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Abstract
Background

The aim of the present meta-analysis was to evaluate the effect of disease-modifying drugs

(DMD) on brain atrophy in patients with relapsing-remitting multiple sclerosis (RRMS) using

available randomized-controlled trial (RCT) data.

Methods

We conducted a systematic review and meta-analysis according to PRISMA guidelines of

all available RCTs of patients with RRMS that reported data on brain volume measurements

during the study period.

Results

We identified 4 eligible studies, including a total of 1819 RRMS patients (71% women,

mean age 36.5 years, mean baseline EDSS-score: 2.4). The mean percentage change in

brain volume was found to be significantly lower in DMD versus placebo subgroup (stan-

dardized mean difference: -0.19; 95%CI: -0.27–-0.11; p<0.001). We detected no evidence

of heterogeneity between estimates (I2 = 30%, p = 0.19) nor publication bias in the Funnel

plots. Sensitivity analyses stratifying studies according to brain atrophy neuroimaging proto-

col disclosed no evidence of heterogeneity (p = 0.16). In meta-regression analyses, the per-

centage change in brain volume was found to be inversely related with duration of

observation period in both DMD (meta-regression slope = -0.03; 95% CI: -0.04–-0.02;
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p<0.001) and placebo subgroups (meta-regression slope = -0.05; 95% CI: -0.06–-0.04;

p<0.001). However, the rate of percentage brain volume loss over time was greater in pla-

cebo than in DMD subgroup (p = 0.017, ANCOVA).

Conclusions

DMD appear to be effective in attenuating brain atrophy in comparison to placebo and their

benefit in delaying the rate of brain volume loss increases linearly with longer

treatment duration.

Introduction
Longitudinal studies have shown that brain atrophy is a significant predictor of subsequent
long-term neurologic deterioration, impaired life quality and sustained disability in patients
with multiple sclerosis (MS) [1]. Brain atrophy was also found to be related to cognitive deficits
(even in the early stages of the disease) mood disturbances, sexual dysfunction and personality
disorders [1–3].

Brain atrophy may occur in early disease stages, progresses more rapidly than in healthy indi-
viduals and appears to advance relentlessly throughout the course of MS, independent of the un-
derlying disease subtype when adjusted for baseline volume [4,5]. A recent meta-analysis
underlined that the treatment effect of available immunomodulatory therapies on brain atrophy
was related to the effect on disability progression in patients with relapsing-remitting MS
(RRMS). Interestingly, the former association was independent of the treatment effect on active
lesions in magnetic resonance imaging (MRI) [6]. Prospective cohort studies and randomized
controlled trials (RCTs) have reported variable results regarding the potential protective effects
of different disease modifying drugs (DMD) on brain atrophy [7–10, References 1–13 in S1 File].

To the best of our knowledge the efficacy of DMD in attenuating brain atrophy in MS pa-
tients has not been investigated systematically using a meta-analytical approach. In view of the
former considerations we conducted a systematic review and meta-analysis to evaluate the ef-
fect of available DMD on brain atrophy in patients with RRMS using available RCT data.

Methods

Trial identification and data abstraction
This meta-analysis has adopted the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines for systematic reviews and meta-analyses [11]. Eligible
placebo-control randomized clinical trials (RCTs) of patients with RRMS that reported changes
in brain volume during the study period were identified by searching MEDLINE, SCOPUS
and the CENTRAL Register of Controlled Trials. The combination of search strings that was
used in all database searches included the terms: “relapsing-remitting multiple sclerosis”,
“RRMS”, “brain atrophy” and “brain volume”. The complete search algorithm that was used in
MEDLINE search is available in the S1 File. No language or other restrictions were imposed.
Last literature search was conducted on August 23th, 2014. Reference lists of all articles that
met the criteria and of relevant review articles were examined to identify studies that may have
been missed by the database search.

All retrieved studies were scanned independently by two reviewers (GT & AHK) to include
only placebo-control RCTs of RRMS patients that reported changes in brain volume during
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the study period. We excluded from the final analysis: 1. Observational studies, 2. case series,
3. case reports, 4. RCTs without placebo subgroups, 5. studies reporting the use of drugs that
are still not officially approved (e.g. laquinimod, cladribine), and 6. studies reporting brain vol-
ume data with median values or not providing measures of dispersion in the form of standard
deviation (SD). We considered that including trials reporting brain volume loss both in medi-
ans (with corresponding confidence intervals) and in means (with corresponding SDs would
constitute another source of heterogeneity in our meta-analysis that could probably lead to in-
correct pooled outcomes, given the differences in dispersion measures between comparison
groups in the other studies. Thus we decided in our study protocol and analysis plan that was
formulated according to PRISMA guidelines [11] and Cochrane Handbook for Systematic Re-
views of Interventions [12] to exclude per se studies that did not provide the corresponding
SDs for both treatment and placebo groups. In case of disagreement regarding the literature
search results between the two coauthors, the senior coauthor was consulted (KV) and dis-
agreement was resolved with consensus.

In each study that met the inclusion criteria for the quantitative analysis a predefined 7-point
quality control was used to address for biases. For each quality item the corresponding risk of
bias was categorized as low, high or unclear according to the suggestions by Higgins et al [12].
Quality control and bias identification was performed by three independent reviewers (GT,
AHK, KV) and all emerging conflicts were resolved with consensus.

Data on brain volume changes in all subgroups between time points, or during time inter-
vals within studies were extracted independently by the two authors, who performed the litera-
ture search (GT, AHK).

Statistical analyses
Unadjusted mean differences of percentage changes in brain volumes between treatment and
placebo subgroups were pooled as standardized mean differences (SMDs). SMD estimates were
calculated as the mean differences divided by the corresponding pooled standard deviations
and were subsequently interpreted using a general rule of thumb reported by Cohen, in which
an SMD of 0.2 represents a small effect, an SMD of 0.5 represents a medium effect, and an
SMD of 0.8 or larger represents a large effect [13]. A random-effects model (DerSimonian
Laird) was used to calculate the pooled SMDs.

Heterogeneity between studies was assessed with the Cochran Q and I2 statistics. For the
qualitative interpretation of heterogeneity, I2 values of at least 50% were considered to repre-
sent substantial heterogeneity, while values of at least 75% indicated considerable heterogene-
ity, as per the Cochrane Handbook [14]. Publication bias (i.e. assessment of bias across studies)
was graphically evaluated using a funnel plot, given that the Cochrane Handbook for Systemat-
ic Reviews of Interventions dictates as a rule of thumb that tests for funnel plot asymmetry
should be used only when there are at least ten studies included in the meta-analysis [15].

We subsequently conducted subgroup analyses according (i) to the MRI protocol that was
used for the measurement of brain volume changes as well as the assessment of brain atrophy
and (ii) the year of the treatment on the studies that provided data on brain volume changes
for both time-periods (0–12 months, 12–24 months). The mixed-effects model was used to cal-
culate both the pooled point estimate in each subgroup and the overall estimates. According to
the mixed-effects model, we used a random effects model (DerSimonian Laird) to combine
studies within each subgroup and a fixed effect model (Mantel—Haenszel method) to combine
subgroups and estimate the overall effect. We assumed the study-to-study variance (tau-
squared) to be the same for all subgroups. Tau-squared was first computed within subgroups
and then pooled across subgroups.
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Finally, we performed post-hoc meta-regression analyses to evaluate both time alone (in pla-
cebo subgroups) and time-on-treatment (in treatment subgroups) as possible moderators of the
percentage brain volume change. Univariate meta-regression analyses were performed using the
random-effects model (Method of Moments). The regression lines derived from the aforemen-
tioned univariate meta-regression analyses were compared using the analysis of covariance
(ANCOVA) to determine the effect of treatment on percentage brain volume change over time.

Statistical analyses were conducted using Review Manager (RevMan) Version 5.2 software
(Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration, 2012) and Compre-
hensive Meta-analysis Version 2 software (Borenstein M, Hedges L, Higgins J, Rothstein H,
Biostat, Englewood NJ, 2005).

Results

Study selection and study characteristics
Systematic search of MEDLINE and SCOPUS databases yielded 60 and 57 results respectively.
Subsequent search in the CENTRAL Register of Controlled Trials retrieved no additional
RCTs. After removing duplicates, the titles and abstracts from the remaining 75 studies were
screened and 17 potentially eligible studies for the meta-analysis were retained. After retriev-
ing the full-text version of the aforementioned 17 studies, 4 studies were excluded because
they did not include a placebo subgroup and 2 studies because they were not RCT (cohort
studies), 6 studies because they reported the brain volume changes in median values and 1
study because it did not report the SDs or other measures of dispersion (Table A in S1 File).
In the final presentation of the literature search results, there was no conflict or disagreement
between the 2 reviewers and the 4 studies that met the study protocol’s inclusion criteria
(IMPROVE [7], FREEDOMS [8], E/C GASG [9], MSCRG [10]) were included both in the
qualitative and quantitative synthesis (Fig. 1). The characteristics of the included studies, com-
prising 1819 patients (71% women, mean age: 36.5 years, mean baseline EDSS score: 2.4) are
summarized in Table 1.

Two of the studies [9,10] evaluating brain atrophy by means of the brain parenchymal frac-
tion (BPF), a normalized measure of atrophy calculated as the ratio of brain parenchymal tissue
volume to the total volume contained within the brain surface contour. More specifically, the
neuroimaging protocol used an automated image analysis method that incorporates a three-
dimensonal segmentation algorithm designed for brain surface detection and brain volume cal-
culation [16]. The other two studies [12,13] used the Structural Image Evaluation using Nor-
malization of Atrophy (SIENA) method, which provides an automated brain volume change
analysis from baseline [17].

Risk of bias for independent studies
Risk of bias in the included studies is summarized in Figs. A&B in S1 File. Overall, a low risk of
bias was found within individual studies, except for the uncertainty of bias related to funding
source according to Cochrane recommendations [18]. All study protocols were supported fi-
nancially partly [10] or solely [7–9] by the pharmaceutical companies that produce and market
the drug under consideration in each study. In one of them it was clearly stated in the methods
section that the study data were collected by the investigators and analyzed by the sponsor
pharmaceutical company [8], increasing thus the susceptibility to a possible bias. Allocation
concealment was not clearly stated in the methods section of one study protocol [9], providing
thus insufficient information to permit judgment.
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Overall analysis and subgroup analyses
The mean percentage change in brain volume was found to be significantly lower in DMD
treated patients versus placebo treated subgroup (SMD = -0.19, 95%CI: -0.27 –-0.11; p<0.001;
Fig. 2). No evidence of heterogeneity was found between estimates (I2 = 30%, p = 0.19 by
Cochran Q statistics). In the sentitivity analysis stratifying patients according to MRI protocol
that was used for the measurement of the brain volume change, there was no evidence of het-
erogeneity in the estimates between the studies using the SIENA or the BPF method (Fig. C in
S1 File).

Fig 1. Flow chart presenting the selection of eligible studies.

doi:10.1371/journal.pone.0116511.g001
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In the subgroup analysis of the two studies that provided data on brain volume changes for
both the first (0–12 months) and second (12–24 months) treatment year [8,10], the difference
in percentage brain volume change between RRMS patients under treatment with Fingolimod
(0.5 mg or 1.25 mg) or INFb-1a (30mcg) and RRMS patients randomized to placebo was great-
er (p = 0.03) in the second (SMD = -0.30; 95%CI: -0.40, -0.19) than in the first year of treatment
(SMD = -0.14; 95%CI: -0.24, -0.03; Fig. 3), indicating that the beneficial effect of DMD on
brain atrophy is enhanced during the second year of treatment.

Publication bias was evaluated using inspection of funnel plot asymmetry in view of the
small number (n = 4) of included studies. The slight asymmetry observed on the funnel plot in-
spection can be attributed to the existing differences among studies with regard to neuroimag-
ing protocols (Fig. D in S1 File) and treatment duration (Fig. E in S1 File), rather than in the
presence of publication bias. To further investigate potential publication bias we also estimated
Egger’s statistical test that did not reach the level of statistical significance (p = 0.09).

Meta-regression analyses
In meta-regression analyses, the percentage change in brain volume was found to be inversely
associated with duration of observation period in both DMD (regression slope = -0.03; 95%
CI: -0.04 –-0.02; p<0.001; Fig. 4, blue lines) and placebo subgroups (regression slope: -0.05;
95% CI: -0.06– -0.04; p<0.001; Fig. 4, red lines). By comparing the two meta-regression slopes,

Table 1. Characteristics of the included in meta-analysis randomized clinical trials of patients with relapsing-remitting multiple sclerosis.

Author Study name Subgroup Dose No patients Females Age bEDSS

De Stefano[7] IMPROVE INFb-1a (44 mcg) 3/ week (sc) 120 - - -

Placebo 3/ week (sc) 60 - - -

Kappos[8] FREEDOMS Fingolimod (1.25mg) 1/ daily (pos) 429 68.8% 37.4±8.9 2.4±1.4

Fingolimod (0.5mg) 1/ daily (pos) 425 69.6% 36.6±8.8 2.3±1.3

Placebo 1/ daily (pos) 418 71.3% 37.2±8.6 2.5±1.3

Rovaris[9] E/C GASG GA (20mg) 1/ daily (sc) 113 77.0% 34.4±7.4 2.3±1.1

Placebo 1/ daily (sc) 114 72.8% 34.0±7.6 2.4±1.2

Rudick[10] MSCRG INFb-1a (30 mcg) 1/ week (im) 68 76.5% 36.5± 7.2 2.32± 0.79

Placebo 1/ week (im) 72 75% 36.4±7.1 2.38± 0.91

(sc: subcutaneously, pos: per os, im: intramuscularly, bEDSS: baseline Expanded Disability Status Scale)

doi:10.1371/journal.pone.0116511.t001

Fig 2. Percentage changes in mean brain volume in patients with relapsing-remittingmultiple sclerosis receiving diseasemodifying therapy
compared and those receiving placebo.

doi:10.1371/journal.pone.0116511.g002
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the rate of percentage brain volume loss over time was higher in placebo-treated patients than
in patients receiving DMD (p = 0.017, ANCOVA).

Discussion
The findings from the current systematic review and meta-analysis indicate that DMD appear
to attenuate brain atrophy over time when compared with placebo. Moreover, their efficacy ap-
pears to be greater during the second year of treatment (in comparison to the first year) and
linearly increases with longer treatment duration.

In untreated MS patients receiving placebo, the rate of atrophy is about 1%-1.5% of brain
volume per year [19]. Given the fact that brain volume loss can be non-invasively and

Fig 3. Subgroup analysis of the randomized clinical trials on percentage brain volume changes between the first and second year of the study.

doi:10.1371/journal.pone.0116511.g003

Fig 4. Meta-regression analyses of the percentage change in brain volume over time between treatment subgroups (blue lines) and placebo
subgroups (red lines).

doi:10.1371/journal.pone.0116511.g004
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reproducibly detected and quantified by MRI [20], whole brain atrophy has recently emerged
as an attractive measure of long-term tissue loss and as a substrate for clinical disability and
therapy effectiveness [21,22]. In particular, brain volume loss has been correlated with disabili-
ty progression and cognitive impairment in MS, the loss of grey matter volume being more
closely correlated with clinical measures than loss of white matter volume [23]. However, for
the time being brain volume loss may hardly be used as a decision making biological marker in
the everyday clinical practice. Our analyses documented a modest beneficial effect of DMD on
brain atrophy, with no evidence of heterogeneity across trials using different immunomodula-
tory treatments (sc INFb-1a, im INFb-1a, Fingolimod and Glatiramer Acetate) or different
neuroimaging protocols (SIENA or BPF). Moreover, we documented low risk of selection, per-
formance, detection, attrition and reporting biases using the validated, quality-control method-
ology of Cochrane collaboration for the assessment and quantification of biases in individual
studies included in comprehensive meta-analyses [12]. Our findings add to the mounting liter-
ature endorsing extension of brain atrophy measurements beyond research studies to the rou-
tine management of MS patients and underscoring the need of their incorporation as
secondary outcome measures in RCT [24,25].

Our sensitivity analyses indicated that the pooled beneficial effect of DMD on brain atrophy
doubled during the second (SMD: -30) in comparison to the first year of treatment (SMD: -14).
This observation may be attributed to an increase in non-tissue-related brain volume loss dur-
ing the first 6–9 months of disease modifying therapies (termed pseudoatrophy), thought to be
due to the resolution of inflammation and brain edema [19,26]. Interestingly, high-dose intra-
venous (IV) corticosteroids and especially natalizumab are associated with the highest decline
in non-tissue-related brain volume loss due to their potent anti-inflammatory properties
[19,26,27]. Thus, our observations suggest that the development of pseudoatrophy may con-
found MRI measurements of BV loss during the first year of treatment and an observation pe-
riod of� 2 years may be optimal to evaluate the potential beneficial effect of DMD on brain
atrophy in future RCTs.

Our meta-regression analyses underline that the protective effect of DMD on brain volume
loss is accentuated with longer treatment duration. This observation raises the clinical hypothe-
sis that early initiation of DMDmay extend the therapeutic time window leading to greater cu-
mulative benefit in terms of brain atrophy prevention. This hypothesis is in agreement with
pathology data indicating that acute axonal damage occurs early during disease course and
consequently early treatment with disease-modifying therapies may prevent axonal and brain
volume loss leading to disability progression [28]. Furthermore, RCT data also lends support
to this hypothesis, since both sc INFb-1a [29] and glatiramer acetate [30] have been associated
with attenuation of brain volume loss in comparison to placebo in patients with clinically
isolated syndrome.

Certain limitations of this report need to be acknowledged. First, 8 study protocols were ex-
cluded from the quantitative analysis, as they reported the mean brain volume percentage
changes in median values or did not provide the corresponding measures of dispersion in SDs.
As a result the number of included studies was relatively small. Despite evaluating independent
data from the different subgroups and/or time-points of each study in the overall analysis and
meta-regression models, the findings of the present meta-analysis need to be reproduced in fu-
ture using a larger number of RCTs. Second, even though quality control of the included stud-
ies suggests an overall low risk of bias, we cannot exclude bias related to funding source, as all
study protocols had financial and/or other support from pharmaceutical industries with a clear
conflict of interest on the study outcomes. Third, variable DMD (INFb-1a, GA, Fingolimod),
in different dosages (Fingolimod 1.25mg/0.5 mg) and in different routes of administration (per
os, intramuscularly, subcutaneously) were investigated in different RCTs. Thus, it is possible
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that the aforementioned differences in the treatment subgroups could be-at least partially- re-
sponsible for the identified correlations, even though no evidence of heterogeneity was detected
among trials. Fourth, the imaging methods that were used for the measurement of brain vol-
ume change were not identical in the included studies and this may have confounded the re-
ported associations. However, it should be kept in mind that no significant heterogeneity was
detected between trials using different neuroimaging protocols in our sensitivity analyses. Fi-
nally, this meta-analysis evaluated only the effect of DMD on brain volume loss and our find-
ings are not applicable to other treatment options currently evaluated in MS such as
immunosuppressive or chemotherapy agents that have been shown to induce excessive and
sustained brain volume reductions in MS patients [26,27,31].
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included studies.
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