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ORIGINAL
RESEARCH

Modeling MR Imaging Enhancing-Lesion Volumes
in Multiple Sclerosis: Application in Clinical
Trials

I.J. van den Elskamp
D.L. Knol

B.M.J. Uitdehaag
F. Barkhof

BACKGROUND AND PURPOSE: Although the number of enhancing lesions is the typical outcome
measure of choice in clinical trials in MS, a potentially more sensitive and statistically more powerful
outcome measure is the volume of enhancing lesions. In this study, we assessed the distribution and
statistical power of the volume of enhancing brain lesions as an outcome measure by means of their
required sample size, and we compared the results with the number of enhancing lesions.

MATERIAL AND METHODS: First, a literature search was performed to compare the effects of treat-
ment on the number and volume of enhancing lesions. Then, a statistical model was proposed to
describe the distribution of the volume of enhancing lesions in 2 datasets of patients with RRMS, and
sample sizes for enhancing-lesion volume as primary outcome measure were calculated.

RESULTS: A mixture of the binomial and Weibull distribution was determined to model enhancing-
lesion volumes in patients. Sample size calculations for enhancing-lesion volumes showed that
approximately 94 patients per arm would be required to detect a combination of 20% decrease in
lesion volume and 20% increase in patients without enhancing lesions, whereas calculations for
enhancing-lesion counts showed that approximately 129 patients would be required to detect a 50%
decrease.

CONCLUSIONS: The mixture of the binomial and Weibull distribution is a suitable approach in modeling
new enhancing-lesion volumes in MS and yielded feasible sample size estimates for clinical trials,
showing lesion volumes to be an advantageous outcome measure compared with lesion counts in
terms of statistical power.

ABBREVIATIONS: Gd � gadolinium; MS � multiple sclerosis; NB � negative binomial; RRMS �
relapsing-remitting multiple sclerosis; SPMS � secondary-progressive multiple sclerosis

M R imaging is a sensitive tool for visualizing the charac-
teristic inflammatory activity in patients with MS. On

Gd-enhanced T1-weighted images, focal breaches of the
blood-brain barrier appear as contrast-enhancing lesions and
serve as an objective marker to monitor the extent of inflam-
mation.1 In MS clinical trials, the reduction in the number of
enhancing lesions is often used as the outcome measure of
choice, while the reduction in the volume of enhancing lesions
is of secondary importance. Immunomodulatory com-
pounds, however, not only reduce the number of enhancing
lesions but also diminish the inflammatory activity and size of
the lesions that still originate. Di Rezze et al2 showed that treat-
ment with interferon beta-1b not only led to a decrease in the
cumulative number of enhancing lesions but also to a reduc-
tion of the size of the enhancing lesions originating during
treatment. In a study by Gupta et al,3 a comparable result was
shown for re-enhancing lesions, in which enhancing lesions
appearing during treatment with interferon beta were signifi-
cantly smaller than enhancing lesions arising during treatment
with a placebo. These studies show that total enhancing-lesion
volume accounts for 2 efficacy components (number and size)

and, thus, is a potentially more sensitive outcome measure to
detect anti-inflammatory treatment effects compared with en-
hancing-lesion counts alone. Moreover, the use of enhancing-
lesion volume is statistically advantageous, being a continuous
variable and likely yielding higher statistical power.

With the widespread use of approved therapies altering the
practice of clinical trials in MS, use of more sensitive and pow-
erful outcome measures to maximize the ability of detecting
treatment effects is becoming increasingly important. There-
fore, the objective of the present study was to assess the statis-
tical power of the cumulative volume of enhancing lesions as a
primary outcome measure in MS clinical trials. First, a system-
atic literature search for treatment efficacies on enhancing-
lesion number and volume was performed. Second, we pro-
posed a statistical model for the distribution of enhancing-
lesion volume. Then, sample size calculations based on the
range of reported treatment effects and the proposed statistical
distribution were performed to estimate the sample sizes re-
quired for parallel grouped placebo-controlled clinical trials,
by using the volume of enhancing lesions as a primary out-
come measure, and we compared the results with the number
of required patients for trials by using the number of enhanc-
ing lesions.

Materials and Methods

Literature Search
A literature search in the MEDLINE data base was performed to ob-

tain the range of treatment effects on enhancing-lesion number and
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enhancing-lesion volume. It required placebo-controlled clinical tri-

als that used both the number of Gd-enhancing lesions and the cu-

mulative volume of Gd-enhancing lesions as outcome measures. On

the basis of titles and abstracts, we selected full reports and evaluated

them for inclusion. Trials of interest were those examining the effi-

cacy of an immunomodulatory therapy in a placebo-controlled man-

ner, by using a serial monthly MR imaging protocol and reporting

both the effect on the number of enhancing lesions and the volume of

enhancing lesions.

Patient Cohorts
New enhancing-lesion data from 2 datasets without a treatment effect

were at our disposal. Baseline demographics and characteristics are

shown in Table 1. Dataset A (the Oral Interferon Beta-1a Study4) was

a cohort of 169 patients with RRMS who received varying doses of oral

interferon beta-1a or a placebo orally every other day for 7 months.

The cohort was regarded as a natural history cohort because no clin-

ical or MR imaging effect of any dose of oral interferon beta-1a was

observed. Patients were included when there were at least 2 clearly

documented relapses within 24 months before study entry in con-

junction with 7 T2 lesions on the screening scan or at least 1 clearly

documented relapse within 24 months before study entry in conjunc-

tion with at least 1 Gd-enhancing lesion and at least another 3 T2

lesions on the screening MR imaging. Dataset B (the Oral Temsiroli-

mus Study5) was the placebo arm of a double-blind placebo-con-

trolled multicenter trial and included 69 patients, among whom were

12 patients with early SPMS with continued relapses.

Patients were included if there was at least 1 documented relapse

in the preceding 12 months before screening or at least 1 documented

relapse in the preceding 24 months before screening in conjunction

with at least 1 Gd-enhancing lesion on the screening or baseline scan.

MR Imaging Analysis
MR imaging data in datasets A and B were obtained from 6 and 9

monthly follow-up scans, respectively. All scans were obtained in ac-

cordance with published guidelines for the use of MR imaging in

clinical trials.6 A radiologist marked all MS lesions on the original

films, after which a trained technician manually outlined the lesions

on each section of the scan by using purpose-developed software

(Show-Images), by using the markings as a reference. The volume of

enhancing lesions, measured in cubic millimeters, was determined by

the sum of all lesion areas in a given scan, multiplied by the intersec-

tion distance.

Statistical Methods
Statistical Modeling of Enhancing Lesion Volumes. The cumu-

lative volume of enhancing lesions was considered as the primary

outcome variable.

A known characteristic of the frequency distribution of lesion-

volume data (as visualized by a frequency histogram) is its positive

skewness, which typically is converted to a normal distribution by

transformation of the original variable by, for example, a cubic root

transformation.7 With enhancing-lesion volumes however, a prob-

lem arises due to the presence of a considerable amount of zero lesion

volumes in patients who develop no enhancing lesions at all, which is

not amenable to transformation. In the present study, enhancing-

lesion volume was modeled by using a 2-component or mixture

model. The first component determines the occurrence of inactive

patients and models the proportion of patients developing zero en-

hancing lesions during the study period by the NB distribution. The

second component focuses on the cumulative enhancing-lesion vol-

ume that active patients developed during the study period. To deter-

mine the best-fitting distribution for modeling the cumulative vol-

ume of enhancing lesions in active patients, we fitted a selection of 6

conceivable continuous distributions on the subset of active patients

in both datasets: the �, Weibull, log-normal, normal, normal after

cube root transformation, and inverse Gaussian distribution. All

models are basic and well-known distributions, generally applicable

in practice and characterized by 2 parameters.8 The goodness of fit

was assessed by means of the Anderson-Darling and the Kolmogorov-

Smirnov tests.

Sample Size Calculations. The statistical distribution determined

in section A (statistical modeling of enhancing lesion volumes), with

its parameters based on an untreated cohort of patients with MS, was

implemented in a sample size calculation procedure designed by Sor-

mani et al9 by using Matlab, Version 2007a (MathWorks, Natick,

Massachusetts). The distribution serves as an infinite population of

patients with MS and allows the simulation of parallel-grouped pla-

cebo-controlled clinical trials. For each simulated trial, a placebo arm

is created by sampling a number of patients from the chosen distri-

bution. A treatment arm, however, requires the simulation of a treat-

ment effect because the cumulative lesion volume of a treated patient

is expected to be lower than that of an untreated patient. In our meth-

odology, treated and untreated patients were sampled from the same

type of distribution, but for treated patients, the mean lesional vol-

ume of the distribution was shifted toward lower volumes. Because

our model separated inactive patients from active ones, we deter-

mined the proportion of inactive patients by sampling from the bino-

mial distribution and subsequently determined the cumulative vol-

ume of enhancing lesions for active patients by sampling from the

chosen continuous distribution.

For the treatment arms, a treatment effect was simulated by sam-

pling both the proportion of inactive patients from a binomial distri-

bution with an altered parameter �treated � �placebo � (1-treatment

effect) and the cumulative volume of lesions for active patients from

the chosen distribution with an altered parameter �treated � �placebo �

(1-treatment effect), with treatment effect ranging from 0 to 0.5. In

this way, treated patients were sampled from a binomial distribution

with a 0%–50% increase in proportion of inactive patients and a

chosen distribution with a 0%–50% decrease in mean lesion volume,

respectively.

A total of 1000 trials were simulated for a large range of sample

sizes and a statistical power of 80%. The sample size to obtain a sta-

tistically significant effect was determined by the proportion of trials

Table 1: Baseline descriptives and MR imaging characteristics

Characteristics
Dataset A
(n � 169)

Dataset B,
Placebo (n � 69)

Patient
Female/male 123:46 50:19
RRMS/SPMS with relapses 169:0 57:12
Mean age (SD) 35.4 (8.4) 38.5 (9.1)
Mean disease duration in

years (SD)
6.4 (5.3) 5.9 (5.9)

Median baseline EDSS
(IQR)

2.0 (1.5–3.5) 2.5 (1.5–3.5)

MR imaging
% Inactive patients 41.4% 69.6%
Mean number of enhancing

lesions (SD)
2.4 (4.1) 1.3 (0.4)

Note:—EDSS indicates Expanded Disability Status Scale; IQR, interquartile range.
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yielding a significant result and thus required 800 of the 1000 simu-

lated trials to yield a statistically significant result in either a signifi-

cant increase in inactive patients or a significant decrease in mean

enhancing-lesion volume for active patients. (Significance was deter-

mined by a Wilcoxon rank sum test at a 2-sided test level of .05). For

comparison, the number of required patients for trials by using the

number of enhancing lesions as a primary outcome measure was cal-

culated with the methodology developed by Sormani et al,10 with the

parameters of the required and validated NB distributions derived

from dataset A.

Results

Literature Search
A total of 29 MR imaging�monitored clinical MS trials from
1999 to 2008 was identified as potentially relevant. Twenty-
five studies were excluded after examining the full published
articles: Four studies did not include enhanced T1 imaging, 16
studies did not assess or report enhancing-lesion volumes, 1
study reported enhancing-lesion volumes but no enhancing-
lesion counts, and 4 studies were not placebo-controlled. The
results of the reports that met the specified inclusion criteria
are shown in Table 2.5,11-13 Overall, the treatment efficacy
measured by the percentage increase in inactive patients
ranged from approximately 0% to 40%, and the reduction of
cumulative enhancing-lesion volume, from 30% to 90%.
However, when the effects on enhancing-lesion volumes were
recalculated for the active patients in isolation (thus patients
truly responsible for the cumulative lesion volume), the effect
range for enhancing-volume reduction was an approximately
10%– 60% reduction. We noted that the range of effects for the
volume of enhancing lesions runs approximately parallel with
the range of treatment effects for the number of enhancing
lesions (overall mean effect of 56% and 58% reduction,
respectively).

Statistical Modeling
Table 3 shows the results of the Anderson-Darling and Kolm-
ogorov-Smirnov goodness of fit tests for the continuous dis-
tributions considered for describing the cumulative enhanc-
ing-lesion volume of patients (Easyfit 4.3, Mathwave
Technologies). In both datasets, the normal and inverse

Gaussian distributions proved a poor fit for enhancing-lesion
volume data, whereas small differences were found between
the remaining Weibull, �, log-normal, and normal (after cubic
root transformation) distributions. Overall, the Weibull dis-
tribution performed best and was elected to model the en-
hancing-lesion volume of the patients. Its fit is depicted in Fig
1. While the parameters of dataset A were applied in our sam-
ple size calculations, comparison of the estimated shape pa-
rameter of the Weibull distribution on dataset B showed little
difference between both datasets (shape � 0.76 and shape �
0.83 respectively), which strengthened our choice.

Sample Size Calculations
Table 4 displays the results of the sample size calculations
based on the cumulative enhancing-lesion volume as a pri-
mary outcome measure. A treatment effect on the Weibull
distribution was defined according to alteration of the scale
parameter, and the shape parameter was kept constant, in line
with the methodology of Sormani et al,10 in which the shape
parameter of the NB distribution was kept constant. To
strengthen this choice, comparison of the estimated shape pa-
rameter for the Weibull distribution of the treatment arm of
dataset B (shape � 0.76, data not shown) with the shape pa-

Table 3: Goodness of fit of conceivable continuous distributionsa

Distributions

Anderson-Darling
Kolmogorov-

Smirnov

Dataset
A

Dataset
B

Dataset
A

Dataset
B

Weibull �.2 �.2 .77 .77
� �.2 .1 � P � .2 .88 .12
Log-normal 0.1 � P � .2 �.2 .06 .99
Normal (cube root

transformation)
�.2 �.2 .60 .36

Normal (Natural logarithm
transformation)

0.1 � P � .2 �.2 .06 .99

Normal (Log10
transformation)

0.1 � P � .2 �.2 .06 .99

Normal �.01 �.01 �.01 �.01
Inverse Gaussian �.01 �.05 �.01 .49
a Results of the Anderson-Darling and Kolmogorov-Smirnov goodness-of-fit test for the
cumulative volume of enhancing lesions in active patients in datasets A (n � 133) and B
(n � 44). Data are P values.

Table 2: Results of literature searcha

Study No.b
FU Time

(mo)
% Inactive Patients

(Placebo)

Efficacy Measure

Absolute %
Increase in

Inactive Patients
Lesion No.

(All Patients)
Lesion Volume
(All Patients)

Lesion Volume
(Active Patients)

Oral temsirolimus 120 9 25% �2% �26% �29% �26%
Glatiramer acetate 239 9 5% �2% �33%c �42% �43%
Natalizumab

3 mg 139 6 32% �43% �88% �87% �64%
6 mg 145 6 32% �33% �82% �76% �54%

Oral fingolimod
1.25 mg 164 6 47% �30% �43% �50% �16%
5 mg 158 6 47% �35% �61% �63% �10%

Overall mean effect 13% 56% 58% 27%

Note:—FU indicates follow-up.
a Effects shown are the percentage increase in active patients, the percentage change in mean or median number of lesions, the percentage change in mean lesion volume in the complete
cohort, and the percentage change in mean lesion volume in active patients.
b Total number of participating patients in trial.
c Median lesion number.
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rameter of datasets A and B, 0.76 and 0.83, respectively,
showed minor-to-no difference in the shape of the distribu-
tion as a result of treatment.

Shown are the required number of patients per treatment
arm in a placebo-controlled clinical trial for the 2 effects re-
sponsible for changes in enhancing-lesion volume: the per-
centage increase in inactive patients and the percentage de-
crease in mean volume in active patients.

When patients in the placebo group are assumed to be
highly active (percentage of inactive patients, 10%), approxi-
mately 82 patients are required to significantly detect a mean
percentage decrease in enhancing-lesion volume and a per-
centage increase in inactive patients of 20%, whereas for the
same treatment effects, 94 patients are required when patients
in the placebo group are assumed to be moderately active (per-
centage of inactive patients, 40%). In both scenarios, sample
sizes decrease at a faster rate for an increase in lesional volume
effects than for the increase in effect on inactive patients.

For comparison, Table 5 displays the sample size estimates
obtained for the number of enhancing lesions as the primary
outcome measure for placebo-controlled clinical trials, ob-
tained with the parametric resampling and simulation proce-
dure based on the NB distribution.10 With the NB-parameter
estimates based on dataset A (� � 7.4, dispersion � 0.45), the
calculations show approximately 129 patients required for de-
tecting a 50% reduction in the mean number of enhancing
lesions, fitting in with previous estimated numbers.9

Discussion
The cumulative volume of enhancing lesions is a potentially
attractive and conceivable alternative for measuring the
amount of ongoing inflammation in patients with MS. To our
knowledge, this is the first study addressing the statistical dis-
tribution of new enhancing-lesion volumes and its statistical
power as a primary outcome measure in MS clinical trials. We
found that the distribution of cumulative enhancing-lesion
volumes is adequately described by a mixture of the binomial
distribution and the Weibull distribution, and we found en-
hancing-lesion volumes to be a potentially advantageous out-
come measure compared with enhancing-lesion counts in
terms of study power.

To our knowledge, there is no explicit literature validating
the use of enhancing-lesion volume as a surrogate outcome for
clinical outcome measures. However, there are several reasons
why the volume of enhancing lesions is a plausible marker for
the disease. First, given the same number of lesions, it is imag-
inable that a larger lesion volume leaves more damage and
induces more decrease in functional brain volume than a
smaller lesion volume.

Second, the volume of enhancing lesions also predict the
viability of the tissue affected by inflammation since larger
lesions are more likely to become a chronic black hole which is
a known marker of axonal degeneration.14 Although the use of
volumes as a continuous measure will increase the statistical
power of a trial, the outlining of lesional volumes might intro-
duce more inter- and intrarater variability, which might lessen
the benefit.

When the estimated sample sizes are considered, it be-
comes apparent that a decrease in lesion volume in active pa-
tients has a more favorable effect on the required sample size
compared with an increase in patients without enhancing le-
sions and that a more active cohort does not require more
patients. Because both processes are likely to occur in parallel,
these findings show that a decrease in measurable lesion vol-
ume lowers the detectability of treatment effects with a subse-
quent decrease in the study power and confirms the expected
advantage of selecting active patients for clinical trials.

Fig 1. Visualization of the fit of the Weibull distribution on cumulative enhancing volume
data of patients with enhancing-lesion volumes in dataset A, by means of a probability
attenuation function (attenuation on the y-axis describes the probability for enhancing-
lesion volume to occur at a given point).

Table 4: Sample size estimatesa

% Inactive
Patients in
Placebo
Group

% Decrease in
Mean Lesion

Volume of
Active Patients

Absolute % Increase in
Inactive Patientsb

0% 10% 20% 30% 40% 50%
10 0 – – – 435 225 124

10 518 309 204 139 86 65
20 128 101 82 65 47 38
30 56 50 43 35 30 27
40 31 28 24 22 21 19
50 20 19 18 17 16 16

40 0 – – – – – 580
10 470 369 315 251 199 153
20 121 115 94 83 75 66
30 49 44 44 40 37 36
40 25 24 23 24 21 20
50 15 15 15 15 14 15

a Number of patients per treatment arm necessary to perform parallel-group-designed trials
with a statistical power of 80%, to detect treatment effects ranging from 0% to 50%
increase in inactive patients and a 0%–50% reduction in mean enhancing-lesion volume in
active patients.
b – Indicates percentage increase of patients developing no/zero enhancing lesions during
follow-up.

Table 5: Number of patients per treatment arm necessary to perform
parallel grouped placebo-controlled clinical trialsa

% Decrease in Mean Number
of Enhancing Lesions No.
50 129
60 80
70 47
80 28
90 12
a To detect a percentage decrease in the mean number of enhancing lesions ranging from
50% to 90%, for a power of 80%.
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A limitation of our study is the use of a statistical model that
needs to describe both patients without enhancing lesions and
those who do develop enhancing lesions during the follow-up
period. Due to the separation of the overall treatment effect
into 2 effects (both parameters of the binomial-Weibull mix-
ture are affected by treatment), the resulting sample size esti-
mates are reported in tabulated form to encompass both treat-
ment effects. A formal comparison with sample-size estimates
for enhancing-lesion counts, therefore, becomes less “intui-
tive.” Still, when the current sample size estimates for volumes
and counts are considered, the order of magnitude of the sam-
ple sizes for enhancing-lesion volumes is considerably smaller
than the estimates for enhancing-lesion counts, even when
there is no increase in inactive patients and the treatment ef-
fects are driven solely by a decrease in enhancing volume
within active patients (Table 4, first column, 0% increase in
inactive patients).

This study is a first approach at statistically modeling en-
hancing-lesion volumes in MS. Ultimately, its parameteriza-
tion would allow parametric analyses of treatment effects in
clinical trials with subsequent estimation of treatment effects
(instead of P values) and adjustment for the effect of con-
founding variables in multivariate regression models. The
chosen Weibull distribution is well-known in statistical liter-
ature and is frequently applied for positive continuous data in
numerous fields of research (eg, survival analyses).8 In theory,
the Weibull distribution is applicable in the framework of a
generalized linear model, with a logistic regression model de-
scribing the occurrence of an active or an inactive patient, and
the Weibull distribution modeling the enhancing-lesion vol-
umes in active patients. Although both datasets indicate that
the Weibull distribution is the optimal fit, the differences in fit
with the � distribution, the log-normal distribution, and the
normal distribution on the cubic root-transformed data are
small. A definite choice for a model, therefore, can only be
validated when the fit is able to show consistent results in other
datasets.

Although currently the Weibull distribution proved the
most promising distribution for describing enhancing-lesion
volumes, the present data also showed that the log-normal
distribution was not substantially inferior to the Weibull dis-
tribution, and it could prove a feasible alternative, as recently
shown with the application of a zero-inflated log-normal
model in human sperm cell DNA data, taking into account
both inter- and intrasubject variations and the use of longitu-
dinal data.15 A disadvantage of the mixture approach is not
being able to cope with the mixture of both discrete and con-
tinuous distributions concurrently. A promising approach in
this regard is the Tweedie distribution, which has recently
been found to model rainfall data and fishery catch pro-
cesses.16,17 When applied to enhancing-lesion volumes, in-
stead of considering lesional volumes as 2 separate circum-
stances (eg, inactive patients and volumes in active patients) as
proposed in this study, the Tweedie distribution models both
processes concurrently in a single simplified model. In addi-
tion, the Tweedie distribution models processes by using gen-
eralized estimating equations, allowing adequate modeling of
dependent and longitudinal data. Future analyses should

prove whether this model adequately fits enhancing-lesion
volume data and is practically applicable.

Conclusions
In this study, we aimed to assess the distribution and statistical
power by means of the required sample size of the volume of
enhancing lesions compared with the number of enhancing
lesions as a primary outcome measure in MS clinical trials. We
proposed the mixture of the binomial and Weibull distribu-
tion to model the volume of enhancing lesions in patients with
RRMS and showed a smaller number of patients required for
clinical trials in MS using lesion volume as an outcome mea-
sure compared with trials using lesion numbers as outcome
measures.
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