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Abstract
Objective—To compare the sample size requirements for a neuroprotection trial with change in
cerebral gray matter volume (GMV), white matter volume (WMV) or whole brain parenchymal
volume (BPV) as outcome measures in patients with relapsing–remitting multiple sclerosis (RRMS).

Methods—Two datasets with longitudinal MRI measures of untreated patients with RRMS (n =
116 and n = 26) and one dataset of treated patients with RRMS (n = 109) were investigated. In each
dataset, normalised GMV, normalised WMV and normalised BPV were analysed using a random
intercepts and slopes model to estimate the variance components and per cent change. The required
sample size to observe a 33%, 50% and 90% reduction in the per cent change was calculated for each
dataset using both a constant per cent change for each measurement and the estimated per cent change
for each dataset.

Results—The per cent change was greatest in GMV but all variance components were smallest in
BPV. Using the estimated per cent change, the sample size required in the untreated cohorts was
similar for GMV and BPV, and both were lower than WMV. In the treated cohort, the sample size
for GMV was the smallest of all measures. Including additional scans reduced the sample size but
increasing the length of the trial and clustering scans led to greater reductions.

Conclusions—Cerebral GMV may be a viable outcome measure for clinical trials investigating
neuroprotection in RRMS patients, especially considering that the treatment effect may be larger on
GMV compared with BPV. However, GMV was somewhat limited by increased variability versus
BPV.
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The primary end point of most clinical trials in relapsing–remitting multiple sclerosis (RRMS)
has been a marker of inflammation. For phase I/II clinical trials, this end point is usually
gadolinium enhancing lesions on brain MRI scans; in phase III trials, the number of clinical
relapses or development of disability is the most common primary end point, with MRI
measures providing secondary and tertiary end points. Although FDA approved treatments
have shown efficacy in reducing inflammation, the treatments have limited effects in reducing
the destructive aspects of the disease, as assessed, for example, by brain or spinal cord atrophy.
One explanation for this is that MS consists of two processes—an inflammatory process and
a degenerative process—and the present treatments target the inflammatory process. Although
the treatments lead to a reduction in relapse rate, the degenerative phase of the disease may not
be fully interrupted. This problem is prevalent for patients with both the RR and progressive
forms of MS.

Research now focuses on a new class of treatments that target neuroprotection, rather than
reduction of inflammation.1–4 All MS patients are likely to benefit from effective
neuroprotective treatments because CNS atrophy begins early in the disease process.5 As
neuroprotection cannot be measured clinically over the length of time for most clinical trials,
one attractive surrogate for measuring such efficacy is by MRI based measures of brain and
spinal cord atrophy. The cerebral neurodegeneration measurements of interest include whole
brain atrophy, measured by reduction in normalised brain parenchymal volume (BPV), or
compartmental tissue atrophy, measured by reduction in normalised gray matter volume
(GMV) or white matter volume (WMV). Treatments aimed at mitigating brain atrophy may
be effective for MS, particularly when combined with immunomodulatory treatments.

A growing body of evidence indicates gray matter involvement in RRMS such as lesions,
atrophy, abnormal neuronal metabolites, reduced magnetisation transfer ratio, increased
diffusivity and T2 hypointensity.6 Several cross sectional studies have linked gray matter MRI
involvement with clinical impairment, including physical disability and cognitive dysfunction.
7–11 These findings underscore the potential for gray matter degeneration to serve as a marker
of disease progression in MS. As recently reviewed, gray matter disproportionately undergoes
atrophy compared with white matter in the MS brain.9 12–14 Moreover, WMV is susceptible
to fluctuations based on inflammatory activity such as increased volume that may offset
degenerative effects.13 15 Thus GMV loss may represent a more sensitive tool for assessing
neuroprotective therapeutic effects than BPV or WMV measures.

In order to determine the potential efficacy of neuroprotective agents, clinical trials need to be
designed, and the accompanying sample size calculations are required. Sample size
calculations for the effect of neuroprotective agents on whole brain atrophy have recently been
described in a study demonstrating the reduction in sample size via registration based MRI
segmentation.16 Because of the limited availability and technical challenges associated with
registration based serial analysis of GMV and WMV, we chose to compare the sample size
requirements for gray, white and whole brain volume based on serial measurements of
normalised volumes. We assessed both a monotherapy versus untreated study design and a
combination trial in which platform therapy is combined with a second therapy targeted to
reduce brain atrophy. The calculations in this paper are based on an exponential decline in
brain volume over the course of observation but a linear decline is a simple extension of the
method presented.

Materials and Methods
Subjects

Three datasets with longitudinal MRI measures of RRMS patients were investigated; two of
untreated patients and one of treated patients. The first untreated dataset (RRMS1) was a
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placebo group from a clinical trial scanned monthly for 9 months (n = 116), and the second
untreated dataset (RRMS2) was an observational cohort scanned every 3 months for 1.5 years
(n = 26).14 17 The treated dataset (RRMS3) was the group receiving daily glatiramer acetate
for 9 months (n = 109) from the same clinical trial as RRMS1.14 While we have data on
treatment versus placebo in this comparison trial, the purpose of the present study was to use
these data only to determine sample sizes for future studies and not to evaluate treatment
efficacy on GMV or WMV from the trial. We plan to present such an analysis in a separate
publication. The enrolment criteria for each of these datasets have been previously published,
and the demographics of the patients in each dataset are provided in table 1. Although each
group was classified as RRMS, the second untreated cohort consisted of patients with longer
disease duration and lower expanded disability status score.18 In this cohort, patients
voluntarily refused therapy for the duration of the study; therefore, these patients may have
been more benign than the general RRMS population.

MRI acquisition and segmentation
All datasets consisted of two-dimensional T1 weighted spin echo images acquired at 1.5 T. All
images had a field of view of 250 mm, matrix of 256×256 and pixel size = 0.98×0.98 mm2.
The RRMS1 and RRMS3 datasets consisted of 44 contiguous axial slices covering the entire
brain with a slice thickness of 3 mm. The images were part of a multicentre study in which the
allowed ranges of contrast parameters were the following: TR = 450–650 ms, TE = 10–20 ms.
The RRMS2 dataset consisted of 24 contiguous axial slices covering the entire brain with a
slice thickness of 5 mm. The images were acquired in San Raffaele hospital using a TR of 768
ms and a TE of 15 ms.

SIENAX was used to estimate the three brain volume measurements: normalised GMV,
normalised WMV and normalised BPV.19 SIENAX uses a brain extraction tool to segment
brain from non-brain tissue in the head and to estimate the skull surface. Then, the extracted
image was segmented into WM, GM and CSF, to estimate the absolute volumes of the tissue
compartments. The original image was registered to a canonical image in a standardised space
(derived from the MNI152 standard space) by using both the brain image and the exterior skull
surface, to provide a spatial normalisation scaling factor for each patient. The estimated
absolute volumes were then multiplied by the normalisation factor to yield normalised
parenchymal volumes of these tissue compartments. The output results from all segmentations
were visually inspected, and there were no severe effects of misclassifications.

Statistical methods
The demographic and baseline characteristics of the RRMS1 and RRMS2 cohorts were
compared using a Wilcoxon rank sum test; RRMS3 was not significantly different from
RRMS1 in any characteristic because these datasets were two arms from the same clinical trial.
Brain volumes were also compared, controlling for disease duration using linear regression. A
mixed effects model with a random intercept and slope was fit to the longitudinal brain matter
volume data (equation 1).20

Equation 1

Since the focus of the analysis was per cent change, the mixed effects model was fit on the log
scale. A transformation of the regression parameter, β1, was used to find the average per cent
change. A treatment that reduces the per cent change over time would lead to a difference in
the slope of the regression line from equation 1. The SD of the random intercept (σri) and slope
(σrs), the correlation between the random intercept and slope (ρr) and the residual SD (σe) were
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estimated from this model and utilised in the power calculation. As outliers can have a large
effect on regression models, severe outlying values were removed from the analysis. A severe
outlying value was defined a priori as a change of more than 0.1 on the log scale on consecutive
scans for either GMV or WMV or a change of more than 0.05 on the log scale on consecutive
scans for the BPV because these differences were likely due to mechanical error rather than
true change. For RRMS1, one patient was fully removed, and an additional 32 scans on 24
patients were removed; for RRMS2, one patient was fully removed, and an additional eight
scans on seven patients were removed. Finally, for RRMS3, three patients were fully removed,
and an additional 27 scans on 21 patients were removed. The cause of the outlying scans in all
cases was technical in nature, due to either inhomogeneity between the two interleaved sets of
images or poor segmentation of infratentorial regions.

A program for sample size calculation for differences in slopes with longitudinal data is freely
available online (http://hedwig.mgh.harvard.edu/biostatistics/software). Sample size
calculations for GMV, WMV and BPV as candidate outcome measures were based on the
estimate of the per cent change from each individual cohort and on an external value derived
from a recent literature review (0.7% annual decrease for all three volume measurements).12

In all cases, we estimated the sample size required to detect a 33%, 50% and 90% reduction
in the per cent change with 80% power at the two sided 0.05 level using a study with MRI
measurements at baseline, year 1 and year 2, and no dropouts. The reported sample sizes were
the total numbers of patients required assuming a 1:1 allocation of patients to treatment and
placebo arms. The effect of changing the number of scans and changing the total length of
follow-up were investigated. Clustering of scans was also investigated based on a previously
proposed paradigm.21

Results
Relationship between MRI and disease type

Baseline GMV, WMV and BPV were compared across groups (table 1). Although WMV was
significantly different in univariate analysis, the difference did not remain after adjusting for
disease duration (p = 0.21). All univariate and adjusted comparisons of GMV and BPV were
not significant.

Model characteristics
The estimated per cent change and variance components from the model in equation (1) for
each patient population were calculated (table 2). The per cent change in all groups was highest
in GMV, and this change was much greater than the 0.7% decrease from external data. WMV
changed less than GMV in the RRMS2 dataset and actually increased in the RRMS1 and
RRMS3 groups. The change in BPV was always between the change in WMV and GMV.
Finally, all variance components were lowest for BPV in each cohort.

Sample size calculation
The sample size requirements based on the estimated per cent change are provided in table 3.
In the RRMS1 cohort, the ratio of the sample size for GMV and BPV was 1:1.8 while in the
RRMS2 cohort, the ratio of the sample size for GMV and BPV was 1.6:1. In each cohort, the
sample size requirements for WMV were much greater than for either GMV or BPV. In the
RRMS3 cohort, BPV required more than a fivefold increase in sample size compared with
GMV but the sample size requirements for GMV were similar to RRMS1. As WMV increased
over the course of the study in the RRMS1 and RRMS3 cohorts, the reduction in the per cent
change corresponded to the treatment actually leading to a smaller increase in WMV, rather
than a smaller decrease as for the other measures. Although this treatment effect is not of
interest, a similar sample size is required if the magnitude of the per cent decrease in WMV
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was the same as the estimated per cent increase. The sample size calculations based on 0.7%
decrease for each measurement are available in the online supplement accompanying this
paper. In all cohorts, BPV required the smallest sample sizes because this measurement had
the smallest variance.

Increasing the number of on-study MRI scans during the trial had a limited effect on the
required sample size but increasing the length of the trial by 1 year decreased the required
sample size by approximately 10% (table 4). As previously demonstrated,21 designs that
clustered observations at the beginning and end of the study required lower sample sizes
compared with designs with equally spaced scans. The effects of the number of scans and the
length of the trial were similar for the different brain volume measurements.

Discussion
The results in this paper show the viability of compartment based global brain volume
measurements as outcomes in clinical trials for neuroprotection in RRMS patients. Although
we report the sample size calculations based on both the estimated per cent change (table 3)
and a constant per cent change from previous work (see supplementary data available online),
the calculations based on the estimated per cent change were likely more accurate because the
variance components and the per cent change were estimated from the same data. As the
estimated per cent change was larger in each cohort than the assumed constant per cent change,
the variance was likely also higher in our cohorts compared with previous cohorts. In addition,
the assumption of an equal per cent change of 0.7% for each compartment may misrepresent
the true level of gray and white matter atrophy. In one study, the rate of volume change was
similar in gray versus white matter22 but the gray matter volume change was observed to be
higher than the white matter volume change in two other studies.23 24 Therefore, the results
from table 3 may be more appropriate for design of future trials.

Although BPV had reduced variance because misclassification of CSF is less common than
misclassification of either GMV or WMV,9 combining the two compartments of brain tissue
reduced the information available if the disease was disproportionately affecting GMV or
WMV. For example, if MS disproportionately caused GMV loss, the change in BPV would
be contaminated by WMV, which is prone to fluctuations and thus relatively insensitive and
non-specific for axonal loss. It has been postulated that increases in WMV due to axonal
swelling, inflammation or oedema may offset any disease related WMV atrophy.6 13 15 It should
be kept in mind that it has been hypothesised but not unequivocally proven that GMV is a more
stable and reliable measure of neuroprotection and axonal loss than WMV. It remains possible
that GMV may also be affected by transient fluctuations separate from tissue destructive
processes.

The differences in the required sample size for the two untreated cohorts may be related to the
heterogeneity of the patient populations. RRMS1 was a placebo group preselected for a clinical
trial with relatively early and active MS. Conversely, RRMS2 was an observational untreated
group with a later stage of MS. RRMS1 is likely more representative of those who would be
enrolled in a neuroprotection clinical trial; therefore, the results for this cohort are likely most
relevant for design of future trials. At the same time, RRMS2 provides information for design
of trials in patients with more benign MS. Even though these patients have a less severe disease
course, they still have brain atrophy and may benefit from neuroprotective therapy.

Comparisons of the treated (RRMS3) versus the untreated (RRMS1) patients from the same
population showed that the sample sizes for GMV were similar but the sample size for BPV
increased almost fourfold. The increase in sample size for BPV was due to the difference in
estimated per cent change (table 2). A 50% reduction in the per cent change is smaller in
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magnitude in the treated group compared with the untreated group; therefore, a larger sample
size is required to observe the effect. The smaller increase in sample size for GMV was due to
the more modest difference in the estimated per cent change comparing the treated and
untreated groups (table 2) such that a 50% reduction in the per cent change was similar in
magnitude in both groups. The estimated variability in each measurement was similar for each
group. Therefore, GMV may be an even more promising marker for neuroprotection trials if
a combination strategy is employed where both treatment arms are receiving platform
immunomodulatory therapy.

Up to now, we assumed that the treatment would lead to the same reduction in the per cent
change for each of the brain volume measurements. A recent study has suggested that the
treatment effect of interferon β1a on preserving GMV is much greater than the effect on either
BPV or WMV.22 As the treatment effect may be greater on GMV, the sample size requirement
for a clinical trial involving GMV may correspond to a larger reduction in per cent change than
in either BPV or WMV. For example, a treatment may lead to a 50% reduction in the per cent
change in GMV while leading to only a 33% reduction in the per cent change in BPV. In this
case, GMV would require a smaller sample size in all RRMS cohorts when the estimated per
cent change is considered.

The large decrease in GMV contrasted with either increases or only slight decreases in WMV
were consistent with other cohorts of clinically isolated syndrome (CIS) or RRMS patients.
13 23 24 As the behaviour of the cohorts was similar to some previous RRMS cohorts, our results
can likely be generalised to other RRMS populations. However, in examining the results from
all longitudinal GMV and WMV studies, there is variability in atrophy rates across studies12;
thus we urge caution until further studies are available to confirm and extend our results. For
example, one study has shown similar change in the gray and white matter volume in untreated
patients.22 The increase in the size of the white matter over the course of the study in the
RRMS1 and RRMS3 cohort is consistent with observations made in CIS patients, which is
likely related to the effect of inflammation/plaques and oedema increasing WMV.13 The
increase in WMV may also be related to error in measurement such as misclassification of gray
matter as white matter. Therefore, the estimated per cent decrease in GMV from this sample
may be overestimating the true level.

Beyond misclassification, several observations were considered outliers based on large
changes in one measurement. In all cases, the source of error was associated with imaging
related technical factors. The errors associated with inhomogeneities in the image intensity
might be related to the coil used for acquisition or to other scanner related noise sources. If one
wants to use GMV and WMV as outcomes in clinical trials, one should check carefully that
all centres apply image intensity correction and include a sequence optimised for gray–white
segmentation (eg, MP-RAGE). Our findings should be interpreted in the context of previous
observations indicating that technical factors such as imaging segmentation methodology play
a major role in the results obtained in assessing atrophy rate and treatment effects.25 For
example, it is conceivable that other methods of performing cerebral gray versus white matter
image segmentation, such as FreeSurfer,26 with appropriate source images, would yield
different sample sizes.

When the effects of performing more frequent scanning during the 2 year observation period
were investigated, the reductions in sample size were modest. At the same time, clustering
measurements at the beginning and end of the trial led to a decrease in the sample size
requirements. The optimal spacing and number of scans must be determined for each trial based
on the length of follow-up, feasibility, expected dropout rate and within versus between person
variability. An excellent discussion of the different forms of variability in atrophy measures
and the benefits and difficulties related to clustering scans at the beginning and end of a trial

Healy et al. Page 6

J Neurol Neurosurg Psychiatry. Author manuscript; available in PMC 2010 March 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



has recently been published for whole brain atrophy measures, but the discussion applies
equally to our paradigm.21

The sample size calculations from our results are similar to those derived from the segmented
brain volume difference observed by another group.16 The significant reductions in sample
size observed from the registration techniques (eg, SIENA19) are not available for gray matter
and white matter because registration techniques are only widely used for whole brain atrophy.
If registration techniques were improved for GMV and WMV such that these techniques could
be applied on a large scale, similar reductions in sample size would be expected for these two
measures. At the same time, the sample size requirements observed in table 3 demonstrate the
viability of these measurements in clinical trials using the present technology.

An important limitation of our study is that our sample size calculations only apply to RRMS
patients who are untreated or starting glatiramer acetate, but all MS patients will be candidates
for these types of therapies. We urge caution in attempting to extend our results to other MS
phenotype groups such as patients with primary or secondary progressive MS, due to the likely
differences in the rate of compartmental atrophy versus patients with RRMS and CIS.12 It will
also be of interest to compare our findings with patients receiving other disease modifying
therapies such as interferon-β. An additional limitation of our study is the short duration of
treatment data (9 months) compared with the length of trial proposed (2 years). Our model
assumes the atrophy rate is equal over the course of treatment but immunomodulatory treatment
may not reduce atrophy immediately after initiation. Rather, the treatment may require several
months before an effect is observed.27 28 As patients in our study were starting
immunomodulatory treatment, the observed per cent change in our study may be higher than
if further follow-up data had been investigated. In addition, if patients were observed once the
treatment was in full effect, the change over time may have been reduced further. Due to these
factors, our sample size estimates for treated patients may be underestimated, but there is no
evidence that the relative difference between the compartmental atrophy and the whole brain
atrophy would be affected.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Table 1

Baseline characteristics of the patients

RRMS1 RRMS2 RRMS3 Univariate p value

No of patients 116 26 109

Sex (F/M) 83/33 18/8 85/24 0.81

Age (mean (SD)) 34.1 (7.5) 36.7 (7.2) 34.9 (7.2) 0.14

Disease duration (years from
first symptom) (mean (SD))

4.9 (3.8) 10.4 (7.8) 4.7 (4.0) 0.002

EDSS score (median
(interquartile range))

2 (1.5, 3.5) 1.5 (1, 2.5) 2 (1.5, 3) 0.006

WMV (mm3) (mean (SD)) 868 423 (85 185) 827 068 (68 313) 856 305 (78 411) 0.021

GMV (mm3) (mean (SD)) 683 707 (70 808) 693 395 (65 936) 688 304 (70 588) 0.51

BPV (mm3) (mean (SD)) 1 552 130 (103
000)

1 520 463 (95 968) 1 544 609 (87
652)

0.14

Univariate p values are from Wilcoxon tests comparing RRMS1 and RRMS2; similar p values were obtained from the three group comparison.

BPV, brain parenchymal volume; EDSS, expanded disability status scale; GMV, gray matter volume; RRMS, relapsing–remitting multiple sclerosis;

RRMS1, untreated cohort of RRMS patients observed monthly for 9 months14; RRMS2, untreated cohort of RRMS patients observed every 3 months

for 1.5 years17; RRMS3, treated cohort of RRMS patients observed monthly for 9 months14; WMV, white matter volume.
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Table 2

Volume change estimates from the mixed effects model

RRMS1 RRMS2 RRMS3

GMV

 Annualised % change −3.57 −1.89 −3.15

   σri 0.11 0.078 0.10

   σrs 0.037 0.040 0.036

   ρr −0.13 −0.49 0.24

   σe 0.023 0.029 0.023

WMV

 Annualised % change 1.05 −0.40 1.46

   σri 0.093 0.065 0.086

   σrs 0.035 0.028 0.028

   ρr 0.12 −0.07 0.11

   σe 0.022 0.028 0.022

BPV

 Annualised % change −0.94 −1.04 −0.53

   σri 0.071 0.063 0.057

   σrs 0.013 0.015 0.014

   ρr −0.17 −0.38 0.12

   σe 0.0080 0.014 0.0078

Estimated per cent change and variance components for GMV, WMV and BPV from each dataset.

σri is the SD of the random intercept; σrs is the SD of the random slope; ρr is the correlation between the random intercept and slope; and σe is the
residual SD. BPV, brain parenchymal volume; GMV, gray matter volume; RRMS, relapsing–remitting multiple sclerosis; RRMS1, untreated cohort

of RRMS patients observed monthly for 9 months14; RRMS2, untreated cohort of RRMS patients observed every 3 months for 1.5 years17;

RRMS3, treated cohort of RRMS patients observed monthly for 9 months14; WMV, white matter volume.
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Table 3

Sample size required to detect the specified reduction in the per cent change estimated from each dataset (table
2) based on a 2 year study with a baseline, year 1 and year 2 scan

Dataset Measurement 33% reduction 50% reduction 90% reduction

RRMS1 GMV 328 147 46

WMV 3859 1712 527

BPV 603 269 84

RRMS2 GMV 1127 503 157

WMV 18944 8425 2605

BPV 724 323 100

RRMS3 GMV 419 187 59

WMV 1414 627 193

BPV 2391 1064 329

Each sample size calculation assumes a 1:1 allocation of patients to treatment and placebo, 80% power and a two sided significance level of 0.05.
Sample sizes are totals for both arms.

BPV, brain parenchymal volume; GMV, gray matter volume; RRMS, relapsing–remitting multiple sclerosis; RRMS1, untreated cohort of RRMS

patients observed monthly for 9 months14; RRMS2, untreated cohort of RRMS patients observed every 3 months for 1.5 years17; RRMS3, treated

cohort of RRMS patients observed monthly for 9 months14; WMV, white matter volume.
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Table 4

Relative sample size required for trials with different numbers/spacing of scans or length of trials compared with
a 2 year trial with a baseline, year 1 and year 2 scan presented in table 3

Trial design GMV WMV BPV

Varying the number/spacing of scans

 Two scans: Baseline and year 2 1 1 1

 Three scans: Baseline, month 22, year 2 0.969 0.969 0.968

 Four scans: Baseline and every 8 months to year 2 0.986 0.983 0.984

 Four scans: Baseline, month 2 month, month 22, year 2 0.942 0.928 0.935

 Five scans: Baseline and every 6 months to year 2 0.972 0.965 0.969

 Five scans: Baseline, month 2, month 20, month 22, year 2 0.933 0.919 0.926

Varying the length of trial

 Three scans: Baseline, month 6 and year 1 1.46 1.50 1.49

 Three scans: Baseline, year 1.5 and year 3 0.917 0.905 0.910

 Three scans: Baseline, year 2 and year 4 0.889 0.871 0.879

Only the results for the RRMS1 dataset with per cent change from table 2 are presented but similar results were seen for the other datasets and the

per cent change from the literature.12

BPV, brain parenchymal volume; GMV, gray matter volume; RRMS1, untreated cohort of RRMS patients observed monthly for 9 months14; WMV,
white matter volume.
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