
TRAN, and MRI data were analyzed on a DEC-Alpha
workstation (Digital Equipment, Maynard, MA) running
VMS, requiring an average processing time of 2 min/study
(including calculation of the relaxation rate maps, auto-
mated segmentation, and cal culation of fractional volumes).

Validation of normal brain tissue segmentation in MS
The segmentation technique relays mainly on calculated
relaxation rates of normal brain tissues, which are fixed for
each tissue and relatively independent on sequence param-
eters, to individuate GM, WM, CSF, and MS plagues.
The only parameter tailored on each study is the R1
cutoff between GM and WM, which is calculated at a fixed
percentage between the two tissue clusters (see step b of the
segmentation procedure). However, a critical issue in the
present work was the possible bias introduced in the seg-
mentation of normal brain tissues by the presence of awM
(with R1 values comparable to GM), which could in theory
modify the definition of the R1 threshold between GM and
WM clusters. A validation of the accuracy of normal brain
tissue volumes in the presence of aWM was therefore in-

cluded in the present work, to preliminarily verify the effect
of the presence of aWM upon GM, WM, and CSF volume
measurements.

A set of simulated MS studies was thus generated by
substituting in 4 NV studies variable amounts of WM with
plaques selected from 4 M S studies with mid to high lesion
load. The voxel clusters identified in the MS studies by the
segmentation program as aWM were substituted to ran-
domly selected areas segmented asWM inthe 4 NV studies.
The procedure was iteratively replicated after a 1-voxel 2D
erosion of the plagques to generate 37 simulated M S studies
with progressively decreasing LL ranging from 230.2 ml to
0 (43 = 58.7 ml; mean £ standard deviation).

The relationship between aWM presence and the accu-
racy in fractional normal tissue volumes and the resulting
correction factors (see data normalization section) were
assessed by linear regression analysis. The software for
generation of simulated MS studies was written using In-
teractive Data Language (IDL, Research Systems, Inc,;
Boulder, CO).

Data normalization

For subsequent analysis, in order to assess WM changes,
WM and aWwM were summed for each study providing total
WM volume (tWM). GM, aWM, tWM, and CSF were then
divided by ICV (sum of GM, tWM, and CSF), thus provid-
ing corresponding fractional results (fGM, faWM, fWM,
and fCSF). Before further analysis, fractional volumes un-
derwent a two-step correction, in order to take into account
first the effect of aWM on the accuracy of the segmentation,
and then the age effect.

In simulated MS studies, where the faWM was 2.8 *
3.8% (mean = standard deviation, range 0—14.3%), analy-
sis of the accuracy of normal tissue volumes (fGM, fWM,
and fCSF divided by the corresponding volumes measured
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Fig. 2. Scatterplot of fGM (squares), fCSF (triangles) (A) and fWM
(circles) (B) vsage in NV (filled marks, red, females; blue, males) and in
MS patients (empty marks). In NV, there is no significant difference
between the slopes of the regression lines for fGM and fCSF and between
the fWM values in males and females. MS patients show a significant
reduction in fGM, with a corresponding increase in fCSF. fWM values in
NV and MS patients are not significantly different.

in the original NV studies prior to awM addition) vs fawM
disclosed an underestimation of fGM (the measured value
being decreased by —0.38% for each faWM unit, Fig. 1A),
and an overestimation of fWM (+0.44%; Fig. 1B) and of
fCSF (+0.23% per faWM unit; Fig. 1C). For subsequent
analysis, fGM, fWM and fCSF values were thus corrected
accordingly.

In the ensuing step, age-related changes, as assessed in
the NV data set, were taken into account. Aging-related
changes in fractional volumes were preliminarily analyzed
independently for males and females to assess age effects
using linear regression analysis, which failed to demonstrate
a significant difference between the rates of age-related
decline of fGM and increase of fCSF in males and females
(Fig. 2A).

fWM did not show any age-related change in both gen-
ders, and there was no significant difference on the Stu-
dent’s t test between fWM in females and males (Fig. 2B).
NV data were thus pooled for subsequent definition of fGM
and fCSF age-related changes. For comparison between NV
and MS patients, fGM and fCSF were then corrected for
age-related changes by adjusting them to the mean age of
patient studies (35.6 years), according to the corresponding
rates of yearly decline (for f{GM, 0.013%. year ') or of
yearly increase (for fCSF, 0.015%o year ), as measured in
the data base of NV. fWM was left uncorrected as no
statistically significant relationship with age was found in
NV.

Satistical analysis

Differences in fractional age-adjusted volumes between
NV and MS patients were tested using Student’s t test. To
test the hypothesis of relationship between faWwM and
changes in normal brain tissue volumes, linear regression
analysis was performed (Zar, 1984). To test the hypothesis
of relationship between disease duration, fawM, and frac-
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Fig. 3. Scatterplot of fGM (green triangles), fWM (blue circles), and fCSF
fraction (red boxes), vs faWwM. fGM and fCSF values are adjusted to
patients mean age (35.6 years). Where significant, regression lines are
reported along with the corresponding equations and R values. Increasing
loss of GM with corresponding increase in CSF is apparent with increasing
faWM. fWM (which includes also the WM lesion volume) is not signifi-
cantly changed with increasing fawM.
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tional brain tissue volumes versus the clinical status as
assessed by EDSS, Spearman’s rank correlation coefficient
(S) was used (Zar, 1984). A significance level of 0.01 was
chosen. Statistical analysis was performed using Excel (Mi-
crosoft Corporation, Redmond, WA).

Results

Mean aWM in NV was 0.32 = 0.44 ml (mean * stan-
dard deviation; range, 0—1.71 ml), which appeared, at visual
inspection, essentially related to noise (i.e., to the presence
of scattered voxels with relaxometric properties equal to
aWM. Mean aWM in MS studieswas 23.8 + 29.8 ml (mean
+ standard deviation; range, 0.4—138.8 ml), corresponding
to afaWM of 1.7 = 2.2% (range, 0.04-11.1%).

In Fig. 2fGM, fWM, and fCSF values are plotted versus
age for both NV and MS patients. fGM and fCSF age-
related changes can be appreciated in NV, as well as a
reduction in fGM in MS patients, with a corresponding
increase in fCSF. fWM values do not significantly differ
between NV and MS patients

Comparison by Student’ st test between NV and patient’s
fractional volumes, after correction of fGM and fWM for
aWM and adjustment of fGM and fCSF to the mean patient
age, confirmed a significant decrease in fGM (49.5 = 3.2%
vs 53.3 = 2.1% in MS patients and NV, respectively; P <
0.0001), with a corresponding increase in fCSF (13.0 *
3.8% vs 9.1 = 2.4%; P < 0.0001), while no significant
difference emerged between fWM values of NV (37.5 *
2.6%) and MS patients (37.6 *= 2.2%). A significant nega-
tive correlation was found for fGM vs fawM, with a cor-
responding increase in fCSF (for fGM R = —0.434, P <
0.001 at regression analysis, for fCSF R = 0473, P <
0.001; Fig. 3). No significant correlation was found between
fWM and fawM.

In MS patients, mean EDSS was 2.5 = 0.7 (mean *
standard deviation; range, 1—4), and mean disease duration
was 9.9 = 5.8 years (mean *+ standard deviation; range,
1-33). When testing for a relationship between EDSS or
disease duration vs imaging data (fawM, age-corrected
fGM and fCSF, fWM), no relationship could be found.
There was a significant correlation between disease duration
and EDSS, Spearman’srank correlation being S = 0.438 (P
< 0.005).

Discussion

We found a significant correlation, in RR-MS patients,
between T2 lesion load and GM loss, balanced by CSF
increase, as measured with afully automated method, based
on the postprocessing of standard clinical MRI sequences.

Previous studies, not assessing separately GM and WM,
found both RR- and chronic progressive-MS patients pre-
senting aWM correlation with brain parenchyma fractional

volume decrease (Miki et a., 1999b; Rudick et al., 1999) or
with ventricular enlargement and corpus callosum thinning,
(Losseff et al., 1996; Liu et al., 1999) while at longitudinal
analysis a lack of correlation in RR- or secondary progres-
sive-MS (SP-MS) has been reported (Ge et a., 2000b).

The concept of brain atrophy as a potential comprehen-
sive marker of disease status has then been advocated by
groups who have found a relationship between brain/ICV
ratio and EDSS in MS (Losseff et al., 1996; Miki et al.,
1999b; Rudick et a., 1999; Ge et al., 2000b). We did not
find such a correlation between EDSS and brain volumetry,
possibly because we restricted our analysis to a clinically
homogeneous group of RR-MS patients, a category of MS
patients where indeed heterogeneous results have been
found. Although others found a relationship between brain/
ICV and EDSS in RR-MS (Rudick et a., 1999; Miki et al.,
1999h), longitudinal analysis disclosed alack of correlation
between EDSS and brain/ICV ratio in RR-MS (opposite to
SP-MS) (Geet a., 2000b), this result being confirmed when
analyzing separately GM and WM in RR-MS (Ge et 4.,
2001).

In agreement with previous works, we did not find a
significant correlation between aWwM and EDSS (Miki et al.,
1999a,b; Filippi et a., 1995), or aWM and disease duration
(Miki et al., 1999b).

Unlike our findings, Ge et a. (2001) did not find a
reduction in fGM in RR-MS patients, although a significant
negative correlation between fGM and aWwM was found.
Our patient cohort, however, comprises a larger range of
aWM (up to 138.8 ml with more than 40% of the patients
with aWM greater than 20 ml, as compared to their aWwM
lower than 60 ml, with only 10% of the patients above
20 ml). This difference in lesion load between the two
groups of patients, given the correlation between awM and
fGM (a finding common to both studies), may have partly
hindered in their case the detectability of a significant mean
fGM reduction in MS patients, a finding also reported by
Chard et al. (2002).

Unlike other studies (Ge et al., 2001; Chard et a., 2002)
we did not find a reduction in fWM once LL (plaque
volume) was added to WM, reduction in WM being an
obvious finding if plague volume is not considered. It is
somewhat surprising that aresidual decreasein WM, caused
at least by pre- and postlesion axonal loss, was not found
even in patients with high awM. A possible speculative
explanation of this finding is that the axonal loss is some-
what compensated, in terms of volume, by gliosis and
edema, two phenomena which occur in areas segmented as
plaques, and then added to the fWM compartment in our
dataanalysis. Also, plaqueslocated in GM structures, which
should account for at least 9% of the awM (Brownell and
Hughes, 1962; Peterson et ., 2001), are pooled in the fWM
volume when summing plagues with WM in determining
fWM volume, providing a potential source of overestima-
tion of the fWM in MS. Other segmentation-related issues
should also be considered, which may potentially affect the
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GM/WM segmentation, hampering the detection of WM
loss.

It is, for example, of note that modifications in tissues
outside aWwM (e.g., in the so-called normal appearing white
matter, NAWM, for which both T2 and T1 changes have
been indeed reported) may interphere with the segmentation
of norma brain tissues. While T2 changes in NAWM
(Whittall et a., 2002) represent less of a problem for
GM/WM differentiation, which is essentially obtained in
the R1 domain, T1 changesin NAWM appear more relevant
to the segmentation process.

NAWM T1 change figures have recently been published
(Vaithiaanatar et a., 2002), the two modifications in MS
patients therein reported being aless than 8% increasein the
NAWM T1 histogram (i.e., areduction of the R1, a poten-
tial source of WM overestimation/GM underestimation) and
a 68% increase in its standard deviation (a stronger source
of WM underestimation/GM overestimation). The net con-
sequence of these two changes on our segmentation tech-
nique, if any, would be an overestimation of GM and un-
derestimation of WM, mainly due to the predominant effect
of the widening of the R1 distribution of WM. However, our
results show an opposite trend. Therefore, this effect cannot
explain the observed findings.

Regarding the correction for aWM-related bias in the
segmentation of normal brain tissue, a question can be
raised regarding the specificity of the correction (i.e,, if the
specific features of the aWwM of the single patient can
introduce different degrees of segmentation inaccuracies
depending on its mean relaxometric properties). Thiswould
be in fact theoretically possible if the relaxometric features
of the MS lesions were largely distinct from patient to
patient. However, since MS plague characteristics can be
extremely variable in the same patient ranging from mildly
decreased R2 (T2 hyperintense areas) to markedly low R1
(CSF-like “black holes’ in T1), this heterogeneity appears
to be more frequently intra- rather than interpatient. It
should also be reminded here that the effect of aWwM on
GM/WM segmentation was clearly inferior to the observed
GM and CSF volume changes measured by the segmenta-
tion procedure, which proved to be robust with respect to
normal brain tissue volume measures in the presence of
awM (Fig. 1).

In conclusion, we have found that brain atrophy in
RR-MS mainly relates to GM loss, which in turn correlates
with lesion load, globa WM volume appearing unaffected
by the pathology once MS plaque volume is taken into
account. LL and GM loss, as well as corresponding CSF
increase, do not appear to significantly affect the clinical
status as assessed by EDSS, which correlates instead with
disease duration. However, a definitive confirmation of
these findings may only come from pathologic examina-
tions, and in the absence of such a “gold standard” the
hypothesis for volumetric compensation of WM loss can
only be speculative at this stage. Further studies are needed
especialy to clarify the impact of these changes on the

whole clinical status, particularly aiming at defining the
relationship between these measures and the cognitive im-
pairment sometimes present in these patients.
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