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Introduction
Multiple sclerosis (MS) is described by clinical phe-
notypes (relapsing–remitting (RRMS), primary and 
secondary progressive (PPMS and SPMS)), disease 
activity (clinical relapses or imaging parameters) and 
the presence or absence of progression.1 However, 
there is increasing evidence of a disease continuum 
rather than distinct disease entities, with a heterogene-
ous endophenotype.2 Even within clinical pheno-
types, the MS course and disease activity are highly 
variable from one patient to another.3 Despite consid-
erable progress over the last 30 years, factors affecting 
MS disease evolution and disease activity, improving 

prognosis4,5 or help optimising treatments and disease 
management6 warrant further elucidation.

Advanced analytics and machine learning approaches 
have provided relevant new insights in- and outside of 
medicine and their utility needs to be explored in 
large MS data sets. There have only been a few 
attempts,7–12 not surprising given the practical com-
plexities of data access and the curating required.

A collaboration between Novartis, the Oxford Big 
Data Institute (BDI), and MS physicians aims for bet-
ter disease characterisation and identification of 
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prognostic factors, using advanced analytical 
approaches applied on the novel NO.MS data set, 
composed of 34 Novartis MS clinical trials.

This work describes the key features of the NO.MS 
data set and explores the contribution of patients’ age 
at baseline to disease activity, disease worsening and 
brain volume changes across the MS spectrum.

Methods
NO.MS comprises clinical trials from 2003 to January 
2020, approved by institutional review boards or eth-
ics committees and conducted following the princi-
ples of the Declaration of Helsinki and Good Clinical 
Practice. Trial protocols prospectively defined the 
objectives, eligibility, endpoints, assessments and sta-
tistical analysis. Individual study results have been 
previously published. Data have been de-identified in 
a risk-based approach as reported elsewhere.13 In 
brief, identifiers (including facial features on scans) 
were either removed, generalised or modified to mini-
mise the risk of re-identification.

We describe patients’ baseline characteristics, visual-
ise the availability of cross-sectional and longitudinal 
data and display baseline distributions of key varia-
bles. Data of all phase III trials in NO.MS were used 
to model the relationship between age and disease 
activity (magnetic resonance imaging (MRI) lesions 
and confirmed MS relapses) or worsening (brain vol-
ume change and likelihood of 3 months confirmed 
disability worsening (3mCDW) based on expanded 
disability status scale (EDSS)) across MS pheno-
types: (1) The cumulative number of gadolinium-
enhancing (Gd+) lesions over 1 year after baseline 
was analysed in a negative binomial model with sex 
and the presence of a prior treatment as binary factors, 
age as a continuous covariate, treatment as a factor 
and treatment by age interaction, with the number of 
evaluable scans as the offset. (2) Relapses were ana-
lysed in a negative binomial model using the same 
covariates and factors and the time in study as the off-
set variable. Results from the negative binomial mod-
els, fitted separately for each phenotype, are reported 
with means and 95% confidence intervals (CIs) as a 
function of age, for all patients ‘total’ and patients 
receiving ‘placebo’ cohorts. (3) Brain volume change 
(reported as annualised rate of brain volume change 
(ARBVC) was calculated based on percentage of 
brain volume loss observed for up to 2 years from 
baseline, as measured by the trial-specific MRI read-
ing centres. (4) The probability of 3mCDW (defined 
as +1.5 points EDSS change if baseline EDSS = 0, 
+1 point with baseline EDSS = 1–5.0, and +0.5 with 

EDSS > 5.0 at baseline, confirmed after 3 months 
based on another EDSS assessment) was estimated 
based on the data within each phenotype using a sur-
vival model with exponential distribution and sex and 
the presence of a prior treatment as binary factors, age 
as continuous covariate, treatment, and baseline 
EDSS as factors (EDSS factorised as levels ‘<2’, 
‘2–5’ and ‘⩾5.5’) and binary pairwise interactions 
(age-by-treatment, age-by-EDSS category and treat-
ment-by-EDSS). The probability of a 3mCDW within 
2 years is presented graphically as a function of age 
and MS phenotype, with 95% prediction interval, for 
total and placebo cohorts. To assess the impact of the 
time of data acquisition and treatment eras, supple-
mentary analyses for relapse frequency, Gd+ T1 
lesions, brain volume change and disability worsen-
ing were conducted comparing more recent data 
(‘decade 2’: 2010 until 2020) versus older data (‘dec-
ade 1’: <2010)

Results
NO.MS includes data from 34 MS clinical studies 
(phases II–IV) conducted worldwide since 2003 by 
Novartis (Supplementary Table S1) which enrolled 
≈35,000 patients, the majority (>31,000 patients) 
with RRMS. Five phase II and nine phase III ran-
domised, blinded clinical trials enrolled >9500 
patients, of which >2300 patients received placebo. 
Open label, single arm or observational studies 
enrolled ≈25,000 patients, the vast majority diag-
nosed with RRMS. Table 1 illustrates data availabil-
ity, by variable and MS phenotype, at baseline and 
longitudinally. Smaller data sets, mainly based on 
phase III trials, come from SPMS (N = 1873) and 
PPMS patients (N = 986), respectively. Relapse data 
are available for all patients and the entire disability 
range (from EDSS = 0 – no disability to EDSS = 10 – 
death due to MS) is covered by longitudinal data from 
≈22,000 patients. Approximately 10,000 patients 
contributed >200,000 brain scans in Digital Imaging 
and Communications in Medicine (DICOM) format, 
allowing for a new, harmonised voxel-wise analysis 
of all MRI scans across studies using artificial intel-
ligence (AI). The typical MRI imaging results pro-
vided by respective MRI evaluating centres per study 
are also available. Longitudinal blood neurofilament 
light chain (NfL) concentrations of over 4400 patients 
across all phenotypes allow for new insights into neu-
ronal injury and loss. Patient-reported outcome (PRO) 
and cognitive measures cover further clinically rele-
vant domains.

Table 2 summarises patient demographics and disease 
characteristics at baseline, which were representative 
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Table 2. Demography and baseline characteristics of NO.MS cohort.

Baseline characteristics All patients Cohort of patients by indication

Total (N = 34,957) RRMS (N = 32,098) SPMS (N = 1873) PPMS (N = 986)

Treatment naïve n (n/N′, %) N′ = 26,373 (75.4%)
5445 (20.6%)

N′ = 23,564 (73.4%)
4282 (18.2%)

N′ = 1832 (97.8%)
397 (21.7%)

N′ = 977 (99.1%)
766 (78.4%)

Age (years) N′ = 34,928 (99.9%)
40.0 ± 10.6

N′ = 32,069 (99.9%)
39.3 ± 10.5

N′ = 1873 (100%)
47.6 ± 8.2

N′ = 986 (100%)
48.5 ± 8.5

Sex N′ = 34,955 (99.9%) N′ = 32’096 (99.99%) N′ = 1873 (100%) N′ = 986 (100%)

 Female, n (%) 24,465 (70.0 %) 22,865 (71.2 %) 1123 (60 %) 477 (48.8 %)

 Male, n (%) 10,490 (30.0 %) 9231 (28.8 %) 750 (40 %) 509 (51.6 %)

MS since first symptoms (years) N′ = 32,362 (92.6%) N′ = 29,552 (92.1%) N′ = 1826 (97.5%) N′ = 984 (99.8%)

 0 to <2 4213 (13%) 4201 (14.2%) 5 (0.3%) 7 (0.7%)

 2 to <5 6454 (19.9%) 5968 (20.2%) 99 (5.4%) 387 (39.3%)

 5 to <10 8779 (27.1%) 7891 (26.7%) 334 (18.3%) 554 (56.3%)

 10 to <30 12,210 (37.7%) 10,909 (36.9%) 1265 (69.3%) 36 (3.7%)

 30 to <50 702 (2.2%) 579 (2%) 123 (6.7%) 0 (0%)

 50 to <70 3 (0%) 3 (0%) 0 (0%) 0 (0%)

 70 to <90 1 (0%) 1 (0%) 0 (0%) 0 (0%)

EDSS N′ = 30,316 (86.7%)
2.9 ± 1.7

N′ = 27,488 (85.6%)
2.7 ± 1.6

N′ = 1852 (98.9%)
5.4 ± 1.1

 N′ = 976 (99%)
4.6 ± 1.0

Number of relapses last year N′ = 31,464 (90.0%)
1.2 ± 1.1

N′ = 29,624 (92.3%)
1.3 ± 1.1

N′ = 1827 (97.5%)
0.3 ± 0.6

N′ = 983 (99.7%)
0 ± 0.1

Number of relapses last 2 years N′ = 30,809 (88.1%)
1.9 ± 1.7

N′ = 28,971 (90.3%)
2 ± 1.7

N′ = 1825 (97.4%)
0.8 ± 1.2

N′ = 983 (99.7%)
0 ± 0.2

Patients with Gd+ T1 lesions, n (%) N′ = 12,926 (37.0%)
4399 (34.0 %)

N′ = 10,227 (31.9%)
3884 (38.0 %)

N′ = 1732 (92.5%)
391 (22.6 %)

N′ = 967 (98.1%)
124 (12.8 %)

Number of Gd+ T1 lesions N′ = 12,926 (37.0%)
1.2 ± 3.5

N′ = 10,227 (31.9%)
1.3 ± 3.6

N′ = 1732 (92.5%)
0.9 ± 3.5

N′ = 967 (98.1%)
0.3 ± 1.0

T2 lesion volume (mm3) N′ = 8883 (25.4%)
9963 ± 12,490

N′ = 6178 (19.2%)
8375 ± 10,764

N′ = 1738 (92.8%)
15,716 ± 16,227

N′ = 967 (98.1%)
9764 ± 12,014

Normalised brain volume (cm3) N′ = 8735 (25.0%)
1473 ± 106

N′ = 6064 (18.9%)
1485 ± 110

N′ = 1708 (91.2%)
1421 ± 87

N′ = 963 (97.7%)
1492 ± 86

Gd+ T1: gadolinium-enhancing T1; PPMS: primary pogressive multiple sclerosis; RRMS: relapsing–remitting multiple sclerosis; SD: standard deviation; 
SPMS: secondary progressive multiple sclerosis.
Data are presented as mean ± SD, unless otherwise stated.

of the respective MS phenotypes. Patients diagnosed 
with RRMS, compared to patients with progressive 
MS (PMS; includes SPMS and PPMS) were younger 
(RRMS: 39 years vs. PMS: 48 years), less disabled 
(RRMS: EDSS = 2.7 vs. PMS > 4.5) and had more 
relapses in the year prior to study entry (RRMS: 1.3 
vs. SPMS ⩽ 0.3 and no previous relapses in PPMS). 
Subclinical disease activity as reflected in the propor-
tion of patients with Gd+ lesions at baseline was high-
est in RRMS (38%), followed by SPMS (23%) and 
lowest in PPMS (13%). The data set covers both 
newly diagnosed as well as patients with long-lasting 
MS.

Figure 1 presents the baseline age distribution ranging 
from paediatric (>10 years) to elderly MS patients 

(aged >70 years). Paediatric-onset MS (POMS) data 
are available only in RRMS, since MS in young 
patients is almost exclusively of the relapsing–remit-
ting phenotype. SPMS and PPMS patients were on 
average 8–9 years older than RRMS patients.

Figure 2 shows the follow-up times by phenotype. 
Data for ⩾2, up to 5 and 10 years are available for 
≈15,000, ≈6200 and ≈600 patients, respectively. 
Follow-up data for >2 years are available for ≈570 
SPMS, and ≈800 PPMS patients, and more is cur-
rently being collected in the ongoing extension study 
in SPMS patients.

Overall, the NO.MS data set covers ≈88,800 patient-
years of follow-up. Placebo data are available for all 
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phenotypes, which allow studying the disease in the 
absence of disease-modifying therapy (DMT). Long-
term data come primarily from fingolimod-treated 
patients (≈61,500 treatment years, highest expo-
sure), but substantial data are also available for other 
DMTs from observational trials and control arms. 

The exposure, expressed in number of patients-
years, by treatment and MS phenotype is shown in 
Supplementary Figure S1.

Baseline EDSS distributions represent ambulatory 
patients (EDSS 0–6.5) in line with inclusion criteria 
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Figure 1. Age distribution at baseline by MS phenotype.
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of contributing trials (Figure 3). Worsening in EDSS 
scores was observed in all phenotypes (most promi-
nently in PMS); at the last follow-up, scores covered 
the full EDSS range, providing an invaluable data 
source to study worsening, progression and prognos-
tic factors. Some decreases in EDSS were also seen, 
reflecting either recovery or EDSS scale properties.

The relationship between age, focal disease activity 
(annualised relapse rate (ARR) and Gd+ T1 lesions/
scan) and brain volume change across phenotypes was 
investigated and described separately for total (all 
patients enrolled in respective phase III trials) and pla-
cebo cohorts (Figure 4). Clinical relapses and MRI 
lesions occur with highest frequency in the youngest 
(i.e. POMS) patients and gradually decrease with older 
age, also in patients receiving placebo. The qualitative 
interpretation of results remained similar, irrespective 
of different data acquisition/treatment eras 
(Supplementary Figures S2 and S3), although the 
absolute number of Gd+ T1 lesions was lower in the 
first compared to the second decade, possibly related 

to changes in MRI scan quality and MRI methodol-
ogy. Interestingly, there is a similar pattern of higher 
disease activity at younger ages in SPMS (and to some 
extent in PPMS patients). The impact of treatment on 
focal inflammatory activity is higher in younger 
patients. Baseline characteristics of the small number 
of young SPMS and PPMS patients below the age of 
30 or 25 years, respectively, are presented in 
(Supplementary Table S2). Young SPMS patients had 
pronounced disability and high T2 lesion loads, sug-
gesting an active and aggressive course with early 
transition to SPMS, and/or long-lasting disease, many 
with POMS. At baseline, young PPMS patients 
(<30 years) were significantly disabled and had a con-
siderable T2 lesion volume (mean >10 cm3), despite a 
short-reported disease duration and a low frequency of 
new lesion formation on trial. This suggests a history 
of clinically silent focal inflammation, well before the 
first clinical symptoms became apparent.

A high rate of total brain volume loss was observed 
across all phenotypes and was already present in 
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POMS. Prediction intervals were broad, reflecting 
high variability, especially in the very young. 
However, beyond an age of 35 years, brain volume 
change was remarkably similar across disease 

phenotypes with generally ⩾0.5% loss over 2 years. 
The difference in rate of brain volume loss between 
the placebo cohort and the total cohort (which 
included both placebo and active-treated patients) 
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Figure 4. Disease activity and brain volume loss in relation to age by MS phenotype (total and placebo cohorts).
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rate; ARBVC: annualised rate of brain volume change; Gd+ T1: gadolinium-enhancing T1; MS: multiple sclerosis; POMS: paediatric-
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Brain volume loss was assessed over 2 years from baseline and is expressed as the average rate in brain volume change per year 
(ARBVC) with 95% prediction interval. The plotting range (x-axis) covers the age range where >30 patients were available. The impact 
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was mostly apparent in RRMS patients (Figure 4 and 
Supplementary Figure S4).

The probability of 3mCDW to occur within 2 years from 
baseline as a function of age, baseline disability and MS 

phenotype is illustrated in Figure 5 (and Supplementary 
Figure S5; by period of data acquisition in Supplementary 
Figure S6). This probability was lowest (10%–15%) in 
the youngest RRMS patients with no disability at base-
line (EDSS = 0) and increased with higher age and/or 
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Figure 5. Probability of 3 months confirmed disability worsening (3mCDW) within 2 years from baseline in relation to 
age by MS phenotype, for different baseline EDSS categories (total and placebo cohorts).
EDSS: expanded disability status scale; MS: multiple sclerosis; PPMS: primary progressive MS; RRMS: relapsing–remitting MS; 
SPMS: secondary progressive MS.
Data are presented as mean and 95% prediction interval. Empty plots indicate less than 20 disability events available for this category. 
The plotting range (x-axis) covers the age range where >30 patients were available. The probability of 3-month EDSS-confirmed 
disability as a more granular function of age and disability is provided in the Supplementary Figure S5. The impact of the time of data 
acquisition was investigated by splitting the data into two data acquisition periods (Supplementary Figure S6).
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level of disability. In patients older than 40 years, the 
probability of 3mCDW was surprisingly similar and reli-
ably higher than 25%, irrespective of phenotype.

Discussion
MS is complex and heterogeneous, with highly vari-
able individual disease courses.1–3 Particularly, the 
development of irreversible disability, including the 
contribution of focal inflammation, needs further elu-
cidation.14,15 Analyses of large, homogeneous high 
quality data sets across all phenotypes could help to 
revisit current disease characterisations, which are 
clinically useful but less so for individual prognosis 
of disease course or treatment response. Applying big 
data analytics might help explain heterogeneity and 
improve individual prognosis.

NO.MS
Large patient-level data sets from clinical trials hold 
great promise for understanding complex diseases 
and ultimately may guide ways to improve individual 
prognosis. The Oxford BDI brings expertise in data 
analysis in epidemiology, genomics, imaging and 
computer science,16,17 which allowed combining het-
erogeneous data sets, conducting image analysis with 
unified methods across the studies and extracting 
novel insights with advanced analytical methods.

NO.MS is currently the largest, most comprehensive 
clinical trial data set across MS phenotypes and 
uniquely set to characterise ambulatory MS. It includes 
both randomised controlled and observational trials, 
thus allowing both identification of causal relation-
ships and translation into settings closer to clinical 
practice. We summarise the strengths and limitations 
of NO.MS for future analyses in Table 3.

Long follow-up (>2–15 years) of many patients and 
data under placebo treatment are valuable to study dis-
ability worsening or to find prognostic markers. MRI 
analyses performed per study are available; however, 
heterogeneity across studies limits the utility.18 We are 
currently re-analysing >200,000 DICOM images from 
≈10,000 patients to obtain a voxel-wise lesion seg-
mentation and to quantify global and regional brain 
atrophy with a consistent methodology across studies 
in our future analyses. This new longitudinal MRI data 
set, together with the clinical data, will reduce hetero-
geneity and allow to detect associations or causal rela-
tionships of imaging and clinical measures.

Despite the heterogeneous patient population recruited 
in these clinical trials, NO.MS is still limited to the 

eligible trial populations and biological and genetic 
characterisation is sparse. Selection bias in clinical 
trial populations, the fact that NO.MS data are from 
clinical trials of one sponsor, and the more limited 
number of DMTs studied compared to those used in 
clinical practice may also impact the broad generalis-
ability of future findings. This may require replica-
tions in independent, large and diverse MS data sets.

Previous attempts to compile and analyse pooled MS 
clinical trial data sets (Supplementary Table S3) include 
the Sylvia Lawry Centre for Multiple Sclerosis Research, 
which published on clinical outcomes, disease evolution 
and prognosis19 and the Multiple Sclerosis Outcome 
Assessments Consortium (MSOAC) to develop better 
disability progression measures.20 Recently, the 
International Progressive MS Alliance (IPMSA) collated 
industry sponsored trial data from >14,000 patients and 
used machine learning/AI to predict progression, acceler-
ate clinical trials and improve individual treatment deci-
sions in patients with PMS.7,8,12 Several academic centres 
follow prospectively medium sized, well characterised 
observational patient cohorts, which have importantly 
contributed to our understanding of MS (Supplementary 
Table S3). They recently formed a consortium (SUMMIT) 
pooling data of ⩾3000 patients to study factors related to 
MS progression.21 Registries, collecting observational 
data from clinical practice, have also formed data net-
works (Supplementary Table S3) addressing questions 
around therapeutic effectiveness,22 comparative safety or 
outcome and prognosis, among others.22,23 They differ 
from controlled trial data sets regarding completeness 
(including MRI),24 standardisation, homogeneity, quality 
and biases due to lack of randomisation. Meta-analyses 
combine information across published studies; however, 
lack of individual patient data, publication bias and selec-
tive outcome reporting bias are limitations.25 In compari-
son, NO.MS seems well suited to further characterise MS, 
study disease worsening and identify prognostic markers 
(or signatures) across MS phenotypes. However, given 
that studies included in NO.MS measured heterogeneous 
sets of endpoints, the selection of an adequate study subset 
may be required to address a specific scientific question.

Characterisation of MS phenotypes across the 
age span
As a first application of NO.MS, we explored the rela-
tionship between age and (1) focal disease activity, 
(2) subclinical worsening, as measured by brain vol-
ume change and (3) 3mCDW in all phase III studies 
across phenotypes. By modulating the occurrence and 
frequency of demyelinating events, age is a key con-
tributor of how the disease is experienced by patients 
and seen by physicians. Our results confirm that 
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disease activity is highest in patients with POMS26–28 
and decreases with ageing across phenotypes, possi-
bly related to immunosenescence.29 This is in line 
with previous findings in the London Ontario, the 
British Columbia MS and the CLIMB cohorts.26,30,31 
The prevailing disease activity in POMS as compared 
to adult patients may be due to intrinsically higher 
inflammatory disease rather than poorer treatment 
response, as suggested by others.28 The difference in 
disease activity between the ‘placebo ’ and the ‘total’ 
cohorts (consisting of all placebo and DMT-treated 

patients in the phase III studies) shrank with increas-
ing age, as focal disease activity decreases over time, 
also in untreated patients. Based on our descriptive 
analysis, we conclude that age is an important factor 
in the presentation of MS patients, as young age is 
strongly associated with high levels of focal inflam-
matory disease activity and relapse frequency. 
Inversely, in the placebo cohort, there were fewer 
relapses in older patients. The difference between 
untreated placebo patients and the ‘total’ cohort in 
brain lesions and relapse activity was highest in the 

Table 3. NO.MS: strengths and limitations of the data set for future analyses.

Strengths Limitations

1. Data set
- Rich data set from prospectively acquired clinical 

and imaging trials
- All MS phenotypes and POMS included
- High quality assessments and data (study 

protocols, harmonised assessments and data 
curation)

- Broad age- and disability ranges
- Placebo data (all phenotypes)
- Randomised-controlled trials as well as 

observational trials
- Standardised assessments of relapses and 

disability (EDSS, including functional scores) by 
trained physicians

- Definitions of outcomes relatively standardised or 
differences understood (since all trials conducted 
by a single sponsor), enabling data harmonisation 
or selection for analysis

- MRI scans (defaced) available in NIFTI format 
for unified image analyses

- Additional valuable data on measures such as 
cognition, PROs and biomarker

1. Data set
- Selection bias: Patients represent selected 

populations based on the eligibility criteria of 
study protocols and may be non-representative of 
routine clinical practice (including selective DMT 
use)

- Studies conducted by single sponsor
- Limited biological and genetic characterisation
- Study populations may change over time (e.g. to 

less activity)

2. Follow-up duration
- Long (up to 15 years) follow-up
- Patient-level longitudinal high quality clinical 

data, including regular standardised neurological 
assessments

- Includes RRMS patients who transitioned to 
SPMS while on trial, allowing to study the onset 
of progressive disease

- Patient-level longitudinal MRI scans (defaced) 
available in NIFTI format to support re-analysis 
of MRI scans and linkable to the de-identified 
clinical data

2. Follow-up duration
- Variable longitudinal follow-up
- Informative censoring is a possibility in some 

cases
- Limited follow-up in PMS cohorts (additional 

long-term data are being collected in SPMS)

3. Data analysis
- Longitudinal, harmonised, robust and scalable 

voxel-wise analysis of MRI scans across studies 
is ongoing to extract new features

- Applicable for advanced analytical approaches 
including supervised and unsupervised machine 
learning on top of conventional approaches

3. Data analysis
- Challenging as MRI scans are heterogeneous 

from multicentre trials over almost 20 years 
(scanner/software, sites and resolution)

DMT: disease modifying therapy; EDSS: expanded disability status scale; MRI: magnetic resonance imaging; MS: multiple 
sclerosis; PMS: progressive MS; POMS: paediatric-onset MS; PRO: patient-reported outcomes; SPMS: secondary progressive MS.
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youngest patients. These results were consistent with 
the phase III results from randomised controlled clini-
cal trials27 and a meta-analysis;32 however, the 
descriptive nature of our analyses and the composite 
‘total’ cohort do not allow to draw conclusions about 
the relative effectiveness of DMTs across the age 
range studied. The relevance of age in modulating the 
clinical disease course can be used to inform future 
MS clinical trials.33

The brain volume change of approximately 0.5% over 
2 years was strikingly similar in adult patients across 
phenotypes, and relatively independent of age, only 
RRMS patients receiving placebo fared worse, con-
sistent with other reports.34 Brain volume change was 
most pronounced in adolescent patients, where focal 
disease activity was highest overall. Acute inflamma-
tion may be involved in initiating the pathological 
processes relevant for irreversible tissue loss which 
then continue rather independently likely based on 
mechanisms other than focal inflammation. Very sim-
ilar atrophy rates across age ranges and MS pheno-
types have also been reported previously for a much 
smaller data set.35 A large recent study found signifi-
cantly different age-dependent rates of lateral ventri-
cle and brain volume changes.36 Longer follow-up 
times and MRI cohorts including patients with an age 
up to 80 years may explain the different results. 
Finally, variability was high, reflecting both biologi-
cal and methodological variations, but overall, brain 
tissue loss seems to be more similar than different 
between MS phenotypes.

We also investigated the probability of 3mCDW in rela-
tion to age and disease phenotype. The risk of a disabil-
ity worsening was lowest (10%–15%) in the youngest, 
least disabled RRMS patients, probably due to higher 
reserve capacity or plasticity,37 and increased with older 
age. Across phenotypes, the differences in the age- and 
baseline disability-adjusted risk of progression were 
less pronounced than may have been expected, which is 
in line with findings from the Swedish MS Registry.38 
However, pronounced inflammatory activity and early 
brain volume loss is likely the harbinger of disability 
progression later, since the risk of clinical worsening is 
increasing with decreasing brain volume,39 and treat-
ment of early MS with efficacious medication is likely 
beneficial for long-term outcomes.40 Some patients 
diagnosed with SPMS were young (e.g. ⩽25 or 
⩽30 years of age) when enrolled. Their baseline charac-
teristics are presented in Supplementary Table S2, 
showing significant disability and relatively high T2 
lesion volumes. Many had a POMS, suggesting an 
active and aggressive course with early transition to 
SPMS. The negative trajectories in the high EDSS 

range in both young SPMS and PPMS phenotypes may 
be representative for patients with an early onset of pro-
gressive disease, or could be caused by a selection bias 
in the clinical trial setting. The overall higher and rather 
constant risk of progression (>25% over 2 years) across 
phenotypes with longer disease durations (reflected by 
either higher age or pre-existing disability) is in line 
with the notion of an increasingly compromised CNS 
with diminishing compensatory abilities.37 Clinical tri-
als usually report the risk of 3mCDW by treatment arm 
as a ‘population average’ on the basis of a time-to-event 
analysis. Our study reveals that depending on the 
patient’s age and level of disability at baseline, the risk 
of 3mCDW can be substantially lower or higher than 
what is reported in clinical trials. Brain volume loss and 
disability worsening differed between the ‘placebo’ and 
the ‘total’ cohorts most visibly in young adult and pae-
diatric patients, presumably related to DMT use, in line 
with the results from phase III randomised controlled 
trials.

Conclusion
NO.MS is a novel comprehensive clinical trial data 
set across all MS phenotypes, observed over nearly 
two decades, that is well suited to further characterise 
MS, study individual patient trajectories and identify 
prognostic markers (or signatures) using advanced 
analytical methods. A first application of NO.MS sug-
gests that age is a key factor modulating relapse fre-
quency and focal MRI activity and thus the phenotypic 
presentation of MS. However, brain volume loss and 
disability worsening occur throughout the disease at 
similar rates except in the youngest patients with least 
disease burden, suggesting that worsening, once 
started, occurs to some extent independent from new 
focal inflammatory disease.
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