Multiple sclerosis

Effect of fingolimod on MRI outcomes in patients
with paediatric-onset multiple sclerosis: results from
the phase 3 PARADIGMS study
Douglas L Arnold  ,1,2 Brenda Banwell,3 Amit Bar-Or,4,5 Angelo Ghezzi,6
Benjamin M Greenberg  ,7 Emmanuelle Waubant,8 Gavin Giovannoni,9
Jerry S Wolinsky,10 Jutta Gärtner,11 Kevin Rostásy,12 Lauren Krupp,13 Marc Tardieu,14
Wolfgang Brück,15 Tracy E Stites,16 Gregory L Pearce,17 Dieter A Häring,18
Martin Merschhemke,18 Tanuja Chitnis,19 On behalf of the PARADIGMS Study
Investigators
►► Additional material is
published online only. To view
please visit the journal online
(http://d x.doi.o rg/10.1136/
jnnp-2 019-322138).

For numbered affiliations see
end of article.
Correspondence to
Dr Douglas L Arnold, Montreal
Neurological Institute, McGill
University, Montreal, H3A 0G4,
Canada; douglas.arnold@
mcgill.ca
Received 2 October 2019
Revised 30 January 2020
Accepted 3 February 2020
Published Online First 4 March
2020

►► http://dx.doi.org/10.1136/
jnnp-2 019-322519

© Author(s) (or their
employer(s)) 2020. Re-use
permitted under CC BY-NC. No
commercial re-use. See rights
and permissions. Published
by BMJ.
To cite: Arnold DL, Banwell
B, Bar-Or A, et al. J Neurol
Neurosurg Psychiatry
2020;91:483–492.

Abstract
Objective PARADIGMS demonstrated superior efficacy
and comparable safety of fingolimod versus interferon
β-1a (IFN β-1a) in paediatric-onset multiple sclerosis
(PoMS). This study aimed to report all predefined MRI
outcomes from this study.
Methods Patients with multiple sclerosis (MS) (aged
10–<18 years) were randomised to once-daily oral
fingolimod (n=107) or once-weekly intramuscular IFN
β-1a (n=108) in this flexible duration study. MRI was
performed at baseline and every 6 months for up to 2
years or end of the study (EOS) in case of early treatment
discontinuation/completion. Key MRI endpoints included
the annualised rate of formation of new/newly enlarging
T2 lesions, gadolinium-enhancing (Gd+) T1 lesions, new
T1 hypointense lesions and combined unique active
(CUA) lesions (6 months onward), changes in T2 and
Gd+ T1 lesion volumes and annualised rate of brain
atrophy (ARBA).
Results Of the randomised patients, 107 each were
treated with fingolimod and IFN β-1a for up to 2 years.
Fingolimod reduced the annualised rate of formation
of new/newly enlarging T2 lesions (52.6%, p<0.001),
number of Gd+ T1 lesions per scan (66.0%, p<0.001),
annualised rate of new T1 hypointense lesions (62.8%,
p<0.001) and CUA lesions per scan (60.7%, p<0.001)
versus IFN β-1a at EOS. The percent increases from
baseline in T2 (18.4% vs 32.4%, p<0.001) and Gd+
T1 (–72.3% vs 4.9%, p=0.001) lesion volumes and
ARBA (–0.48% vs −0.80%, p=0.014) were lower with
fingolimod versus IFN β-1a, the latter partially due to
accelerated atrophy in the IFN β-1a group.
Conclusion Fingolimod significantly reduced MRI
activity and ARBA for up to 2 years versus IFN β-1a in
PoMS.

Introduction

The overall incidence of paediatric-onset multiple
sclerosis (PoMS) is estimated to range from 0.18 to
0.79 per 100 000 children,1–4 except in a few regions
where a higher incidence of >2.6 per 100 000 children was reported.5–7 PoMS has a higher relapse
rate, that is, a highly active inflammatory disease

onset multiple sclecourse, compared with adult-
rosis (MS).8 9
Brain MRI plays an important role in diagnosing
and monitoring the characteristics of inflammatory lesions and brain volume in MS.10 The rate
of accrual of new T2 lesions in the first few years
after PoMS is higher than in adults.11 PoMS is associated with failure of age-expected brain growth
during childhood and early adolescence, and brain
atrophy from disease-onset to mid-adolescence and
into adulthood.12–14 Findings suggest that T2 and
T1 lesion volumes are comparable in patients with
paediatric-onset and adult-onset MS when matched
for disease duration.15 Higher T2 lesion volumes
correlate with reduced thalamic volumes in paediatric patients, and total thalamic volumes are
reduced relative to age-expected values, even after
correcting for reductions in head size.12 Despite
having more frequent brain lesions in PoMS,12 16
disability progression is slower than in adult-onset
MS,17potentially due to a heightened compensatory capacity of children during the initial phase of
the disease.15 Retrospective cohort data, however,
suggest that patients with PoMS reach moderate-
to-severe disability at an earlier age compared with
adult-onset MS.17 18
The mainstay of treatment for paediatric patients
with relapsing MS includes agents approved for
use in adults with MS such as interferon (IFN) β
and glatiramer acetate.18 19 More than 40% of
patients ultimately are switched to a high-efficacy
disease-
modifying therapy (DMT) due to suboptimal response.20 Data on the treatment of PoMS
are mainly supported by observational open-label
studies. The results of the first global randomised
phase 3 clinical trial in patients with paediatric
MS—PARADIGMS—have been published.21 This
study showed superior reduction with fingolimod
treatment in annualised relapse rate (82% relative
reduction, p<0.001) and annualised rate of formation of new or enlarging T2 lesions (52.6% relative
reduction, p<0.001) compared with IFN β-1a at up
to 24 months.21 The US Food and Drug Administration and European Union approved fingolimod for
the treatment of paediatric patients (10 years of age
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Methods
Study design and patient population

PARADIGMS was a double-
blind, active-
controlled, parallel-
group, multicentre study. The study was conceptualised as a flexible duration design24 comprising a core phase of up to 2 years,
followed by a 5-year fingolimod open-label extension phase, in
paediatric patients with MS aged 10–<18 years at enrolment.
Patients were randomised (1:1) to receive either oral fingolimod
(dose adjusted for body weight, 0.5 mg once daily for >40 kg
and 0.25 mg once daily for ≤40 kg) or intramuscular IFN β-1a
30 µg once weekly in a double-dummy design.
The study included patients who had been previously treated
or were treatment-naïve who experienced at least one relapse
in the past year or two relapses in the previous 2 years, or who
had evidence of one or more gadolinium-
enhancing (Gd+)
lesion on T1-weighted MRI within 6 months prior to randomisation (including screening MRI) with an Expanded Disability
Status Scale score of 0–5.5. Patient assessments during screening
and baseline included a central review process of the diagnosis
of paediatric MS by independent experts, on the basis of the
patient’s clinical history and MRI scans. Further details of the
study design and population are reported elsewhere (PARADIGMS ClinicalTrials.gov number, NCT01892722).21

MRI assessments and outcomes

MRI was assessed for all patients at screening and at months
6, 12, 18 and 24 or at the end of the study (EOS) in case of
early discontinuation or early completion of study treatment.
The MRI scans were analysed independently at a central reading
centre (NeuroRx Research, Montreal, Quebec, Canada).
The key MRI endpoint was the annualised rate of formation of
new/newly enlarging T2 lesions up to month 24 (key secondary
endpoint of the PARADIGMS study). Other secondary MRI
endpoints included the proportion of patients free of Gd+ T1
lesions at EOS, number of Gd+ T1 lesions per scan up to EOS
and volume of Gd+ T1 lesions at EOS.
Prespecified exploratory MRI endpoints included the proportion of patients free of new/newly enlarging T2 lesions up to
month 24, change in T2 lesion volume at EOS, annualised
rate of new T1 hypointense lesion formation up to month 24
and change in volume of T1 hypointense lesions at EOS. The
percent brain volume change (PBVC) from baseline to EOS and
annualised rate of brain atrophy (ARBA) were also assessed.
The brain volume at baseline was calculated using a modified
version of SIENAx V.5.0.4 software, in which the segmentation
maps of lesions were integrated into the white matter mask and
considered part of the white matter volume. Further details are
summarised in the online supplementary material. The PBVC
was measured using the Paired Jacobian Integration method.25 26
The ARBA was calculated from the PBVC, as = ((PBVC/100+1)
ˆ(365.25/#days) −1)×100, where ‘days’ stands for the scan
date relative to day 1 for the primary analysis and relative to the
date of the month 6 scan for the sensitivity analysis. ARBA is the
PBVC per year, which corrects for differences in study duration
between patients.27 Exploratory MRI endpoints also assessed the
number of combined unique active (CUA) lesions (Gd+ lesions
(for scans acquired with Gd) plus new/enlarging T2 lesions not
associated with gadolinium (Gd enhancement) on scans after 6
484

months up to month 24 and the proportion of patients free of
CUA lesions at EOS.

MRI procedure

Prior to the start of the study, the neuroradiologist and MRI
technician at each site were provided with an MRI manual, technical implementation documents, image quality requirements
and administrative procedures. Each site performed a dummy
run on a healthy child or an adult volunteer (unless it was specified by the site to be performed on a patient with MS) to ensure
standardised image contrast across sites. Once the dummy run
was accepted, all the parameter settings for the study-specific
MRI sequences were unchanged for the duration of the study.
The primary treating physician was not allowed to view the
MRI scans during the study in order to maintain blinding. A local
neuroradiologist reviewed the MRI scans to see if new lesions
were present. In cases of unexpected findings (eg, findings not
consistent with MS) observed during the study, the primary
treating physician was further notified by a local neuroradiologist. The central blinded MRI reading centre provided MRI
notifications during the core phase of the study if specified MRI
activity criteria were met for a given patient. The study physician was notified if the following criteria were met: ≥5 Gd+
lesions on the month 6 scan and ≥5 CUA lesions on the month
12 scan (notification triggered at month 12), ≥5 CUA lesions
on the month 12 scan and ≥5 new/enlarging T2 lesions on the
month 18 scan (notification triggered at month 18), or ≥5 new/
enlarging T2 lesions on the month 18 scan and ≥5 new/enlarging
T2 lesions on the month 24 scan (notification triggered at month
24). Only Gd+ lesions were considered at month 6 in order
to assess MRI activity after sufficient time had elapsed for the
treatment to become effective. Only new/enlarging T2 lesions
were considered from month 18 onwards, as increasing concerns
about potential toxicity of gadolinium led to removal of the
requirement for gadolinium administration during the conduct
of the study.
During the study, the MRI reading centre reviewed the MRI
scan to evaluate quality, completeness and protocol adherence.
If a scan was incomplete or incorrectly performed, the study
centre was requested to repeat it as soon as possible. After
passing quality control, all scans were analysed according to the
MRI protocol. The time point of EOS is the last MRI scan available during the blinded trial. Modifications in the MRI schedule
were followed to avoid potential confounding effects of steroids
for the treatment of MS relapse. In the case of relapse, no MRI
scan was performed while a patient was on intravenous steroid
therapy and within the 30 days following termination of steroid
therapy. The number and volume of Gd+ lesion data obtained
<30 days after use of a steroid for treatment of relapses was
excluded from the Gd+ T1 analysis.

Scanning and sequences

The following five sequences were acquired: proton density-
weighted, T2-weighted and T1-weighted scans prior to gadolinium injection, whereas fluid attenuated inversion recovery
(FLAIR) and T1-weighted scans after gadolinium injection. The
FLAIR sequence was acquired after administration of gadolinium during the 10 min wait period before acquiring the post-
gadolinium scan. Resolution of all scans was approximately
1×1 mm in plane and 3 mm out of plane. The use of contrast
medium was optional from month 18; sites were allowed to
use contrast medium if this was normally done as part of the
site’s routine clinical practice. Magnetic field strengths included
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and above) with relapsing MS in the USA22 and in Europe.23 The
present study reports the effect of fingolimod versus IFN β-1a on
all predefined MRI outcomes and post hoc analyses of MRI data
from the PARADIGMS study.
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Scan geometry for MRI sequences

FOV (mm)
(GE, Siemens)

FOV
A-PxR-L
(Philips)

Matrix

FOV Phase (Siemens)
Phase FOV (GE)
RFOV (Philips)

Slices (n)

Slice thickness
(mm)

Phase-encoding
Frequency-
direction (Siemens, encoding
Philips)
direction (GE)

a. Scan geometry for PDW sequences
 250

250×199

256×256

100% (Siemens, GE)
80% (Philips)

60

3 (no gap)

R-L

A-P

256×256

100% (Siemens, GE)
80% (Philips)

60

3 (no gap)

R-L

A-P

256×256

75% (Siemens, GE)
75% (Philips)

60

3 (no gap)

R-L

A-P

256×256

75% (Siemens, GE)
75% (Philips)

60

3 (no gap)

R-L

A-P

b. Scan geometry for T2W sequences
 250

250×199

c. Scan geometry for T1W sequences
 250

250×188

d. Scan geometry for FLAIR sequences
 250

250×188

A-P, anterior-posterior; FLAIR, fluid-attenuated inversion recovery; FOV, field-of-view; PDW, proton density-weighted; RFOV, reduced FOV; R-L, right-left; T1W, T1-weighted
sequence; T2W, T2-weighted sequence.

both 1.5 Tesla (1.5T) and 3T (table 1). Further details on each
sequence are summarised in online supplementary table S1.

Statistical analysis

All the MRI outcomes were analysed on the full analysis set
(FAS), comprising all randomised patients who received at least
one dose of the study drug. The annualised rate of formation
of new/enlarging T2 lesions (key secondary endpoint) was also
analysed on the per-protocol set (all FAS patients with no major
protocol deviations) as a supportive analysis. In addition, a
sensitivity analysis for the annualised rate of formation of new/
enlarging T2 lesions was performed on the FAS population
after the exclusion of patients in the IFN β-1a group who were
neutralising antibody positive at the EOS visit. EOS was defined
as the last assessment taken on or before the final study visit
date. The number of new/enlarging T2 lesions was also analysed in the DMT-naïve subgroup, defined as patients who had
not received any previous DMT prior to the study. Post hoc
analyses of the number of new/enlarging T2 lesions for subject
subgroups as defined by sex, age (≤12 and >12 years), body
weight (≤40 and >40 kg) and treatment experience at baseline
were also performed. A post hoc analysis included the proportion of patients free from new T1 hypointense lesions at EOS.
All the MRI endpoints were summarised using descriptive
statistics by treatment group and visit. The annualised rate of
formation of new/enlarging T2 lesions, new T1 hypointense
lesions and number of CUA lesions per scan were analysed
using a negative binomial regression model adjusted for treatment, region, pubertal status and the corresponding baseline
value; time on study was included as an offset variable for each
covariate (and subgroup by treatment interaction for relevant
post hoc analyses). The least squares mean values and their 95%
CI, estimates of the rate ratio and its 95% CI, and the p value for
treatment comparisons are reported. The proportions of patients
free of new MRI lesions were analysed using a logistic regression model adjusted for treatment, region, pubertal status and
the corresponding baseline value. The volume of Gd+ lesions,
T2 lesions and T1 hypointense lesions on MRI were analysed
via a rank analysis of covariance (ANCOVA) model adjusted for
treatment, region, pubertal status and relevant baseline values.
The PBVC and ARBA up to Month 24 were analysed using an
ANCOVA model adjusted for treatment, region, pubertal status
and the corresponding baseline brain volume. Furthermore, a
post hoc sensitivity analysis for PBVC re-baselined to the month

six scan, PBVC in patients with no Gd+ lesions at baseline and
PBVC in patients with ≥1 Gd+ lesions at baseline was conducted
using the same approach. The least squares mean and its 95% CI,
the estimate of between-group difference and its 95% CI, and
the p value for treatment comparisons are reported from the
ANCOVA model.

Results
Patient disposition and baseline characteristics

Of 348 unique screenings (patients could be screened more
than once), 215 patients were randomised into the study (fingolimod, n=107; IFN β-1a, n=108). Of the randomised patients,
214 received study medication and were included in the FAS
(fingolimod, n=107; IFN β-1a, n=107). The per-protocol set
consisted of 197 patients. In total, 188 patients completed the
core phase of the study (fingolimod, 100 (93.5%); IFN β-1a,
88 (81.5%)) between July 2013 and August 2017. The sensitivity analysis that excluded IFN neutralising antibody-positive
patients included 98 patients out of 107 in the IFN β-1a treatment group. Further details on patient disposition and baseline
characteristics are reported in the primary paper.21
Overall, the mean (SD) age of the study population was 15.3
(1.81) years, ranging between 10 and <18 years at randomisation. Most patients were Caucasian (~92%) and female (~62%);
10 patients were in the prepubertal (Tanner staging score <2)
at randomisation. The mean body mass index was 22.5 (4.51)
kg/m2. Overall, MS and MRI characteristics at baseline were
comparable between the two treatment groups. Of note, a lower
proportion of patients in the fingolimod group were free of
Gd+ T1 lesions at baseline compared with the IFN β-1a group
(table 2). More patients in the fingolimod group compared
with the IFN β-1a group completed on-study treatment at 18
months (69% vs 51%) and 24 months (28% vs 18%). Overall,
the median duration of exposure was 634 and 547 days for the
fingolimod and IFN β-1a treatment groups, respectively. This
exposure corresponded to 176.0 patient-years in the fingolimod
group and 153.4 patient-years in the IFN β-1a group.

MRI outcomes
New/enlarging T2 lesions

The annualised rate of formation of new/enlarging T2 lesions
up to EOS was the predefined key secondary endpoint of
the study and was lower in patients treated with fingolimod
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Table 1

Multiple sclerosis
Patient demographics and baseline characteristics (randomised; intention-to-treat cohort)

Characteristic

Fingolimod

IFN β-1a

Total

N=107

N=108

N=215

Age (years)

15.2±2.00

15.4±1.60

15.3±1.81

 Median (range)

16.0 (10–17)

16.0 (11–18*)

16.0 (10–18*)

Sex, female, n (%)
Race, n (%)
 Caucasian

70 (65.4)
 

64 (59.3)
 

134 (62.3)
 

100 (93.5)

97 (89.8)

 American Indian or Alaska Native

3 (2.8)

2 (1.9)

197 (91.6)
5 (2.3)

 Black

1 (0.9)

4 (3.7)

5 (2.3)

 Asian

1 (0.9)

0

1 (0.5)

 Other

2 (1.9)

5 (4.6)

7 (3.3)

Weight group (kg), n (%)
 >40
Pubertal status (Tanner staging score)†, n (%)

 
 

 Prepubertal (<2)
 Pubertal (score ≥2)

 

98 (91.6)

 

107 (99.1)
 

205 (95.3)
 

7 (6.5)

3 (2.8)

10 (4.7)

98 (91.6)

105 (97.2)

203 (94.4)

Duration of MS since diagnosis (years)

1.1±1.25

1.4±1.48

1.2±1.38

 Median (range)

0.7 (0–8)

0.8 (0–7)

0.7 (0–8)

No. of relapses in the year before screening

1.5±0.95

1.5±0.92

1.5±0.93

 Median (range)

1.0 (0–4)

1.0 (0–7)

1.0 (0–7)

No. of relapses in the 2 years before screening

2.4±1.44

2.5±1.32

2.4±1.38

 Median (range)

2.0 (0–8)

2.0 (1–9)

Treatment history, n (%)

 

 

2.0 (0–9)
 

 Treatment-n aïve

69 (64.5)

67 (62.0)

136 (63.3)

 Any IFN β

34 (31.8)

35 (32.4)

69 (32.1)

 Glatiramer acetate

6 (5.6)

9 (8.3)

15 (7.0)

 Natalizumab

2 (1.9)

2 (1.9)

4 (1.9)

 Dimethyl fumarate

0 (0.0)

1 (0.9)

No. of Gd+ T1 lesions

n=106

n=107

 Mean (SD)

2.6±6.01

3.1±6.49

 Median (range)

1.0 (0–52)

0.0 (0–37)

Proportion of patients free from Gd+ lesions, n (%)
Volume of Gd+ T1 lesions (mm3)
 Mean (SD)
 Median (range)
No. of T2 lesions

47 (44.3)
n=106

59 (55.1)
n=107

454 (1190.4)
73 (0–9662)
n=107

412 (936.6)
0 (0–6160)
n=107

1 (0.5)
n=213
2.9±6.25
1.0 (0–52)
106 (49.8)
n=213
433 (1068.1)
23 (0–9662)
n=214

 Mean (SD)

41.9 (30.33)

45.6 (33.85)

43.7 (32.11)

 Median (range)

31.0 (2–126)

32.0 (4–145)

31.5 (2–145)

Proportion of patients free from T2 lesions, n (%)
Volume of T2 lesions (mm3)

0

0

0

n=107

n=107

n=214

11 512 (15 087.0)

10 207 (14 177.8)

 Mean (SD)

8902 (13 147.6)

 Median (range)

5245 (52–116 533)

Volume of T1 hypointense lesions (mm3)
 Mean (SD)
 Median (range)
Whole brain volume (cm3)

n=107

6197 (189–101 099)
n=107

1591 (3906.5)
484 (0–35 394)
n=107

2609 (5823.8)
753 (0–46 893)
n=105

5548 (52–116 533)
n=214
2100 (4973.3)
592 (0–46 893)
n=212

 Mean (SD)

1154 (126.8)

1160 (121.5)

1157 (124.0)

 Median (range)

1146 (917–1633)

1136 (910–1487)

1139 (910–1633)

*These individuals were confirmed as being <18 years of age at randomisation; local laws permitted only their birth year to be recorded.
†Tanner staging scores, based on the higher score assigned for breast development and for pubic hair assessment in female patients, and the higher score assigned for genital
stage and for pubic hair assessment in male patients. A bone age ≥16 years and/or menarche for female patients was considered as pubertal if the Tanner staging score was
missing. n, number of patients included in each analysis.
Gd+, gadolinium-enhancing; IFN, interferon; MS, multiple sclerosis.

compared with IFN β-1a (52.6% relative reduction, p<0.001;
table 3).21 The robustness of this result was further confirmed
by supportive analyses in the per-protocol set, which demonstrated a similar risk reduction (month 0 to EOS: 51.6% relative reduction, p<0.001).28 In addition, further supporting the
486

robustness of the results, a sensitivity analysis excluding patients
positive for interferon neutralising antibodies in the IFN β-1a
treatment group showed a slightly lower risk reduction in this
result at EOS (47.6%, p<0.00128; figure 1). The proportion of
patients free of new/enlarging T2 lesions at EOS was higher in
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Table 2

Multiple sclerosis
Effect of fingolimod on MRI inflammatory lesion activity at EOS (FAS)
Adjusted mean number (95% CI)

Between-treatment comparison

Fingolimod
N=107

IFN β-1a
N=107

Rate ratio
(95% CI)

Annualised rate of new/enlargingT2 lesions (per patient per year)*

n=106
4.39
(3.617 to 5.336)

n=102
9.27
(7.661 to 11.214)

0.47
(0.361 to 0.622)

52.6

<0.001

No. of Gd+ T1 lesions per scan†

n=106
0.44
(0.313 to 0.608)

n=101
1.28
(0.934 to 1.758)

0.34
(0.215 to 0.540)

66.0

<0.001

Annualised rate of new T1 hypointense lesions (per patient per year)‡

n=107
4.50
(3.468 to 5.828)

n=96
12.10
(9.242 to 15.830)

0.37
(0.255 to 0.542)

62.8

<0.001

No. of CUA lesions per scan§¶

n=104
2.40
(1.850 to 3.100)

n=98
6.09
(4.702 to 7.881)

0.39
(0.273 to 0.567)

60.7

<0.001

MRI outcomes

Rate reduction (%) P value

EOS is defined as the last assessment taken on or before the final study phase visit date. n, number of patients included in each analysis.
*Obtained from fitting a negative binomial regression model adjusted for treatment, region, pubertal status (the stratification factor in IVRS) and baseline T2 lesion number (offset: time on study).
†Obtained from fitting a negative binomial regression model with the cumulative number of Gd+ T1 lesions on all scheduled post-baseline MRI scans during the study as the response variable,
adjusted for treatment, region, pubertal status (the stratification factor in IVRS) and baseline number of Gd+ T1 lesions (offset: number of MRI scans).
‡Obtained from fitting a negative binomial regression model with cumulative number of new T1 hypointense lesions adjusted for treatment, region and pubertal status (the stratification factor in
IVRS) (offset: time on study).
§Obtained from fitting a negative binomial regression model adjusted for treatment, region, pubertal status (the stratification factor in IVRS), baseline number of Gd+ T1 lesions and baseline
number of T2 lesions.
¶CUA lesion count is defined as Gd+ lesions plus new/newly enlarging T2 lesions not associated with Gd enhancement for scans performed after Gd administration, or only new/newly enlarging
T2 lesions for scans done without contrast. CUA lesions were measured from 6 months onwards.
CUA, combined unique active; EOS, end of the study; FAS, full analysis set; Gd+, gadolinium-enhancing; IFN, interferon; IVRS, interactive voice response system.

fingolimod-treated patients compared with those treated with
IFN β-1a (16.0% vs 3.9%, p=0.011; figure 2). The mean per
cent increase in T2 lesion volume from baseline at EOS was
lower with fingolimod treatment compared with IFN β-1a
(18.4% vs 32.4%, p<0.001; table 4).

Gd+ T1 lesions

Treatment with fingolimod resulted in a 66.0% reduction in the
number of Gd+ T1 lesions per scan compared with IFN β-1a
at EOS (p<0.001; table 3).21 A higher proportion of patients in
the fingolimod group were free of Gd+ T1 lesions compared
with the IFN β-1a group at EOS (77.4% vs 53.5%, p<0.001;
figure 2). The mean percent change in Gd+ T1 lesion volume

Figure 1 Annualised rate of the number of new/enlarging T2 lesions
from baseline by time point (sensitivity analysis)ˆ. *p≤0.05 vs IFN β-1a;
**p≤0.001 vs IFN β-1a. Data are expressed as adjusted mean±95% CI.
n, number of patients included in each analysis. EOS is defined as the last
assessment taken on or before the final study phase visit date. ˆAnalysis
excluding patients positive for neutralising antibodies in the IFN β-1a
treatment group–nine IFN patients were positive for antibodies. aObtained
from fitting a negative binomial regression model adjusted for treatment,
region, pubertal status (the stratification factor in IVRS) and baseline
number of T2 lesions (offset: time on study). EOS, end of the study; IFN,
interferon; IVRS, interactive voice response system.

from baseline showed a decrease in fingolimod-treated patients
compared with a slight increase in those treated with IFN β-1a
over the study period (–72.3% vs 4.9%, p=0.001; table 4).

T1 hypointense lesions

The annualised rate of formation of new T1 hypointense lesions
was reduced with fingolimod treatment compared with the IFN
β-1a group at EOS (62.8% rate reduction, p<0.001; table 3).
This reduction in new T1 lesion formation was consistently
observed in fingolimod-
treated patients compared with IFN
β-1a throughout the study. The percent change from baseline
in T1 hypointense lesion volume between the fingolimod and

Figure 2 Proportion of patients free of MRI endpoints (FAS). *p≤0.05 vs
IFN β-1a; **p≤0.001 vs IFN β-1a. nʹ, number of patients free from MRI
outcomes; n, number of patients included in each analysis. CUA lesion
count is defined as Gd+ lesions plus new/newly enlarging T2 lesions
not associated with Gd enhancement for scans performed after Gd
administration, or only new/newly enlarging T2 lesions for scans done
without contrast. CUA lesions were measured from 12 months onwards.
EOS is defined as the last assessment taken on or before the final study
phase visit date. Proportions of patients free from new MRI lesions
were analysed using a logistic regression model adjusted for treatment,
region, pubertal status and the corresponding baseline value. CUA,
combined unique active; EOS, end of the study; FAS, full analysis set; Gd+,
gadolinium-enhancing; IFN, interferon.
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Table 3

Multiple sclerosis
Effect of fingolimod on MRI volumes at EOS (FAS)
Mean baseline volumes

Mean percent change from baseline

Between-treatment comparison

Fingolimod
N=107

IFN β-1a
N=107

Fingolimod
N=107

IFN β-1a
N=107

Mean difference
(95% CI)

P value

T2 lesion volume* (mm3)

n=107
8902

n=106
11 455

n=107
18.4%

n=102
32.4%

–

<0.001

Gd+ T1 lesion volume† (mm3)

n=106
455

n=106
416

n=59
–72.3%

n=45
4.9%

–

0.001

T1 hypointense lesion volume‡ (mm3)

n=107
1591

n=106
2600

n=105
98.9%

n=99
81.9%

–

0.502

Annual rate of brain atrophy§ (cm3) (95% CI)

n=107
1154

n=104
1161

n=96
–0.48%
(–0.65 to –0.30)

n=89
–0.80%
(–0.98 to –0.61)

0.32
(0.06 to 0.57)

0.014

MRI outcomes

(–) indicates a decrease in values versus baseline. n, number of patients included in each analysis. EOS is defined as the last assessment taken on or before the final study phase
visit date.
*Obtained from fitting a rank ANCOVA model adjusted for treatment, region, pubertal status (the stratification factor in IVRS) and baseline total volume of T2 lesions.
†Obtained from fitting a rank ANCOVA model adjusted for treatment, region, pubertal status (the stratification factor in IVRS) and baseline total volume of Gd+ T1 lesions.
‡Obtained from fitting a rank ANCOVA model adjusted for treatment, region, pubertal status (the stratification factor in IVRS) and baseline T1 hypointense lesion volume.
§Obtained from fitting an ANCOVA model adjusted for treatment, region, pubertal status (the stratification factor in IVRS) and baseline whole brain volume.
ANCOVA, analysis of covariance;EOS, end of the study; FAS, full analysis set; Gd+, gadolinium-enhancing; IFN, interferon; IVRS, interactive voice response system.

IFN β-1a treatment groups was not significant at EOS (table 4)
and consistently did not reach statistical significance throughout
the study. The post hoc analysis results showed that the proportion of patients free of new T1 hypointense lesions was higher
with fingolimod treatment than with IFN β-1a at EOS (22.4%
vs 11.5%, p<0.048).

CUA lesions

The CUA lesions were reported at month 12 onwards. There
was a significant reduction in the number of CUA lesions per
scan at months 12, 18, 24 and EOS with fingolimod treatment
compared with IFN β-1a (figure 3). A relative reduction rate of
60.7% (p<0.001) was observed at EOS (table 3). Treatment with
fingolimod resulted in more patients free of CUA lesions at EOS
(51.0% vs 19.4%; p<0.001; figure 2).

Percent brain volume change

Fingolimod treatment resulted in reduction of ARBA versus IFN
β-1a (−0.48% vs −0.80%), with a between-treatment difference of 0.32 (p=0.014; table 4) at EOS.21 Significantly lower
brain volume loss was observed in fingolimod-treated patients
at months 6, 12, 18 and 24 and EOS than in IFN β-1a–treated
patients (figure 4). The sensitivity analysis (post hoc) re-baselined
to the month 6 scan showed a numerical but not statistically
significant lower BVL for fingolimod-treated patients (figure 5).
A box and whisker plot of the ARBA (re-baselined 6 months) at
EOS is provided in the online supplementary figure S1. Similar
trends in favour of fingolimod compared with IFN β-1a were
observed in patients who had no Gd+ lesions at baseline (online
supplementary figure S2) and those who had ≥1 Gd+ lesions at
baseline (online supplementary figure S3).
Figure 3 Mean number of CUA lesions per scan by time point (FAS).
*p≤0.05 vs IFN β-1a; **p≤0.001 vs IFN β-1a. Data are expressed as
adjusted mean±95% CI. n, total number of patients with an available
result for the corresponding time point or time window and included
in the analysis. CUA lesion count is defined as Gd+ lesions plus new or
newly enlarging T2 lesions not associated with Gd enhancement for scans
performed after Gd administration, or only new or newly enlarging T2
lesions for scans done without contrast. CUA lesions were measured from
6 months onwards. EOS is defined as the last assessment taken on or
before the final study phase visit date. aObtained from fitting a negative
binomial regression model adjusted for treatment, region, pubertal status
(the stratification factor in IVRS), baseline number of Gd+ T1 lesions and
baseline number of T2 lesions (offset: number of MRI scans). CUA counts
based on data obtained <30 days after steroid treatment was used to treat
MS relapses are excluded. CUA, combined unique active; EOS, end of the
study; FAS, full analysis set; Gd+, gadolinium-enhancing; IFN, interferon;
IVRS, interactive voice response system; MS, multiple sclerosis.
488

Post hoc analyses of new/enlargingT2 lesions

Compared with baseline, the annualised rate of new/enlarging T2
lesions for each subgroup—sex, age, body weight, and treatment
experience at baseline—was consistently lower in the fingolimod
group than in the IFN β-1a group at EOS (table 5). There was a
reduction in the annualised rate of formation of new/enlarging
T2 lesions at EOS with fingolimod compared with IFN β-1a in
both male (54.2%, p<0.001) and female (53.2%, p<0.001)
and in subgroups of patients aged >12 years (53.7%, p<0.001)
and weighing >40 kg (53.0%, p<0.001), as well as prior DMT-
experienced patients (51.4%, p=0.002) and in the DMT-naïve
subgroup (53.4%, p<0.001).28

Discussion

In this first randomised phase 3 study in paediatric patients with
MS (aged 10–<18 years), fingolimod significantly reduced brain
MRI activity and slowed the annualised rate of brain volume
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Table 4

Multiple sclerosis

loss compared with IFN β-1a for up to 2 years. Compared
with IFN β-1a, treatment with fingolimod resulted in relative
risk reductions of 52.6% for new/enlarging T2 lesions, 66% for
Gd+ lesions and 60.7% for CUA lesions, as well as reduction
of ARBA (between-treatment difference: 0.32). Approximately
77% of patients in the fingolimod group and 54% in the IFN
β-1a group were free of Gd+ lesions at EOS. Furthermore, 51%
of patients on fingolimod and 19.4% of patients on IFN β-1a
were free of Gd+ lesions or new/enlarging T2 lesions not associated with Gd enhancement (ie, accrued CUA lesions). Subgroup
analysis results found that the relative reduction in annualised
rate of formation of new/enlargingT2 lesions was similar in
both male and female, and in patients who were DMT-naïve or
DMT-experienced at baseline, consistent with the findings in

Figure 5 Percent change in brain volume (re-baselined from 6 months)
by time point (FAS). Data are expressed as adjusted mean±95% CI. n,
number of patients included in each analysis. EOS is defined as the last
assessment taken on or before the final study phase visit date. aObtained
from fitting an ANCOVA model adjusted for treatment, region, pubertal
status (the stratification factor in IVRS) and 6-month baseline normalised
brain volume as covariates. ANCOVA, analysis of covariance; EOS, end
of the study; FAS, full analysis set; IFN, interferon; IVRS, interactive voice
response system.
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Figure 4 Percent change from baseline in brain volume by time point
(FAS). *p≤0.05 vs IFN β-1a; **p≤0.001 vs IFN β-1a. Data are expressed as
adjusted mean±95% CI. n, number of patients included in each analysis.
EOS is defined as the last assessment taken on or before the final study
phase visit date. aObtained from fitting an ANCOVA model adjusted for
treatment, region, pubertal status (the stratification factor in IVRS) and
baseline normalised brain volume. ANCOVA, analysis of covariance; EOS,
end of the study; FAS, full analysis set; IFN, interferon; IVRS, interactive
voice response system.

the overall study population, confirming the efficacy of fingolimod treatment in children regardless of sex or prior treatment
experience. When analysed by age and body weight, patients
treated with fingolimod had consistently lower lesion counts.
This was significant only for patients aged >12 years or with
body weight >40 kg at baseline, likely related to the low sample
size in patients ≤12 years of age and with a body weight <40 kg.
MRI disease activity in the paediatric population was generally higher at baseline (mean age: 15.3 years; T2 lesion volume
10 207 mm3; Gd+ T1 lesions 2.9) than the disease activity
observed in a comparable adult population recruited for an
actively controlled clinical trial (mean age: 36 years; T2 lesion
volume 4924 mm3; Gd+ T1 lesions 1.06).29 The high baseline
disease activity observed in the present study is consistent with
previous observations of higher activity in young adult patients30
compared with adult-onset MS. For example, the disease activity
as measured by the annualised rate of formation of new/enlarging
T2 lesions and number of Gd+ T1 lesions per scan after at least
3 months were 4.39 and 0.44, respectively, with fingolimod
treatment and 9.27 and 1.28, respectively, with IFN β-1a in
the present study. The T2 lesion rate in our study was 2.6-fold
greater with fingolimod and 3.5-folder greater with IFN β-1a
than observed in adult patients with MS in the 12-month TRANSFORMS study (fingolimod: 1.7 and IFN β-1a: 2.6).29 Similarly,
Gd+ T1 lesion rate was 2.0-fold greater with fingolimod and
2.5-fold greater with IFN β-1a than observed in the TRANSFORMS study (fingolimod: 0.23 and IFN β-1a: 0.51).29 This
finding of higher inflammatory activity in the paediatric population compared with adults is further substantiated by looking
at the proportion of patients free of T2 lesions. The proportions
of patients free of T2 lesions were approximately 3.4-fold lower
on fingolimod (16%) and 12-fold lower on IFN β-1a (3.9%) in
the present paediatric study compared with the adult TRANSFORMS study (fingolimod: 54.8%; IFN β-1a: 45.7%).29 Thus,
our findings from the first randomised controlled clinical trial in
paediatric patients with MS confirms that inflammatory disease
activity in children with MS is substantially higher than in adult
patients with MS.
Due to the high frequency of new lesion formation in the
paediatric patients in the present study and the time it takes
for DMTs to achieve full efficacy, only 24% of patients were
free of new/newly enlarging T2 lesions on the month six scan.
An analysis of activity re-baselined to the scan at 6 months was
conducted using CUA lesions, which were assessed from 12
months onwards (with reference to the previous scan). Approximately 51% of the patients on fingolimod and 19.4% of the
patients on IFN β-1a were free of CUA lesions from month 6
to EOS.
Achievement of no evidence of disease activity may be an
outcome of interest for future studies, but the present study
suggests that no evidence of disease activity in paediatric patients
with MS may not be observed even with agents that demonstrate
a powerful effect on clinical disease.
In contrast to placebo-controlled studies, the present study
showed a greater suppression of relapses (82%)21 than MRI
activity (52.6% for new/newly enlarging T2 lesions; 66.0% for
Gd+ lesions). This can be attributed to the use of the active
comparator, IFN β-1a, which itself suppresses MRI activity more
than relapses (28%–57% vs 18%, respectively).31–34
Children with MS have a smaller head size, brain volume and
thalamic volume compared with age-matched and sex-matched
healthy children, and failure of age-anticipated brain growth.11-13
Our study observed a relative reduction of 40% in brain volume
loss with fingolimod compared with IFN β-1a which itself slows

Multiple sclerosis
Annualised rate of new/enlargingT2 lesions at EOS by subgroups (FAS)
Adjusted mean number (95% CI)

Between-treatment comparison

Fingolimod
N=107

IFN β-1a
N=107

Rate ratio
(95% CI)

 Male

n=36
3.47
(2.471 to 4.880)

n=42
7.59
(5.647 to 10.199)

 Female

n=70
4.88
(3.850 to 6.193)

 ≤12 years

 >12 years

Subgroups

Rate reduction (%)

P value

0.46*
(0.292 to 0.718)

54.2

<0.001

n=60
10.44
(8.175 to 13.339)

0.47*
(0.332 to 0.658)

53.2

<0.001

n=13
4.3
(2.188 to 8.437)

n=8
6.28
(3.049 to 12.949)

0.68*
(0.264 to 1.772)

31.6

0.434

n=93
4.41
(3.568 to 5.448)

n=94
9.51
(7.806 to 11.596)

0.46*
(0.348 to 0.618)

53.7

<0.001

 ≤40 kg

n=9
4.74
(2.150 to 10.456)

n=1
7.05
(0.992 to 50.136)

0.67*
(0.080 to 5.624)

32.8

0.714

 >40 kg

n=97
4.36
(3.552 to 5.359)

n=101
9.29
(7.671 to 11.251)

0.47*
(0.355 to 0.622)

53.0

<0.001

DMT-experienced

n=38
5.19
(3.751 to 7.177)

n=38
10.68
(7.810 to 14.601)

0.49†
(0.308 to 0.766)

51.4

0.002

DMT-naïve

n=68
3.90
(3.062 to 4.974)

n=64
8.38
(6.589 to 10.645)

0.47†
(0.330 to 0.658)

53.4

<0.001

Sex

Age

Body weight

EOS is defined as the last assessment taken on or before the final study phase visit date. n, number of patients included in each analysis.
*Obtained from fitting a negative binomial regression model adjusted for treatment, region, pubertal status (the stratification factor in IVRS), subgroup, subgroup-by-treatment
interaction and baseline number of T2 lesions (offset: time in study).
†Obtained from fitting a negative binomial regression model adjusted for treatment, region, pubertal status (the stratification factor in IVRS) and baseline number of T2 lesions
(offset: time in study).
DMT, disease-modifying therapy; EOS, end of the study; FAS, full analysis set; IFN, interferon; IVRS, interactive voice response system.

brain volume loss over 2 years.35 A large part of this difference appeared in the first 6 months following treatment initiation, and may have reflected the accelerated atrophy known to
occur after initiation of treatment with IFN β-1a.36 Subsequent
differences between groups in brain volume were smaller, and
only numerically (ie, not significantly) in favour of fingolimod,
reflecting a slowing of atrophy with fingolimod that is greater
than that expected to occur with IFN β-1a.37 Despite treatment,
these young patients showed brain volume loss rather than age-
anticipated increases, emphasising the negative impact of MS in
the maturing central nervous system. The resilience of children
to the development of early physical disability should not be a
cause for complacency with respect to the need for highly effective therapies. Furthermore, considerations relating to whether
a given therapy is capable of mitigating the progressive brain
atrophy seen in PoMS require more information relating to the
natural history of brain volume loss and the potential that MS
has a particularly detrimental impact on brain maturation unique
to the paediatric MS population.
The behaviour of T1 hypointense lesion volume deserves
special consideration. The percentage increase in T1 hypointense
lesion volume was substantially greater than the percentage
increase in T2-
weighted lesion volume, and the number of
new T1 hypointense lesions may have been greater than the
number of new/enlarging T2-weighted lesions. These observations may be explained by the recent findings related to ongoing
490

degeneration within existing T2-
weighted lesions,38 and may
indicate that degenerative processes associated with progressive
disease are already present in PoMS. This finding also suggests
that even very young patients with MS fail to fully remyelinate
within lesions, further emphasising the need for therapies that
reduce new T2 lesion formation.
We conclude that treatment with fingolimod showed better
efficacy compared with IFN β-1a in reducing MRI activity,
relapses and brain volume loss, supporting the overall beneficial
effect of fingolimod in paediatric patients with MS. Fingolimod
provides an effective treatment option for children and adolescents with MS.
Author affiliations
1
Montreal Neurological Institute, McGill University, Montreal, Quebec, Canada
2
NeuroRx Research, Montreal, Quebec, Canada
3
The Children’s Hospital of Philadelphia, Perelman School of Medicine, University of
Pennsylvania, Philadelphia, Pennsylvania, USA
4
Perelman School of Medicine, University of Pennsylvania, Philadephia, Pennsylvania,
USA, Montreal, Quebec, Canada
5
Neuroimmunology Unit, Montreal Neurological Institute and Hospital, McGill
University, Montreal, Quebec, Canada, Philadephia, Pennsylvania, USA
6
Centro Studi Sclerosi Multipla, Ospedale di Gallarate, Gallarate, Italy
7
Department of Neurology and Neurotherapeutics, Department of Pediatrics,
University of Texas Southwestern Medical Center, Dallas, Texas, USA
8
Department of Neurology, University of California, San Francisco, California, USA
9
Blizard Institute, Barts and The London School of Medicine and Dentistry, Queen
Mary University, London, UK

Arnold DL, et al. J Neurol Neurosurg Psychiatry 2020;91:483–492. doi:10.1136/jnnp-2019-322138

J Neurol Neurosurg Psychiatry: first published as 10.1136/jnnp-2019-322138 on 4 March 2020. Downloaded from http://jnnp.bmj.com/ on September 25, 2020 by guest. Protected by
copyright.

Table 5

Multiple sclerosis
McGovern Medical School, Department of Neurology, The University of Texas
Health Science Center at Houston (UTHealth), Houston, TX, USA, Houston, Texas,
USA
11
Department of Paediatrics and Adolescent Medicine, German Centre for Multiple
Sclerosis in Childhood and Adolescence, University Medical Centre, Göttingen,
Germany
12
Division of Paediatric Neurology, Children’s Hospital Datteln, University Witten/
Herdecke, Datteln, Germany
13
Department of Neurology; Pediatric MS Center, NYU Langone Health, New York,
NY USA, USA, New York, USA
14
Hôpitaux universitaires Paris Sud, Paediatric Neurology Department, Assistance
Publique-Hôpitaux de Paris, Paris France, Paris, France
15
Department of Neuropathology, University Medical Centre, Göttingen, Germany
16
Neuroscience TA, Novartis Pharmaceuticals Corporation, East Hanover, New Jersey,
USA
17
GCE Solutions, Bloomington, Illinois, USA
18
Neuroscience TA, Novartis Pharma AG, Basel, Switzerland
19
Partners Pediatric Multiple Sclerosis Center, Department of Neurology,
Massachusetts General Hospital, Boston, Massachusetts, USA

Novartis during the study conduct from Novartis, which manufactures the drug
that is tested in this study. EW has nothing to disclose. GG reports consultant fees
for steering committee and advisory board activities during the study conduct
from Novartis, which manufactures the drug that is tested in this study. JW reports
consultation fees for on a data monitoring committee (not this study) and during
this study for steering committee participation from Novartis, which manufactures
the drug that is tested in this study. JG reports consultant fees for research, lectures
and advisory boards from Novartis, which manufactures the drug that is tested in
this study. KR reports consultant fees for an advisory board from Novartis, which
manufactures the drug that is tested in this study. LK reports personal fees personal
fees during the study conduct from Novartis, which manufactures the drug that
is tested in this study. MT reports personal fees for an advisory board during the
study conduct from Novartis, which manufactures the drug that is tested in this
study. WB reports grant support and personal fees during the study conduct from
Novartis, which manufactures the drug that is tested in this study. TS is an employee
of Novartis and holds some stocks and restricted stocks of the company. GLP has
nothing to disclose. DAH is an employee of Novartis. MM is an employee of Novartis
and holds some stocks and restricted stocks of the company. TC reports consultant
fees for steering committee and advisory board activities during the study conduct
from Novartis, which manufactures the drug that is tested in this study.

Acknowledgements The authors acknowledge the patients, investigators and
staff at participating sites for supporting the conduct of the study. All named authors
meet the International Committee of Medical Journal Editors (ICMJE) criteria for
authorship for this manuscript, take responsibility for the integrity of the work as
a whole and have given final approval to the version to be published. All authors
are responsible for intellectual content and data accuracy. We thank Anuja Shah
(Novartis Healthcare, Hyderabad, India) for providing medical writing support, which
encompassed a literature search, writing of the manuscript, formatting, referencing,
preparation of tables and figures as per journal guidelines and incorporating the
authors’ revisions and finalising the draft for submission, all under the direction
of the authors; and Uma Kundu (Novartis Healthcare, Hyderabad, India) for review
support. The article processing charges for this publication were funded by Novartis
Pharma AG. The study sponsor (Novartis Pharma AG) participated in the design
and conduct of the study, data collection, data management, data analysis, data
interpretation and preparation, review, approval of the manuscript as well as in the
writing of the report; and in the decision to submit the paper for publication. All
authors had full access to all data in the study and had final responsibility for the
decision to submit for publication. The corresponding author confirms that he had
full access to all the data in the study and had final responsibility for the decision to
submit for publication.

Patient consent for publication Obtained.

Contributors DLA contributed to the study design, data acquisition, data analysis
and interpretation outline review and critical revision of the manuscript. BB
contributed to the interpretation of study data and critical revision of the manuscript.
ABO contributed to the study concept, design, data analysis and interpretation,
outline review, critical revision of the manuscript and supervision of the research.
AG was involved in study execution, acquisition, data interpretation and critical
revision of the manuscript. BG contributed to the study concept, data analysis and
critical revision of the manuscript. EW contributed to the study design, execution,
acquisition, data interpretation, outline review and critical revision of the manuscript.
GG contributed to the study concept, design, execution and critical revision of
the manuscript. JW contributed to the study concept, design, execution, data
interpretation, outline review and critical revision of the manuscript. JG contributed
to the study concept, design, acquisition, data interpretation and critical revision
of the manuscript. KR contributed to data interpretation and critical revision of
the manuscript. LK contributed to the study concept, design, critical revision of the
manuscript and supervision of the research. MT contributed to the study execution,
acquisition and critical revision of the manuscript. WB contributed to the data
interpretation, outline review and critical revision of the manuscript. TS contributed
to the study design, execution, acquisition, data analysis and interpretation, critical
revision of the manuscript and supervision of the research. GLP contributed to
the statistical analysis and data analysis. DAH contributed to the study design,
execution, acquisition, statistical analysis, data analysis and interpretation, outline
review and critical revision of the manuscript. MM contributed to the study concept,
design, execution, acquisition, statistical analysis, data analysis and interpretation,
outline review, critical revision of the manuscript and supervision of the research.
TC contributed to the study concept, design, execution, data interpretation, outline
review and critical revision of the manuscript.
Funding This work was supported by Novartis Pharma AG, Basel, Switzerland.
Competing interests DLA receives grant support and consultant fees from
Novartis, which manufactures the drug that is tested in this study. He also has an
equity interest in NeuroRx Research, which performed the MRI analyses for the
study. BB reports consultant fees and personal fees during the study conduct from
Novartis, which manufactures the drug that is tested in this study. ABO reports
personal fees from Novartis, which manufactures the drug that is tested in this
study. AG reports personal fees during the study conduct from Novartis, which
manufactures the drug that is tested in this study. BG reports personal fees from

Ethics approval The study was conducted in compliance with the ethical principles
of the Declaration of Helsinki and the International Conference on Harmonisation
Good Clinical Practice Guidelines. The study protocol and amendments were
reviewed and approved by the Independent Ethics Committees and Institutional
Review Boards for each centre as per local regulations. All patients or legal
guardians of paediatric patients provided written informed consent before study
entry.
Provenance and peer review Not commissioned; externally peer reviewed.
Data availability statement Data are available on reasonable request. Once the
5-year open-label extension has been completed, the reader will be able to request
the raw data (anonymised) and related documents (eg, protocol, reporting and
analysis plan, clinical study report) that underlie the results reported in this article
by connecting to https://www.clinicalstudydatarequest.com and signing a Data
Sharing Agreement with Novartis. These will be made available to qualified external
researchers, with requests reviewed and approved by an independent review panel
on the basis of scientific merit.
Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.
ORCID iDs
Douglas L Arnold http://orcid.org/0000-0003-4266-0106
Benjamin M Greenberg http://orcid.org/0000-0002-2091-8201

References

1	Langer-Gould A, Zhang JL, Chung J, et al. Incidence of acquired CNS demyelinating
syndromes in a multiethnic cohort of children. Neurology 2011;77:1143–8.
2	Chitnis T, Tardieu M, Amato MP, et al. International pediatric MS Study Group clinical
trials Summit: meeting report. Neurology 2013;80:1161–8.
3	Alroughani R, Boyko A. Pediatric multiple sclerosis: a review. BMC Neurol 2018;18:27.
4 Boesen MS, Magyari M, Koch-Henriksen N, et al. Pediatric-Onset multiple sclerosis
and other acquired demyelinating syndromes of the central nervous system in
Denmark during 1977-2015: a nationwide population-based incidence study. Mult
Scler 2018;24:1077–86.
5	Reinhardt K, Weiss S, Rosenbauer J, et al. Multiple sclerosis in children and
adolescents: incidence and clinical picture - new insights from the nationwide German
surveillance (2009-2011). Eur J Neurol 2014;21:654–9.
6 Dell’Avvento S, Sotgiu MA, Manca S, et al. Epidemiology of multiple sclerosis in the
pediatric population of Sardinia, Italy. Eur J Pediatr 2016;175:19–29.
7	Alroughani R, Akhtar S, Ahmed SF, et al. Incidence and prevalence of pediatric onset
multiple sclerosis in Kuwait: 1994-2013. J Neurol Sci 2015;353:107–10.
8	Gorman MP, Healy BC, Polgar-Turcsanyi M, et al. Increased relapse rate in pediatric-
onset compared with adult-onset multiple sclerosis. Arch Neurol 2009;66:54–9.
9 Benson LA, Healy BC, Gorman MP, et al. Elevated relapse rates in pediatric compared
to adult MS persist for at least 6 years. Mult Scler Relat Disord 2014;3:186–93.
10 Kaunzner UW, Gauthier SA. Mri in the assessment and monitoring of multiple
sclerosis: an update on best practice. Ther Adv Neurol Disord 2017;10:247–61.
11 Verhey LH, Signori A, Arnold DL, et al. Clinical and MRI activity as determinants of
sample size for pediatric multiple sclerosis trials. Neurology 2013;81:1215–21.
12 Kerbrat A, Aubert-Broche B, Fonov V, et al. Reduced head and brain size for age and
disproportionately smaller thalami in child-onset MS. Neurology 2012;78:194–201.

Arnold DL, et al. J Neurol Neurosurg Psychiatry 2020;91:483–492. doi:10.1136/jnnp-2019-322138

491

J Neurol Neurosurg Psychiatry: first published as 10.1136/jnnp-2019-322138 on 4 March 2020. Downloaded from http://jnnp.bmj.com/ on September 25, 2020 by guest. Protected by
copyright.

10

Multiple sclerosis

492

27 Jeffery DR, Di Cantogno EV, Ritter S, et al. The relationship between the rate of brain
volume loss during first 24 months and disability progression over 24 and 48 months
in relapsing MS. J Neurol 2016;263:299–305.
28 Deiva K, Huppke P, Banwell B, et al. Consistent control of disease activity with
fingolimod versus IFN β-1a in paediatric-onset multiple sclerosis: further insights from
PARADIGMS. J Neurol Neurosurg Psychiatry 2020;91:58–66.
29	Cohen JA, Barkhof F, Comi G, et al. Oral fingolimod or intramuscular interferon for
relapsing multiple sclerosis. N Engl J Med 2010;362:402–15.
30	Gärtner J, Chitnis T, Ghezzi A, et al. Relapse rate and MRI activity in young adult
patients with multiple sclerosis: a post hoc analysis of phase 3 fingolimod trials. Mult
Scler J Exp Transl Clin 2018;4:205521731877861.
31 Devonshire V, Havrdova E, Radue EW, et al. Relapse and disability outcomes in
patients with multiple sclerosis treated with fingolimod: subgroup analyses of
the double-blind, randomised, placebo-controlled freedoms study. Lancet Neurol
2012;11:420–8.
32 Derfuss T, Ontaneda D, Nicholas J, et al. Relapse rates in patients with multiple
sclerosis treated with fingolimod: subgroup analyses of pooled data from three phase
3 trials. Mult Scler Relat Disord 2016;8:124–30.
33	Cohen JA, Barkhof F, Comi G, et al. Fingolimod versus intramuscular interferon in
patient subgroups from transforms. J Neurol 2013;260:2023–32.
34	Cohen JA, Khatri B, Barkhof F, et al. Long-Term (up to 4.5 years) treatment with
fingolimod in multiple sclerosis: results from the extension of the randomised
transforms study. J Neurol Neurosurg Psychiatry 2016;87:468–75.
35	Rudick RA, Fisher E, Lee JC, et al. Brain atrophy in relapsing multiple sclerosis:
relationship to relapses, EDSS, and treatment with interferon beta-1a. Mult Scler
2000;6:365–72.
36	Hardmeier M, Wagenpfeil S, Freitag P, et al. Rate of brain atrophy in relapsing MS
decreases during treatment with IFNbeta-1a. Neurology 2005;64:236–40.
37	Rudick RA, Fisher E, Lee JC, et al. Use of the brain parenchymal fraction to measure
whole brain atrophy in relapsing-remitting MS. multiple sclerosis Collaborative
Research Group. Neurology 1999;53:1698–704.
38	Elliott C, Belachew S, Wolinsky JS, et al. Chronic white matter lesion activity
predicts clinical progression in primary progressive multiple sclerosis. Brain
2019;142:2787–99.

Arnold DL, et al. J Neurol Neurosurg Psychiatry 2020;91:483–492. doi:10.1136/jnnp-2019-322138

J Neurol Neurosurg Psychiatry: first published as 10.1136/jnnp-2019-322138 on 4 March 2020. Downloaded from http://jnnp.bmj.com/ on September 25, 2020 by guest. Protected by
copyright.

13	Aubert-Broche B, Fonov V, Narayanan S, et al. Onset of multiple sclerosis
before adulthood leads to failure of age-expected brain growth. Neurology
2014;83:2140–6.
14 Bartels F, Nobis K, Cooper G, et al. Childhood multiple sclerosis is associated with
reduced brain volumes at first clinical presentation and brain growth failure. Mult
Scler 2019;25:927–36.
15	Ghassemi R, Narayanan S, Banwell B, et al. Quantitative determination of regional
lesion volume and distribution in children and adults with relapsing-remitting multiple
sclerosis. PLoS One 2014;9:e85741.
16	Simone IL, Carrara D, Tortorella C, et al. Course and prognosis in early-onset MS:
comparison with adult-onset forms. Neurology 2002;59:1922–8.
17	Renoux C, Vukusic S, Mikaeloff Y, et al. Natural history of multiple sclerosis with
childhood onset. N Engl J Med 2007;356:2603–13.
18	Ghezzi A, Amato MP, Makhani N, et al. Pediatric multiple sclerosis: conventional first-
line treatment and general management. Neurology 2016;87:S97–102.
19 Banwell B, Bar-Or A, Giovannoni G, et al. Therapies for multiple sclerosis:
considerations in the pediatric patient. Nat Rev Neurol 2011;7:109–22.
20	Huppke P, Huppke B, Ellenberger D, et al. Therapy of highly active pediatric multiple
sclerosis. Mult Scler 2019;25:72–80.
21	Chitnis T, Arnold DL, Banwell B, et al. Trial of fingolimod versus interferon beta-1a in
pediatric multiple sclerosis. N Engl J Med 2018;379:1017–27.
22 US Food and Drug Administration. Fda expands approval of Gilenya to treat multiple
sclerosis in pediatric patients. Available: https://www.fda.gov/newsevents/newsroom/
pressannouncements/ucm607501.htm
23 The Pharmaletter. EU approval of Gilenya for children and adolescents with MS, 2018.
24 Friede T, Häring DA, Schmidli H. Blinded continuous monitoring in clinical trials with
recurrent event endpoints. Pharm Stat 2019;18:54–64.
25	Nakamura K, Jones S, Van Hecke W, et al. Comparison of brain atrophy measurement
techniques in a longitudinal study of multiple sclerosis patients with frequent MRIs
(P4.376). Neurology 2017;88.
26	Guizard N, Fonov VS, García-Lorenzo D, et al. Spatio-Temporal regularization
for longitudinal registration to subject-specific 3D template. PLoS One
2015;10:e0133352.

Supplementary material

J Neurol Neurosurg Psychiatry

Online Supplement

PARADIGMS Image Processing Software
Baseline brain volume
The brain volume at baseline was calculated using a modified version of the SienaX 5.0.4
software, which corrects the segmentation of lesional tissues to white matter. The volumes were
reported in native space (i.e., not normalised using skull registration because of the artifacts this
can produce in children).

Percent brain volume change
Percent brain volume change (PBVC) was measured using the Paired Jacobian Integration
method (Nakamura et al. 2017 and Guizard et al. 2015).
The Paired Jacobian integration method consisted of the following steps: (1) skull-based intrasubject registration using pairreg (Smith et al. 2002), (2) transformation and resampling of both
images into an isotropic halfway space using third-order spline interpolation, (3) symmetric
nonlinear registration of the two affine-halfway-transformed images using Symmetric
Normalization (Avants et al. 2008), (4) calculation of local Jacobian determinants of nonlinear
displacement fields, (5) integration of nonlinear Jacobian determinants within the baseline masks
obtained from FAST (Zhang et al. 2001), and (6) combination of the linear and nonlinear
determinants from steps 1 and 5 that respectively captures the skull volume change and the brain
volume change relative to the skull into a final volume percent change. This last step accounts
for the different growth rates of the skull and the brain observed in adolescents by adding back
any volume change due to the skull registration, effectively reporting the changes in native
space.
The Jacobian determinants were calculated from numerical integration and not analytical
integration of functions used for nonlinear registration. The output is a percent change in volume.
No lesion filling/inpainting was used.

Gadolinium-enhancing lesion identification
Gadolinium-enhancing lesions were identified manually by two independent experts followed by
a consensus read.

T2-weighted lesion identification
Candidate T2-weighted lesions were identified using the software developed at NeuroRx. This
was based on a Bayesian probability tissue classification performed using multi-modal,
registered, bias-field-corrected images, together with tissue probability spatial priors derived
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from MNI stereotaxic models (Francis SJ 2004). These results were manually reviewed and
corrected by experts.

New and newly enlarging T2 lesion identification
New and newly enlarging T2-weighted lesions were identified using the software developed at
NeuroRx. All automated results were manually reviewed and corrected by experts (Elliott et al.
2013).

New T1 hypointense lesion identification
New T1-weighted hypointense lesions were identified using the software developed at NeuroRx.
New T1 hypointense lesions were defined based on voxels having a T1-weighted intensity below
a predetermined levels relative to the surrounding normal appearing white matter, constrained to
within the new/enlarging T2 label mask. The intensity threshold was chosen to be comparable to
the gray matter. These results were manually reviewed and corrected by experts.
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Table S1. Scanner-specific MRI sequence parameters
Sequence Type

TR (ms)

TE (ms)

ETL/Turbo

NEX/NSA

Bandwidth

Factor
a. Scanner-specific PDW sequence parameters
Siemens 2D TSE

2000–2980

12–13

3

1

130 Hz/px

2200

10

4

1

181 Hz/px

2D TSE

2000–2900

12

3

1

15.63 kHz

GE 3T

2D TSE

2400–3000

8–10

3

1

22.73 kHz

Philips

2D TSE

2200

15

3

1

Water-fat

1.5T
Siemens 2D TSE
3T
GE
1.5T

shift=2

1.5T
Philips

2D TSE

2200

10

3

1

Water-fat
shift=3

3T
Toshiba FSE+12_slt(4)

2400

12

4

1

-

2200

13–15

4

1

-

1.5T
Other

2D TSE

models
b. Scanner-specific T2W sequence parameters
Siemens 2D TSE

5750–6100

70–90

7

1

130 Hz/px

4500

83

11

1

219 Hz/px

2D TSE

5120

77–84

8

1

15.63 kHz

GE 3T

2D TSE

5300

60–80

8

1

22.73 kHz

Philips

2D TSE

4900

80

8

1

Water-fat

1.5T
Siemens 2D TSE
3T
GE
1.5T

1.5T

shift=2
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2D TSE

6100

80

8

1

Water-fat
shift=3

3T
Toshiba FSE+10_nBW_slt

5000

80

15

1

-

6560

84

8

1

130 Hz/px

TR (ms)

TE (ms)

NEX/NSA

30

7 or 11

1

30

70 Hz/px

28

6

1

27

160 Hz/px

3D SPGR

30

7

1

30

15.6 kHz

GE 3T

3D SPGR

30

6

1

27

31.25 kHz

Philips

3D FFE with

30

7

1

30

Water-fat

1.5T

“T1 contrast”

1.5T

(15)

Other

2D TSE

models
c. Scanner-specific T1W sequence parameters
Sequence Type
Siemens 3D FLASH

Flip Angle (°) Bandwidth

1.5T
Siemens 3D FLASH
3T
GE
1.5T

shift =2

enabled
Philips

3D FFE with

3T

“T1 contrast”

28

6

1

27

Water-fat
shift=3

enabled
Toshiba FE3D_fc

30

7

1

30

122 Hz/px

30

7

1

30

70 Hz/px

TI (ms)

ETL/Turbo

1.5T
Other

3D FFE

models
d. Scanner-specific FLAIR sequence parameters
Sequence
Type

TR (ms)

TE (ms)

Bandwidth

Factor
(NEX/NSA)
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Siemens 2D TSE-IR

9000–9820

66–87

2500

9 (1)

110 Hz/px

9400

75–85

2500

9 (1)

201 Hz/px

2D T2-FLAIR

9000

80–92

2250

- (1)

15.6 kHz

GE 3T

2D T2-FLAIR

9000

80–92

2200–2500

- (1)

31.25 kHz

Philips

2D Turbo FLAIR

9000

80

2500

9–12 (1)

Water-fat

1.5T
Siemens 2D TSE-IR
3T
GE
1.5T

shift=2

1.5T
Philips

2D Turbo FLAIR

9000

80

2500

12 (1)

Water-fat
shift=3

3T
Toshiba 2D FSE+13.5_n
1.5T

BW_slt(15)

Other

2D Turbo FLAIR

10000

107

2200

15 (1)

-

6810–9910

66–90

2200

8 (1)

110 Hz/px

models
2D, two-dimensional; 3D, three-dimensional; BW, bandwidth D, dimensional; ET, echo time; ETL, echo train
length; FLAIR, Flow sensitive Alternating Inversion Recovery; FFE, fast field-echo; FLAIR, Fluid-attenuated
inversion recovery; FSE, fast spin echo; Hz/px, hertz/pixel; IR, inversion recovery; NEX, Number of Excitations;
NSA, Number of Signal Averages; PDW, Proton Density-weighted; R-L, right-left; SPGR, spoiled gradient recalled;
SPGR, spoiled gradient recalled; T1W, T1-weighted; T2W, T2-weighted sequence; TE, echo time; TI, inversion
time; TR, repetition time; TSE, turbo spin echo
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Figure S1. Box and whiskers plot of ARBA (re-baselined from Month 6) at EOS (FAS)

ARBA, Annualized rate of brain atrophy; EOS, end of study; FAS, full analysis set; IFN, interferon
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Figure S2. Percent change in brain volume from baseline by time point in patients with
no Gd+ lesions at baseline (FAS)

*p≤0.05 vs IFN β-1a; **p≤0.001 vs IFN β-1a
Data are expressed as adjusted mean±95% CI. n, number of patients included in each analysis. EOS is defined as the
last assessment taken on or before the final study phase visit date.
a

Obtained from fitting an ANCOVA model adjusted for treatment, region, pubertal status (the stratification factor in
IVRS), and baseline normalized brain volume as covariates.
ANCOVA, analysis of covariance; EOS, end of study; CI, confidence interval; FAS, full analysis set; IFN,
interferon; Gd+, gadolinium-enhancing; IVRS, Interactive Voice Response System; LS, least square
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Figure S3. Percent change in brain volume from baseline by time point in patients with
≥1 Gd+ lesions at baseline (FAS)

*p≤0.05 vs IFN β-1a
Data are expressed as adjusted mean±95% CI. n, number of patients included in each analysis. EOS is defined as the
last assessment taken on or before the final study phase visit date.
a

Obtained from fitting an ANCOVA model adjusted for treatment, region, pubertal status (the stratification factor in
IVRS), and baseline normalized brain volume as covariates.
ANCOVA, analysis of covariance; EOS, end of the study; CI, confidence interval; FAS, full analysis set; IFN,
interferon; Gd+, gadolinium-enhancing; IVRS, Interactive Voice Response System; LS, least square
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