
Eur J Neurol. 2023;30:179–186.    | 179wileyonlinelibrary.com/journal/ene

INTRODUC TION

Brain volume loss is a common and early feature in patients with 
multiple sclerosis (MS), mostly reflecting irreversible tissue damage 
and neurodegeneration, which are consistently linked to accrual 

of disability [1]. In recent years, there has been an increasing rec-
ognition of the importance of atrophy measures in monitoring MS 
worsening, especially during clinical trials [1]. Indeed, treatment 
effect on brain volume loss correlates with the effect on disability 
in relapsing– remitting (RR) MS [2], and brain atrophy has recently 
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Abstract
Background and purpose: Measures of atrophy in the whole brain can be used to reliably 
assess treatment effect in clinical trials of patients with multiple sclerosis (MS). Trials as-
sessing the effect of treatment on grey matter (GM) and white matter (WM) atrophy are 
very informative, but hindered by technical limitations. This study aimed to measure GM 
and WM volume changes, using a robust longitudinal method, in patients with relapsing 
MS randomized to cladribine tablets 3.5 mg/kg or placebo in the CLARITY study.
Methods: We analysed T1- weighted magnetic resonance sequences using SIENA- XL, 
from 0 to 6 months (cladribine, n = 267; placebo, n = 265) and 6 to 24 months (cladribine, 
n = 184; placebo, n = 186). Mean percentage GM and WM volume changes (PGMVC and 
PWMVC) were compared using a mixed- effect model.
Results: More GM and WM volume loss was found in patients taking cladribine versus 
those taking placebo in the first 6 months of treatment (PGMVC: cladribine: −0.53 vs. 
placebo: −0.25 [p = 0.045]; PWMVC: cladribine: −0.49 vs. placebo: −0.34 [p = 0.137]), 
probably due to pseudoatrophy. However, over the period 6 to 24 months, GM volume 
loss was significantly lower in patients on cladribine than in those on placebo (PGMVC: 
cladribine: −0.90 vs. placebo: −1.27 [p = 0.026]). In this period, volume changes in WM 
were similar in the two treatment arms (p = 0.52).
Conclusions: After a short period of pseudoatrophy, treatment with cladribine 3.5 mg/
kg significantly reduced GM atrophy in comparison with placebo. This supports the rel-
evance of GM damage in MS and may have important implications for physical and cogni-
tive disability progression.
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been used as a primary outcome measure in Phase 2 clinical trials 
in progressive MS [3]. Previous studies have shown important clues 
regarding the role of grey matter (GM) volume loss in MS progres-
sion [4– 6]. Although GM atrophy measures have greater potential to 
show treatment effects than whole- brain measures, they have rarely 
been used in clinical trials, mostly due to technical limitations [1].

A recent analysis of the CLARITY study has shown that treat-
ment with cladribine tablets 10 mg (MAVENCLAD®; 3.5 mg/kg cu-
mulative dose over 2 years, referred to as cladribine tablets 3.5 mg/
kg) decreased whole- brain atrophy compared with placebo, and this 
was associated with a lower risk of disability progression in RRMS 
[7]. Notably, the beneficial effect of cladribine tablets 3.5 mg/kg 
was evident after excluding the first 6 months of treatment, when 
a paradoxical reduction of brain volume following the initiation of 
an anti- inflammatory therapy, a phenomenon described as ‘pseu-
doatrophy’, was detected [7]. However, the relative role of GM and 
white matter (WM) changes in the slowing of whole- brain atrophy 
was not assessed, as the trial was not originally designed to evaluate 
compartmentalized volume changes.

Recently, a new generation of longitudinal methods that are robust 
in measuring volume changes have been employed in the re- analysis 
of clinical trials for GM atrophy assessment [8]. Among these meth-
ods, SIENA- XL is a recently developed segmentation- based longitudi-
nal method for the assessment of volume changes of tissue- specific 
measures (i.e., GM and WM), which is more sensitive to compartmen-
talized brain changes than the traditional SIENA method [9]. Against 
this background, in this post hoc analysis, we used SIENA- XL to eval-
uate the contribution of GM and WM volume changes to whole- brain 
atrophy in patients with RRMS who were treated either with cladrib-
ine tablets 3.5 mg/kg or placebo in the CLARITY study.

METHODS

Subjects and imaging characteristics

We used magnetic resonance imaging (MRI) data from the CLARITY 
study, a Phase 3, double- blind, placebo- controlled, multicentre trial 
involving patients with RRMS, comparing those treated with cladrib-
ine tablets 3.5 mg/kg versus placebo for 2 years. Data were acquired 
from 2005 to 2008 [10]. MRI scans were obtained at 0, 6, 12 and 
24 months. The MRI protocol for explanatory imaging endpoints in-
cluded axial three- dimensional (3D) T1- weighted (T1W) images with 
the following characteristics: GE: field of view (FoV) = 230 mm, di-
mensions in the 1×1 plane, slice thickness = 1, repetition time (TR)/
echo time (TE) = 30/minimum ms; Philips: FoV = 230 mm, dimen-
sions in the 1 × 1 plane, slice thickness = 1, TR/TE/ = 25/4.6 ms; and 
Siemens: FoV = 230 mm, dimensions in the 1 × 1 plane, slice thick-
ness = 1, TR/TE/ = 2130/4.38. Table 1 summarizes the characteris-
tics of patients included in the analysis.

Details of the CLARITY study (ClinicalTrials.gov NCT00213135) 
and the results of the clinical trial have previously been reported 
elsewhere [10]. As a large confounding influence of pseudoatrophy 

was seen in a previous work assessing whole- brain volume changes 
after treatment initiation with cladribine tablets [7], the analysis of 
the present study was performed: (i) on data from the period 0– 6 
months to assess presence of pseudoatrophy in GM and WM and 
(ii) on data from the period 6– 24 months to assess treatment effects 
over time in these two brain compartments.

MRI analysis

As a first step, a quality control assessment of the scans was per-
formed to exclude from the analysis those with artifacts, and those 
without full brain coverage. Further, a priori selection of the MRI was 
made by checking the intensity histogram of the T1W images, select-
ing only those with a clear peak- distinction between GM and WM.

Pre- gadolinium T1W MRI scans were analysed using a SIENA- XL 
method [9], which allowed us to obtain percentage differences 
in both GM volume change (PGMVC) and WM volume change 
(PWMVC). Briefly, the method consisted of the following steps:

 (i) The voxel intensity within each lesional region on T1W imaging 
was replaced with that of the surrounding WM to avoid errors in 
GM and WM volume assessment due to the misclassification of 
voxels [11].

 (ii) A subject- specific T1W brain mask was created by merging all 
the T1W brain masks of that subject, each obtained with an opti-
mized procedure for the T1W 3D images [9]. This subject- specific 
brain mask was then re- applied to each T1W image to obtain the 
brain image at each time point.

 (iii) Finally, a pre- segmentation intensity equalization step was per-
formed. The intensity of all the T1W brain images of a subject were 
modified to impose similar histograms of pure voxels, that is, those 
voxels that had 100% probability of belonging to only one tissue.

 (iv) The GM and WM volumes of each lesion- filled intensity- 
equalized T1W brain image were obtained by using the FAST 
algorithm [12] and the changes of a given tissue (i.e., GM or 
WM) between a pair of time points was expressed as percentage 
changes, that is, PGMVC or PWMVC.

Figure 1 shows an example of brain- extracted 3D T1W images 
and the GM and WM segmentation maps of a patient at each time 
point (0, 6, 12 and 24 months).

Statistical analysis

This was a post hoc, exploratory analysis of CLARITY in which p val-
ues were not adjusted for multiple testing and potential type I error 
inflation was not controlled. Differences in clinical and imaging fea-
tures at baseline between the two treatment groups were assessed 
using a non- parametric Mann– Whitney U- test.

The slopes of PGMVC and PWMVC over the two interval times 
(0– 6 months and 6– 24 months) were independently compared 
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between the two treatment arms (i.e., treated vs. placebo) with a 
mixed- effect linear model. Changes over these time periods were 
not annualized. A treatment- by- time interaction term was used to 
assess whether the slope of changes was different according to 
treatment arm. A regression model with volumes as dependent vari-
ables and the interaction between treatment and other variables 
(i.e., baseline lesion volume, relapse rate/number in the year prior 
to inclusion, use of corticosteroids to treat relapses, new/enlarging 
lesions during follow- up) as independent factors was used to assess 

the effect of these variables on volume changes in the 0– 6- month 
period. p values <0.05 were taken to indicate statistical significance.

Ethical standards

This post hoc study used data from the CLARITY study 
(NCT00213135), which was undertaken in compliance with the 
Declaration of Helsinki and standards of Good Clinical Practice 

Pseudo- atrophy (BSL- M06) 
analysis

Treatment period (M06- M24) 
analysis

Placebo

Cladribine 
tablets 
3.5 mg/kg Placebo

Cladribine 
tablets 
3.5 mg/kg

N 265 267 186 184

Age, years

Mean (SD) 39.35 (9.77) 38.71 (10.16) 39.9 (9.3) 39.44 (10.3)

Median (min; max) 39 (18; 64) 39 (19; 63) 40 (18; 64) 39 (19; 63)

Female, n (%) 172 (64.9) 191 (71.5%) 118 (63.4) 138 (75)a

Prior use of DMT, n (%) 71 (26.8) 69 (25.8) 39 (21.2) 46 (24.7)

Disease duration

Mean (SD) 5.27 (5.46) 4.81 (5.32) 5.16 (5.4) 4.48 (5.3)

Median (min; max) 3.6 (0; 28) 2.93 (0; 27) 3.48 (0; 25) 2.26 (0; 27)

EDSS score

Mean (SD) 2.92 (1.34) 2.81 (1.22) 2.85 (1.3) 2.79 (1.2)

Median (min; max) 3 (0; 6) 2.5 (0; 6) 3 (0; 6) 2.5 (0; 6)

T2 lesions, n

Mean (SD) 26.75 (17.6) 24.46 (15.6) 25.49 (15.5) 23.82 (15.2)

Median (min; max) 22 (3; 134) 20 (3; 89) 22 (3; 100) 20 (3; 79)

T2 lesion volume, cm3

Mean (SD) 13.82 (13.1) 13.43 (14.16) 13.79 (12.74) 13.01 
(14.69)

Median (min; max) 9.75 (0; 77) 8.95 (0; 96) 10.05 (0; 72) 8.18 (0; 96)

T1 Gd + lesions, n

Mean (SD) 0.81 (2.67) 1 (3.032) 0.83 (2.46) 0.92 (3.06)

Median (min; max) 0 (0; 27) 0 (0; 32) 0 (0; 27) 0 (0; 32)

GM volume, cm3

Mean (SD) 766.52 
(75.86)

769.37 (77.85) 767.18 (80.12) 768.86 
(80.28)

Median (min; max) 763.29 
(483.3; 
975.9)

775.36 
(500.3; 
950.2)

762.21(485.3; 
975.9)

776.81 
(500.3; 
950.2)

WM volume, cm3

Mean (SD) 772.52 
(81.60)

774.46 
(83.13)

774.42 (83.08) 777.18 
(86.75)

Median (min; max) 766.52 
(627.4; 
1330.3)

765.55 
(622.6; 
1326.0)

769.81(627.4; 
1319.8)

768.22 
(622.5; 
1326.0)

Abbreviations: BSL, baseline; DMT, disease- modifying therapy; EDSS, Expanded Disability Status 
Scale; Gd+, gadolinium enhancing; M, month; SD, standard deviation.
aThe number of female participants in the two patient groups and in the treatment period was the 
only significant difference.

TA B L E  1  Baseline demographic, clinical 
and MRI lesion characteristics of the 
study population
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according to the International Conference on Harmonization of 
Technical Requirements for Registration of Pharmaceuticals for 
Human Use. At each centre, the relevant institutional review board 

or independent ethics committee reviewed and approved the trial 
protocol, patient information leaflet, informed consent forms, and 
investigator brochure. All patients provided written informed con-
sent to participate in the trials.

RESULTS

Patient selection

From the original patient population of RRMS patients analysed in 
the brain volume exploratory analysis by De Stefano et al. [7], only 
patients treated with cladribine tablets 3.5 mg/kg (n = 336) and pla-
cebo (n = 338) were studied. From the whole group, the data of 142 
patients (21%) were excluded because of poor GM/WM intensity 
contrast (n = 116), acquisition artifacts (n = 15), and not having full 
brain coverage (n = 11). In addition, 162 patients were excluded be-
cause of the missing time point at Month 24. Finally, 267 patients on 
treatment and 265 patients on placebo, and 184 patients on clad-
ribine tablets 3.5 mg/kg on treatment and 186 patients on placebo 
were available for the analysis, respectively, from 0 to 6 months and 
from 6 to 24 months (Figure 2).

Patients in the two treatment groups were uniformly distrib-
uted in both the pseudoatrophy and treatment periods. They did 
not differ with regard to demographic, clinical or MRI measures, 
except for a higher number of female patients in the treated than 
in the placebo group in the analysis of the the 6– 24- month period 
(p = 0.01).

Pseudoatrophy analysis

During the first 6 months, both GM and WM volumes were reduced 
in the group treated with cladribine tablets 3.5 mg/kg (PGMVC: 

F I G U R E  1  Example of brain extracted 
three- dimensional T1- weighted images 
(top row) and the segmentation map 
(bottom row) of the grey matter (GM; 
green) and white matter (WM; blue) of 
a patient at each time point (0, 6,12 and 
24 months). The figure shows an example 
of axial T1- weighted image quality of a 
patient on placebo and the segmentation 
maps of the GM and WM at each time 
point.

F I G U R E  2  Flow diagram describing patient selection for the 
MRI analysis. Number of patients and the percentage of the cohort 
available for the analysis in the previous time interval are shown. 
Abbreviations: CT, cladribine tablets; GM, grey matter; M, Month; 
WM, white matter
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−0.53 ± 0.10%; PWMVC: −0.49 ± 0.07%). Over the same period, the 
decreases in GM and WM were also observed in the placebo group 
(PGMVC: −0.25 ± 0.09%; PWMVC: −0.34 ± 0.07%).

The decline in PGMVC was greater in patients treated with 
cladribine tablets 3.5 mg/kg than the placebo group (∆52%, 
p = 0.045), while no difference was found in PWMVC between the 
two groups (∆31%, p = 0.137; Figure 3).

Results did not change when considering only those patients 
who completed the whole duration of the trial (0– 24 months; num-
ber on placebo: 186; number on cladribine treatment: 184): PGMVC: 
placebo −0.08%, cladribine treatment −0.51% (p = 0.008); PWMVC: 
placebo −0.51%, cladribine treatment −0.30% (p = 0.06).

A more evident difference of decline in GM volume at Month 6 
between treatment and placebo was found in patients with higher 
lesion volume at baseline than in those with lower lesion volume at 
baseline (p for interaction = 0.049). Other variables (relapse rate/
number in the year prior to inclusion, use of corticosteroids to treat 
relapses, new/enlarging lesions during follow- up) did not influence 
the analysis.

Atrophy analysis

When considering the period from 6 to 24 months, brain volume 
loss was reduced in patients treated with cladribine tablets 3.5 mg/
kg when compared with patients on placebo, with a significant dif-
ference in the GM only. PGMVC for cladribine tablets 3.5 mg/kg 
was −0.90 ± 0.13% versus placebo −1.27 ± 0.14% (∆29%, p = 0.026), 
while PWMVC for cladribine tablets 3.5 mg/kg was −0.32 ± 0.16% 
versus placebo −0.40 ± 0.13% (∆21%, p = 0.52; Figure 4).

DISCUSSION

In this study, after a brief period of pseudoatrophy, GM volume loss 
proceeded at lower rates in RRMS patients treated with cladribine 
tablets than in those treated with placebo. In contrast, significant 

changes were not as evident in the WM compartment. These re-
sults add to previously reported data from the CLARITY study on 
the beneficial effect of treatment with cladribine tablets on whole- 
brain volume loss [7], confirming that cladribine targets both focal 
inflammation and diffuse tissue damage, and pointing out that this is 
mostly beneficial with regard to the GM compartment and relative 
neurodegeneration occurring during the course of MS [13]. Indeed, 
a number of previous studies have shown that GM volume changes 
in the brain are more pronounced and clinically relevant than WM 
volume changes and that pronounced GM volume loss is associated 
with long- term disability [4] and seems to explain physical and cog-
nitive disability better than WM and whole- brain atrophy [1, 4, 6]. 
Therefore, the predominant beneficial effect of cladribine on the 
GM may imply a lower risk of these patients of developing physical 
and cognitive disability progression.

Cladribine may modify the MS disease course through a variety 
of complex mechanisms. Although primarily considered a selective 
T-  and B- lymphocyte- reducing agent, the influence of cladribine on 
the central nervous system (CNS) extends beyond lymphocyte re-
duction in vivo [14]. Recent in vitro studies showed that cladribine 
exerts immunomodulatory influences over innate and adaptive im-
munity, by reducing the levels of proinflammatory cytokines and de-
creasing immune cell infiltration into the CNS [13]. Such a mechanism 
of action may reduce soluble neurotoxic factors diffusing from the 
meningeal compartment, resulting in a beneficial anti- inflammatory 
effect of the drug on the GM compartment.

The present study adds to other previous studies [15– 17] show-
ing that, in MS clinical trials, GM atrophy measures may be more in-
formative than whole- brain measures. However, the widespread use 
of GM atrophy metrics is mostly hindered by technical limitations as 
an accurate assessment of GM need to be based on a robust quanti-
tative measurement of partial tissue volumes for each voxel (i.e., the 
amount occupied by a given tissue at each voxel). This estimation 
in multicentre trials is often biased by the differing quality of the 
acquired MRI scans, mostly due to hardware (e.g., scanner and coil) 
and software (e.g., image reconstruction) differences, despite the 
same acquisition parameter settings. In addition, this is particularly 

F I G U R E  3  Pseudoatrophy analysis, 0– 6 months, from 267 patients treated with cladribine 3.5 mg/kg and 265 patients treated with 
placebo. Pseudoatrophy was present both in grey matter (GM) and white matter (WM) during the first 6 months of therapy, with a significant 
difference in percentage volume change between cladribine and placebo for GM only. The ∆% change in the treated group and the standard 
errors are indicated in the figure. Abbreviations: CladT3.5, cladribine tablets 3.5 mg/kg; PVC, percentage volume change
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challenging when brain volume measures were not incorporated as 
secondary or tertiary outcomes and images with a suboptimal qual-
ity for atrophy measurement were acquired.

In line with previous observations made in the CLARITY study 
on whole- brain volume loss [7], the treatment effect was observed 
only after the first 6 months. Indeed, patients treated with anti- 
inflammatory treatments may show a rapid decrease in brain volume 
(i.e., pseudoatrophy) in the first months of treatment, in comparison 
to placebo, due to the resolution of inflammatory oedema and, prob-
ably also to changes in the volume of inflammatory cells and soluble 
neurotoxic factors [18– 20]. A potential solution to this is to re- 
baseline patients after 6 months [7, 21– 23], although the assumption 
that pseudoatrophy occurs only during the first months of therapy 
is not necessarily valid, as the time course of pseudoatrophy is not 
completely understood and it might occur up to 1 year in some con-
ditions [1]. Moreover, re- baselining carries the risk of losing power 
because of the reduced time of observation on treatment.

Finally, in our study, the initial acceleration of volume decrease 
was found in both GM and WM brain compartments, but with 
a greater decline in GM. Although this is in line with some recent 
studies [18, 19], results have been contradictory in relation to the 
contribution of WM and GM compartments to pseudoatrophy [18]. 
For example, in highly active patients treated with immunoablation 
and autologous hematopoietic stem cell transplantation, the effect 
of the treatment on brain compartments over the first months was 
more accelerated in the GM than in the WM, resulting in a greater 
loss of volume over a shorter period [19]. Similarly, in RRMS patients 
treated with subcutaneous interferon beta- 1a 44 μg three times 
weekly, followed- up with monthly MRI scans in the IMPROVE trial, 
pseudoatrophy was more pronounced in the GM than WM [18]. 
By contrast, in patients treated with natalizumab, the treatment- 
associated pseudoatrophy mainly affected the WM [24]. One of the 
explanations for these contradictory results may be the extent of the 
anti- inflammatory effect of the disease- modifying therapies (DMTs) 
initiated in patients with different degrees of inflammatory activity 
at baseline. In addition, the distinct dynamics of the pseudoatrophy 

effect in patients treated with DMTs may be influenced by several 
factors, including the underlying immunological status of patients 
prior to and during treatment, disease duration and disease pheno-
type and the number of previously failed DMTs. Taken together, the 
results we present here and previous data suggest that pseudoatro-
phy can affect both GM and WM tissues and can be prevalent in the 
GM compartment in some cases.

An important limitation of the study lies in the relatively small 
sample size used with respect to the whole study population. This 
was due to the need to exclude a portion of suboptimal data (see 
Results). It is worth noting that this drop out was homogeneous be-
tween the two groups and driven by an a priori, rigid quality con-
trol performed on the original T1W images. However, we used the 
SIENA- XL procedure, a new image- processing method able to pro-
vide less biased and more precise estimates for GM volumes, thus 
overcoming some of the previous technical limitations in this mea-
surement [9]. As reported previously [9] and confirmed here, this 
highly sensitive method may allow detection of subtle changes with 
relatively small sample sizes.

In conclusion, treatment with cladribine tablets in patients with 
RRMS in the CLARITY study reduced GM and WM atrophy in com-
parison with placebo treatment, with a significant effect on the 
GM, and this may contribute to lower risks of physical and cognitive 
disability. Further studies are needed to better detect the effect of 
DMTs for MS on GM damage and its impact on disease progression.
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F I G U R E  4  Atrophy analysis, 6– 24 months, from 184 patients treated with cladribine 3.5 mg/kg and 186 patients treated with placebo. 
Brain volume loss from 6 to 24 months was reduced in patients treated with cladribine tablets 3.5 mg/kg body weight, with a significant 
difference in percentage volume change between cladribine and placebo for grey matter (GM) only. The ∆% change in the treated group and 
the standard errors are indicated in the figure. Abbreviations: CladT3.5, cladribine tablets 3.5 mg/kg; PVC, percentage volume change; WM, 
white matter
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