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Introduction
Previous efforts to identify prognostic markers of sec-
ondary progressive multiple sclerosis (SPMS) have 
used large natural history cohorts, limited to certain 
geographic location and composed of mostly untreated 

patients. As a result, they do not take into considera-
tion the impact that disease-modifying therapy (DMT) 
has on delaying SPMS.1 Furthermore, the compara-
bility of these studies is hampered by the use of vary-
ing methodologies and outcomes, including different 
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Abstract
Background: The risk factors for conversion from relapsing-remitting to secondary progressive multiple 
sclerosis remain highly contested.
Objective: The aim of this study was to determine the demographic, clinical and paraclinical features that 
influence the risk of conversion to secondary progressive multiple sclerosis.
Methods: Patients with adult-onset relapsing–remitting multiple sclerosis and at least four recorded dis-
ability scores were selected from MSBase, a global observational cohort. The risk of conversion to objec-
tively defined secondary progressive multiple sclerosis was evaluated at multiple time points per patient 
using multivariable marginal Cox regression models. Sensitivity analyses were performed.
Results: A total of 15,717 patients were included in the primary analysis. Older age (hazard ratio 
(HR) = 1.02, p < 0.001), longer disease duration (HR = 1.01, p = 0.038), a higher Expanded Disability Sta-
tus Scale score (HR = 1.30, p < 0.001), more rapid disability trajectory (HR = 2.82, p < 0.001) and greater 
number of relapses in the previous year (HR = 1.07, p = 0.010) were independently associated with an 
increased risk of secondary progressive multiple sclerosis. Improving disability (HR = 0.62, p = 0.039) 
and disease-modifying therapy exposure (HR = 0.71, p = 0.007) were associated with a lower risk. Recent 
cerebral magnetic resonance imaging activity, evidence of spinal cord lesions and oligoclonal bands in the 
cerebrospinal fluid were not associated with the risk of conversion.
Conclusion: Risk of secondary progressive multiple sclerosis increases with age, duration of illness and 
worsening disability and decreases with improving disability. Therapy may delay the onset of secondary 
progression.
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definitions of SPMS.2 Most examined risk factors of 
SPMS within the initial 5 years of the onset of multi-
ple sclerosis (MS), but did not assess how the risk of 
SPMS might change over time.

Recently, an objective definition of SPMS was devel-
oped using the MSBase cohort.3 Using this definition, 
we have investigated various demographic, clinical 
and paraclinical factors that influence the risk of 
developing SPMS in a large, multinational cohort 
with relapsing–remitting multiple sclerosis (RRMS) 
treated with contemporary therapies.

Methods

Ethics
The MSBase registry4 (registered with World Health 
Organization (WHO) ICTRP, ID ACTRN1260500 
0455662) was approved by the Melbourne Health 
Human Research Ethics Committee and by the local 
ethics committees in all participating centres (or 
exemptions granted, according to local protocols). 
Written informed consent was provided by enrolled 
patients as required.

Patient population and inclusion criteria
Longitudinal data from 44,449 patients treated in 36 
countries were extracted from MSBase in February 
2017. A rigorous, automated quality assurance proce-
dure was applied (Online Supplement Table S2).5

Inclusion criteria consisted of a diagnosis of RRMS 
according to the 2005 or 2010 McDonald criteria,6,7 
⩾4 Expanded Disability Status Scale (EDSS) scores 
recorded (with ⩾6 months between the first and sec-
ond recorded scores and ⩾3 months between the first 
EDSS score after the initial prediction time point and 
final score), age at symptom onset ⩾ 18 years and 
availability of the minimum dataset (date of birth, 
sex, date of symptom onset, onset phenotype and MS 
course entries to confirm RRMS). Patients diagnosed 
with RRMS who reached SPMS before the first pre-
diction time point were excluded. The secondary and 
sensitivity analyses also required magnetic resonance 
imaging (MRI) data or cerebrospinal fluid (CSF) data, 
a follow-up time of ⩾9 years or more stringent data 
quality thresholds.

Study design
This observational cohort study examined risk factors 
of conversion to SPMS. Previous studies evaluating 
the risk of SPMS have used data at entry into the 

study and once the endpoint is reached (or data are 
censored) to evaluate hazard ratios (HRs), and some 
have employed time-dependent variables. With the 
exception of a study that used a Poisson process,8 
these studies did not consider that, in an individual 
patient, the importance of each risk factor may change 
with patient age, disease progression or level of disa-
bility. To model the changing risk of SPMS, we pre-
dicted the hazard of each patient reaching SPMS at 
every clinic visit using their updated results as entered 
by the clinician. The resultant HRs, therefore, more 
appropriately reflect an ‘average’ hazard of conver-
sion to SPMS over the entire disease course and 
allows for the evaluation of risk of SPMS in individ-
ual patients.

Specifically, the data from each visit entry per patient 
were assessed for their suitability as a ‘prediction time 
point’ to evaluate the subsequent hazard of SPMS. 
‘Prediction time points’ were defined as any visit 
entries recorded during RRMS with ⩾1 visit recorded 
⩾6 months prior and ⩾2 subsequent visits. Thus, the 
study included multiple prediction time points per 
patient, and each prediction time point could also 
count as a visit entry for others. The period between 
the first visit entry and each prediction time point was 
called the pre-baseline period. The post-baseline 
period was the time between each prediction time 
point and the final eligible visit (i.e. the last visit that 
was followed by an additional visit ⩾ 3 months later). 
The follow-up period was the time between the first 
prediction time point and the final eligible visit (Online 
Supplement Figure S1). At each prediction time point, 
associations between demographic (age and sex), clin-
ical (disease duration and annualised relapse rate 
(ARR), number of relapses in the previous year, pro-
portion of time on DMTs pre- and post-baseline, annu-
alised EDSS slope and frequency of visits during the 
post-baseline period) and paraclinical variables (quali-
tative MRI and CSF information) and the subsequent 
conversion to SPMS were evaluated (definitions of the 
variables are given in Online Supplement).

Study end points
The outcome of interest was objectively defined 
conversion to SPMS (Box 1).3 The date of SPMS 
conversion was the date of the first EDSS increase 
that eventually led to the definition of SPMS being 
reached; patients could only reach this outcome 
once. Patients who did not meet this outcome were 
censored at the last recorded visit with non-zero 
probability of SPMS conversion (i.e. for which one 
subsequent EDSS and functional scores ⩾ 3 months 
later were recorded).
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Statistical analysis
Statistical analysis was performed using R version 
3.2.4. The association between each variable and the 
outcome was assessed using univariate Cox propor-
tional hazards models. A series of multivariable mar-
ginal Cox proportional hazards models were then 
constructed using the covariates potentially associ-
ated with the outcome at α = 0.20. These models were 
adjusted for study centre, post-baseline DMT expo-
sure and post-baseline visit frequency. To account for 
multiple entries per patient (and the associated inter-
dependence of these repeated observations), all mod-
els were clustered by patient with a robust estimation 
of variance. The median time to SPMS was estimated 
with a left- and right-censored proportional hazards 
model with only one entry per patient allowed. The 
proportional hazards assumption was confirmed by 
visual inspection of the Schoenfeld residuals, and 
where violated, accelerated failure time model with 
Weibull distribution was used. The best fitted multi-
variable model was chosen based on Akaike informa-
tion criterion, least risk of overfitting and most 
clinically relevant covariates, in descending order of 
importance.

Secondary and sensitivity analyses
In order to assess additional predictive factors, three 
cohorts with additional data available were studied: 
(1) MRI brain (to evaluate the association of SPMS 
with brain MRI status), (2) MRI brain and spinal cord 
(to evaluate the association of SPMS with spinal MRI 
status) and (3) MRI brain and CSF (to evaluate the 
association of SPMS with CSF findings). To assess 
the robustness of the primary model in sensitivity 
analyses, two further sub-cohorts were studied, 
where: (1) more stringent data quality criteria were 
applied (only centres with the highest quality data 
were included) or (2) patients were followed up for 
⩾9 years (the upper quartile of follow-up time). ‘High 
quality centres’ were arbitrarily defined as having a 
data density of >44% of the maximum data density, 
<3 data errors per 100 patient-years and generalisa-
bility > 65% of the maximum generalisability.5 The 
analytical methodology used in the primary analysis 
was applied to secondary and sensitivity analyses.

Results

Patient characteristics
We identified 15,717 patients contributing 176,602 
visits and 100,573 patient-years of follow-up eligible 
for inclusion in the primary analysis (Figure 1 and 
Online Supplement Tables S3 and S4). The character-
istics of the examined cohort are provided in Table 1, 
and those of the excluded cohort in Online Supplement 
Table S5. A total of 1546 (10%) patients converted to 
SPMS during their recorded follow-up. The median 
time to SPMS was 32.4 years (95% confidence inter-
val (95% CI): 31.1–33.7) from disease onset (Figure 
2). This was confirmed in a subcohort followed pro-
spectively from ⩽10 years from disease onset 
(n = 11,926), where the proportion of patients with 
SPMS at 32.4 years was 60%. The dates of the predic-
tion time points ranged from October 1975 to October 
2016 with the median date being September 2010. At 
the time of censoring, 79% of the patients had received 
injectable DMTs, 24% received oral DMTs and 14% 
received monoclonal antibody therapy, and 15% of 
the patients remained untreated. At the time of censor-
ing, patients had been treated with DMTs for a median 
of 3.9 years (quartiles: 1.3–7.5), having spent a 
median of 48% (quartiles: 16%–75%) of their disease 
duration on DMTs.

Univariate analysis
The results of the univariate Cox regression are pro-
vided in Online Supplement Table S6. Male sex, older 
age at visit, older age at symptom onset, longer dis-
ease duration, a higher number of relapses in the pre-
vious year, higher EDSS and faster disability accrual 
tended to be associated with an increased risk of 
SPMS. Improving disability, a higher ARR, involve-
ment of multiple central nervous system (CNS) 
regions and/or spinal cord symptoms at onset and 
prior proportion of time on DMT tended to be associ-
ated with a reduced risk of SPMS in unadjusted uni-
variate models. Visual, brainstem or supratentorial 
onset symptoms were not associated with SPMS.

Multivariable analysis
The results of the primary multivariable regression 
model are shown in Figure 3. Disease duration and 
age were considered more relevant than age at symp-
tom onset and were not substantially collinear 
(Pearson’s r = 0.57); they were therefore included in 
the model. Similarly, ARR and the number of 
relapses in the previous year were also not substan-
tially collinear (Pearson’s r = 0.54) and both were 
included in the model.
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Box 1.

The used objective definition of SPMS:3 EDSS ⩾ 4 
disability progression by ⩾1 (where EDSS ⩽ 5.5) or 
⩾0.5 EDSS points (where EDSS ⩾ 6) confirmed after 
⩾3 months and in the absence of a relapse pyramidal 
functional system score of ⩾2.
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A higher EDSS score (HR: 1.30, 95% CI: 1.25–1.35), 
worsening disability trajectory at a rapid rate (HR: 
2.82, 95% CI: 2.07–3.84), a greater number of 
relapses in the previous year (HR: 1.07, 95% CI: 
1.02–1.13), longer disease duration (HR: 1.01, 95% 
CI: 1.00–1.02) and older age (HR: 1.02, 95% CI: 

1.01–1.02) were all independently associated with 
the risk of SPMS conversion. A greater proportion of 
time spent on DMTs (HR: 0.71, 95% CI: 0.55–0.91) 
and an improving disability trajectory (HR: 0.62, 
95% CI: 0.39–0.98) were associated with a lower risk 
of SPMS. Sex, overall ARR and phenotype of onset 

Figure 1. CONSORT flowchart of patient disposition (primary analysis).
Patients excluded due to incomplete minimum dataset had at least one of the following information missing: date of birth, gender, centre, 
disease course, date of first symptom onset and onset symptom phenotype. Patients excluded due to insufficient visit data had less than 
four visits with EDSS recorded or less than 3 months between the first EDSS score after the initial prediction time point and last visit.
EDSS: Expanded Disability Status Scale.

Table 1. Characteristics of studied patients at first prediction time point.

Count (%) Mean (SD) Median (quartiles)

Patients (% female) 15,717 (71)  

Age (years) 38.4 (10.4) 37.4 (30.4, 45.4)

Disease duration (years) 6.8 (7.3) 4.1 (1.6, 9.7)

Onset symptoms, patientsa  

 Spinal cord 4368 (28)  

 Visual 4295 (27)  

 Brainstem 4128 (26)  

 Supratentorial 4957 (32)  

 Polysymptomatic 1922 (12)  

Disability, EDSS (EDSS step) 2.0 (1.0, 3.0)

Pre-baseline annualised EDSS slope (EDSS steps per year) 0.6 (0.8) 0.4 (0.2, 0.8)

Pre-baseline annualised relapse rate (relapses per year) 0.9 (0.9) 0.6 (0.3, 1.2)

Number of relapses ⩽ 12 months prior 1 (0, 1)

Number of patients having received any treatment 10,005 (64)  

Percentage of time on therapy 24.2 (28.6) 10.9 (0, 43.5)

Follow-up time per patientb (years) 6.4 (4.9) 5.3 (2.5, 9.1)
Number of prediction time points contributed per patientb 8 (3, 15)

SD: standard deviation; EDSS: Expanded Disability Status Scale.
aPatients with multiple onset symptoms were counted both in the phenotype of the symptoms they experienced and again in the 
polysymptomatic group.
bCalculated over the entire length of patient follow-up.
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symptoms were not independently associated with 
the risk of SPMS.

Secondary analyses
The results of the secondary analyses are shown in 
Figure 4. In the first analysis, where MRI brain data 
were analysed (Figure 4(a)), 6145 patients were 
included, contributing 35,340 visits and 39,360 patient-
years of follow-up. At the time of censoring, patients 
had been treated with DMTs for a median of 2.8 years 
(quartiles: 1.1, 5.9), having spent a median of 49% 
(quartiles: 18%–75%) of their time from disease onset 
on DMTs. This analysis largely confirmed the results 
of the primary analysis. Of note, in this cohort, MRI 
evidence of disease activity in the brain, a greater num-
ber of relapses in the previous year and time spent on 
DMTs were not independently associated with the risk 
of becoming secondarily progressive.

The second secondary analysis investigated MRI spi-
nal cord parameters (fitted with Weibull distribution; 
n = 1748; Figure 4(b)). It highlighted that having radi-
ological evidence of spinal cord lesions at any time 
does not independently influence the risk of SPMS 
(HR: 1.14, 95% CI: 0.67–1.93). While the results 
largely confirmed those of the primary analysis, in 
this cohort male sex was associated with higher risk 
of SPMS (HR: 1.91, 95% CI: 1.19–3.06).

The analysis investigating the impact of CSF markers 
(fitted with accelerated failure time model; n = 3105; 
Figure 4(c)) did not find an association between the 
presence of oligoclonal bands at any time and risk of 
SPMS (HR: 0.83, 95% CI: 0.48–1.44). It otherwise 
largely confirmed the results of the primary analysis.

Sensitivity analyses
The results of the sensitivity analyses are given in 
Figure 5. All sensitivity analyses were fitted with an 
accelerated failure time model. The sensitivity analy-
sis conducted in centres with the best data quality 
(n = 8090; number of centres = 19; Figure 5(a)) con-
firmed that higher EDSS, older age, more relapses in 
the previous year and a worse disability trajectory 
were associated with a greater risk of SPMS, while an 
improving disability course and greater proportion of 
time on DMTs were associated with a lower risk.

Finally, when a minimum follow-up of 9 years 
(n = 4018; Figure 5(b)) was required, a longer disease 
duration, higher EDSS score, higher ARR and greater 
proportion of time on DMTs were associated with 
increased risk of SPMS, while an improving disabil-
ity course was associated with a lower risk of SPMS.

Discussion
In this study that used repeated observations in a clus-
tered survival model, an objective definition of SPMS 

Figure 2. Time to SPMS from disease onset.
The median time to SPMS from disease onset was estimated with 
a left- and right-censored proportional hazards model with only 
one entry per patient allowed. Of the 15,717 patients evaluated, 
1546 (10%) fulfilled the definition of SPMS after a median of 
32.4 years (95% confidence limits: 31.1–33.7 years).
SPMS: secondary progressive multiple sclerosis.

Figure 3. Primary analysis: risk factors of secondary 
progressive multiple sclerosis.
Fitted with a multivariable Cox model. Of the 15,717 patients 
included in the analysis, 1546 (10%) became secondarily 
progressive. ‘Annualised disability trajectory’ is the annualised 
EDSS slope categorised into: stable (gradient −0.05 to 0.05 EDSS 
steps per year), improving (<–0.05), slow worsening (0.05–0.24) 
and rapid worsening (>0.24). ‘Proportion of time on therapy’ is 
the length of time spent on any disease-modifying therapy in the 
pre-baseline period divided by the time from disease onset to the 
prediction time point.
95% CI: 95% confidence interval; EDSS: Expanded Disability 
Status Scale; HR: hazard ratio.
*Significant to the 0.05 level.
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and the multinational MSBase cohort, risk factors her-
alding conversion of RRMS to SPMS included older 
age, longer disease duration, greater disability, rapid 
disability accrual and a greater number of relapses in 
the previous year. Factors that were associated with a 
lower risk of SPMS conversion were improvement in 
disability and potentially also prior exposure to immu-
notherapies. In contrast, brain MRI activity, spinal 
MRI disease burden and the presence of oligoclonal 
bands in the CSF were not associated with SPMS.

Most previous studies have assessed the predictive 
value of disease and patient characteristics at the 
beginning of the disease or after 5 years. These studies 
reported that male sex is associated with an increased 
risk of SPMS.9–12 Women are more prone to relapses 
than men,13,14 and it is possible that this greater relapse 
activity may delay the diagnosis of SPMS in women. 
Our analysis adjusted for the effect of relapses, sug-
gesting that sex is not independently associated with a 
higher risk of SPMS. In the subset of patients with 
MRI brain and spine data available, we did find an 
association between male sex and SPMS; while we 
cannot reconcile this difference, it should be noted that 
male sex was trending towards a greater risk of SPMS.

Age at onset is considered one of the best indicators 
of SPMS conversion.15–18 In addition, the risk of 
SPMS increases with older age and longer disease 
duration,8,9,19,20 thus confirming that the onset of 
SPMS is a function of time.21,22

Previous studies suggested that the phenotype of onset 
symptoms may be associated with SPMS conver-
sion.10,23–25 Our results did not find an evidence of such 
association. This may be attributed to the fact that in 
this study, the risk factors were evaluated after a median 

Figure 4. Secondary analyses: risk factors of secondary 
progressive multiple sclerosis. Conducted in cohorts: (a) 
with MRI brain data required (n = 6145), (b) with MRI 
brain and spine data required (n = 1748) and (c) with MRI 
brain and CSF data required (n = 3105).
Fitted with multivariable, marginal Cox regression models. 
Analyses b and c were fitted with a Weibull distribution. 
‘Annualised disability trajectory’ is the annualised EDSS slope 
categorised into: stable (gradient −0.05 to 0.05 EDSS steps per 
year), improving (<–0.05), slow worsening (0.05–0.24) and 
rapid worsening (>0.24). ‘Proportion of time on therapy’ is the 
length of time spent on any disease-modifying therapy in the pre-
baseline period divided by the time from disease onset to baseline. 
Recent MRI brain activity is any evidence of new T2 lesions or 
gadolinium enhancing lesions over the previous 2 years.
95% CI: 95% confidence interval; CSF: cerebrospinal fluid; 
EDSS: expanded disability status scale; HR: hazard ratio; MRI: 
magnetic resonance imaging.
*Significant to 0.05 level.

Figure 4. (Continued)
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of 4.1 years from disease onset, when other time-
dependent variables (such as age and disability) would 
become relatively more important. The association 
between greater disability and a risk of SPMS is rather 
trivial, as to fulfil the objective definition of SPMS, 
patients must achieve an EDSS score of 4 or greater.

Early relapses are thought to increase the likelihood 
of developing SPMS,9,22,26,27 while later relapses are 
of lesser importance.9,20 This study showed this asso-
ciation for the number of relapses in the previous 
year. Interestingly, in the cohort followed for ⩾9 years, 
the more important predictor was the overall ARR. 
Thus, inflammatory activity may contribute to SPMS 
conversion, but the information about prior cumula-
tive relapse activity is more relevant when acquired 
over an extended time.

While some studies have found no association between 
DMT use and SPMS,28,29 the results of this study, in line 
with work by others,30–32 suggest that DMTs may delay 
the onset of SPMS. Interestingly, over the course of 
almost two decades, the reported median time from MS 
onset to SPMS has increased from just under 15 years33 
to over 30 years.34 This increasing trend was again dem-
onstrated in this study. These reported long-term trends 
do not provide a direct evidence of the effect of DMTs 
on the onset of SPMS and can be influenced by the dif-
ferences in the used definitions. However, they are in 
keeping with our recently completed study, which dem-
onstrated that DMTs, in particular higher-efficacy thera-
pies, reduce the risk of SPMS conversion.1

Paraclinical features such as abnormal MRI findings 
and presence of oligoclonal bands in the CSF are 
associated with a greater risk of developing MS.35 
This association is expected, as these features are also 
diagnostic of MS.7 However, the observed lack of 
prognostic value of simple MRI and CSF markers 
with respect to SPMS conversion is not surprising, 
given that these markers are assessed in the context of 
established RRMS.

Previous studies have suggested that the number36 
and location37 of cerebral MRI lesions may provide 
some information about SPMS conversion. This study 
did not confirm this observation; however, MSBase 
MRI data are relatively sparse and only contain lim-
ited information about lesion topography.

Unlike most of the previous studies, our design does 
not restrict the analyses to predictions during early MS. 
Instead, our results represent the average predictive 

Figure 5. Sensitivity analyses: risk factors of secondary 
progressive multiple sclerosis. Conducted in cohorts (a) 
consisting only of centres with the highest data quality 
(n = 8090) and (b) with follow-up greater than 9 years 
required (n = 4018).
Fitted with multivariable, marginal Cox regression models. Both 
analyses were fitted with a Weibull distribution. ‘Annualised 
disability trajectory’ is the annualised EDSS slope categorised 
into: stable (gradient −0.05 to 0.05 EDSS steps per year), 
improving (<–0.05), slow worsening (0.05–0.24) and rapid 
worsening (>0.24). ‘Proportion of time on therapy’ is the length 
of time spent on any disease-modifying therapy in the pre-baseline 
period divided by the time from disease onset to baseline. ‘High 
quality data centres’ were arbitrarily defined as having a data 
density score of >50 (i.e. >44% of the maximum score), error 
rate of <3 per 100 patient-years and a generalisability score >14 
(i.e. >65% of the maximum score).5

95% CI: 95% confidence interval; EDSS: Expanded Disability 
Status Scale; HR: hazard ratio.
*Significant to 0.05 level.
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value of a factor over the course of RRMS. This 
approach allowed us to integrate change in the associa-
tions between the prognostic markers and the risk of 
SPMS over time (e.g. for relapse count9). This is illus-
trated by the example presented in Figure 6, which also 
demonstrates the change in the risk of SPMS in 
response to the change in patient’s characteristics.

The main limitation of this study is its observational 
design and the inherent risk of confounding.38 Its 
effect on the results has been minimised by the use of 
the broadly adjusted multivariable models, including 
adjustment for centre-specific confounding. 
Furthermore, the SPMS definition and several risk 

factors rely on EDSS; hence, the study carries the limi-
tations intrinsic to the use of this measure. The impact 
of the rater-dependent variability in EDSS has been 
minimised by the use of Neurostatus certification. The 
impact of the non-linearity of EDSS has been mini-
mised through stratification of the requirements for 
EDSS progression according to the pre-existing disa-
bility level.3 Comparability between the existing stud-
ies is difficult owing to the differences in methodologies 
used, ascertainment bias (introduced by restricting this 
study to patients treated in tertiary hospitals), as well 
as the lack of objective definition of SPMS in the pre-
vious studies. The objective definition of SPMS used 
here has only been applied in a limited number of 
cohorts. Only 10% of our examined cohort reached the 
study endpoint, which reduced our power. This could 
be partially attributed to the inclusion criteria, which 
excluded patients who were diagnosed with SPMS 
before their first recorded visit. The inclusion of only 
prospectively fulfilled definition of SPMS may have 
inflated our reported median time to SPMS; it is there-
fore reassuring that the time to SPMS was not shorter 
in the subgroup followed from ⩽10 years from disease 
onset. The impact of detection bias has been reduced 
by adjusting for the frequency of post-baseline visits. 
Data errors were reduced by implementing data qual-
ity procedures.5 Finally, MRI and CSF variables were 
recorded by treating physicians, potentially introduc-
ing reporting bias.

On the contrary, this study is so far the largest study 
to evaluate clinical, demographic and simple para-
clinical markers of SPMS conversion in a global 
cohort of patients treated in a modern context. In 
addition, our analysis allows repeated evaluations of 
associations over time, which accounts for the chang-
ing risk of SPMS, which is particularly important in 
a treated cohort. It also allows for individualised esti-
mation of risk over the course of a patient’s disease. 
Broad generalisability of its results is implied from 
the multicentre, multinational source of patient data 
and was assured in a sensitivity analysis restricted to 
centres with high generalisability of the included 
cohorts. The main strength of this study lies in the 
use of an objective SPMS definition, which has miti-
gated inter-rater variability and will improve repro-
ducibility of the results.1,3

Conclusion
Studying a global RRMS cohort, we have confirmed 
that the risk of SPMS increases with age, duration of 
illness, worsening disability and higher number of 
recent relapses and decreases with better recovery 
from disability. In keeping with our previous study,1 

Figure 6. Individual risk of a patient converting to SPMS, 
relative to the study cohort. The relative hazard ratios are 
derived from the results of Cox regression model used in 
the primary analysis. The vertical dashed line represents 
the time at which the patient fulfilled the definition of 
SPMS. The horizontal red line indicates the average risk 
of conversion to SPMS in the studied MSBase cohort 
(relative hazard = 1).
In 1995, Ms R experienced her first symptoms of multiple 
sclerosis as acute optic neuritis, at age 28. Over the course of her 
disease, she experienced 17 relapses and a rapid accumulation 
of disability. From October 2000 until December 2006 she was 
treated with interferon beta, and in January 2007 she was switched 
to mitoxantrone for 6 months. In June 2013, 18 years after her 
initial diagnosis, she became secondarily progressive at age 47. 
It can be seen that the patient’s hazard of conversion to SPMS 
increases with disease duration, age and disability milestones, 
until the patient ultimately becomes secondarily progressive after 
18 years of disease.
SPMS: secondary progressive multiple sclerosis.
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our results confirm that DMTs help delay conversion 
to SPMS. Therefore, it has become important that cli-
nicians are able to identify those patients at a high risk 
of secondary progression. Minimising the risk of 
SPMS should constitute an additional therapeutic tar-
get, alongside preventing CNS inflammation and dis-
ability accrual.

Author contributions
A.F. conducted and interpreted the analysis, and drafted 
and revised the manuscript. T.K. conceptualised and 
designed the study, interpreted the analysis and edited 
the manuscript. V.J., D.H., E.K.H., M.T., A.P., M.G., 
P.D., A.L., G.I., F.G’M., P.G., P.S., D.F., R.A., M.T., 
R.H., C.B., J.L.-S., E.P., R.B., V.V.P., S.O., F.G., R.T., 
G.I., D.S., P.M., C.S., M.S., R.A., A.S., T.P., J.L.S.-M., 
F.V., J.P., Y.S., B.V.W., S.V., E.C., M.L.S., N.D., M.B., 
J.O., F.M., O.S., O.G., Y.F., B.Y., C.S., B.S., N.S., S.H., 
A.A., T.A.-H., T.C., B.T., J.H., J.-K.J., A.vd.W., T.S. 
and H.B. contributed substantially to data acquisition, 
interpretation of the analysis and have revised and 
approved the manuscript. A.F. and T.K. had full access 
to the data in the study and take responsibility for the 
integrity of the data and accuracy of the data analysis.

Declaration of Conflicting Interests
The author(s) declared the following potential con-
flicts of interest with respect to the research, author-
ship, and/or publication of this article: A.F. reports no 
disclosures. V.J. received conference travel support 
from Teva, Novartis and Merck and speaker honoraria 
from Biogen. T.S. received honoraria for consultancy, 
funding for travel and compensation for serving on 
scientific advisory boards from Biogen and speaker 
honoraria from Novartis. D.H. received speaker hon-
oraria and consulting fees from Biogen, Merck, Teva 
and Novartis; support for research activities from 
Biogen; and research grants from Charles University 
in Prague. E.K.H. received speaker honoraria and 
consultant fees from Actelion, Biogen, Celgene, 
Merck, Novartis, Roche, Sanofi and Teva support for 
research activities from Czech Ministry of Education. 
M.T. received speaker honoraria from Biogen Idec, 
Bayer-Schering, Sanofi Aventis, Merck, Teva, 
Novartis and Almirall and research grants for her 
Institution from Biogen Idec, Merck and Novartis. 
A.P. reports no disclosures. M.G. received consulting 
fees from Teva Canada, Biogen, Novartis and 
Genzyme Sanofi; lecture payments from Teva 
Canada, Novartis and EMD; and a research grant 
from CIHR. P.D. served on editorial boards and was 
supported to attend meetings by EMD, Biogen, 
Novartis, Genzyme and TEVA; holds grants from the 
CIHR and the MS Society of Canada; and received 
funding for investigator-initiated trials from Biogen, 

Novartis and Genzyme. A.L. is an advisory board 
member of Bayer, Biogen, Genzyme and Merck. She 
received travel grants and honoraria from Bayer, 
Biogen, Merck, Novartis, Sanofi, Teva and FISM. 
Her institution received research grants from Bayer, 
Biogen, Merck, Novartis, Sanofi, Teva and FISM. 
G.I. received speaking honoraria from Biogen, 
Novartis, Sanofi, Merck and Teva. F.G. received hon-
oraria or research funding from Biogen, Genzyme, 
Novartis, Teva, Mitsubishi and ONO Pharmaceuticals. 
P.G. is an advisory board member of Merck, Novartis, 
Teva, Biogen and Genzyme; consultant for Merck; 
received payments for lectures by Merck, Teva and 
Canadian Multiple sclerosis society; and received 
grants for travel from Teva and Novartis. P.S. served 
on scientific advisory boards for Biogen Idec and 
TEVA; received funding for travel and speaker hono-
raria from Biogen Idec, Merck, Teva, Sanofi, 
Genzyme, Novartis and Bayer and research grants for 
her Institution from Bayer, Biogen, Merck, Novartis, 
Sanofi and Teva. D.F. received travel grants and/or 
speaker honoraria from Merck, TEVA, Novartis, 
Biogen and Sanofi Genzyme. R.A. received honoraria 
from Biologix, Biogen, Bayer, Genpharm, Genzyme, 
Merck, GSK and Novartis and served on advisory 
board for Biologix, Biogen, Bayer, Genpharm, 
Genzyme, Novartis, Genzyme, Merck and Novartis. 
M.T. received travel grants from Merck, Novartis, 
Bayer-Schering and Teva and participated in clinical 
trials by Sanofi Aventis, Roche and Novartis. R.H. 
received honoraria as consultant on scientific advi-
sory boards from Merck, Biogen, Genzyme Sanofi 
and Teva and research funding from Merck and 
Biogen speaker honoraria from Sanofi Genzyme and 
Novartis. C.B. received conference travel support 
from Biogen, Novartis, Bayer-Schering, Merck and 
Teva and participated in clinical trials by Sanofi 
Aventis, Roche and Novartis. J.L.-S. accepted travel 
compensation from Novartis, Biogen and Merck. Her 
institution receives the honoraria for talks and advi-
sory board commitment from Bayer Health Care, 
Biogen, Genzyme Sanofi, Merck, Novartis and Teva 
and was involved in clinical trials with Biogen, 
Novartis and Teva. E.P. served on scientific advisory 
boards for Merck, Genzyme and Biogen; received 
honoraria and travel grants from Sanofi Aventis, 
UCB, Lundbeck, Novartis, Bayer Biogen, Merck, 
Genzyme and Teva; and received travel grants and 
equipment from ‘Associazione Marchigiana Sclerosi 
Multipla e altre malattie neurologiche’. R.B. received 
speaker honoraria from Bayer Biogen, Genzyme, 
Merck, Novartis, Sanofi Aventis and Teva; research 
grants from Bayer Biogen, Merck, Novartis, Sanofi 
Aventis and Teva; and congress and travel/accommo-
dation expense compensations by Almirall, Bayer 

https://journals.sagepub.com/home/msj


Multiple Sclerosis Journal 26(1)

88 journals.sagepub.com/home/msj

Biogen, Genzyme, Merck, Novartis, Sanofi Aventis 
and Teva. V.V.P. received travel grants from Biogen, 
Bayer Schering, Genzyme, Merck, Teva and Novartis. 
His institution receives honoraria for consultancy and 
lectures from Biogen, Bayer Schering, Genzyme, 
Merck, Roche, Teva and Novartis and research grants 
from Novartis and Bayer Schering. S.O. reports no 
disclosures. F.G. served on scientific advisory boards 
for Biogen Idec, Novartis and Sanofi Aventis and 
received funding for travel and speaker honoraria 
from Biogen Idec, Merck and Almirall. C.R. received 
research funding, compensation for travel or speaker 
honoraria from Biogen, Novartis, Genzyme and 
Almirall. R.T. reports no disclosures. G.I. had travel/
accommodations/meeting expenses funded by Bayer 
Biogen, Merck, Novartis and Sanofi Aventis Teva. 
D.S. received honoraria as a consultant on scientific 
advisory boards by Bayer Schering, Novartis and 
Sanofi Aventis and compensation for travel from 
Novartis, Biogen, Sanofi Aventis, Teva and Merck. 
P.M. received honoraria and consulting fees from 
Novartis, Bayer Schering and Sanofi and travel grants 
from Novartis, Biogen and Bayer Schering. C.S. 
reports no disclosures. M.S. participated in, but not 
received honoraria for, advisory board activity for 
Biogen, Merck, Bayer Schering, Sanofi Aventis and 
Novartis. R.F.B. received speaking honoraria from 
Biogen, Novartis, Merck and Teva. R.A. received 
conference travel support from Novartis, Teva, 
Biogen, Bayer and Merck and participated in clinical 
trials by Biogen, Novartis, Teva and Actelion. A.S. 
reports no disclosures. T.P. received funding or 
speaker honoraria from Biogen, Merck, Novartis, 
Bayer Schering, Sanofi Aventis and Roche Genzyme. 
J.L.S.-M. accepted travel compensation from Novartis 
and Biogen; speaking honoraria from Biogen, 
Novartis, Sanofi, Merck, Almirall, Bayer and Teva; 
and participated in a clinical trial by Biogen. F.V. is an 
advisory board member for Teva Biogen Merck and 
Novartis. J.P. accepted travel compensation from 
Novartis, Biogen, Genzyme and Teva and speaking 
honoraria from Biogen, Novartis, Genzyme and Teva. 
Y.S., R.G., B.V.W. and S.V. report no disclosures. 
E.C. received honoraria as a consultant on scientific 
advisory boards by Biogen, Bayer Schering, Merck, 
Genzyme and Novartis and participated in clinical tri-
als/other research projects by Merck, Roche and 
Novartis. M.L.S. reports no disclosures. N.D. received 
funding from Bayer, Merck, Biogen, Genzyme and 
Novartis. M.B. served on scientific advisory boards 
for Biogen, Novartis and Genzyme; received confer-
ence travel support from Biogen and Novartis; and 
serves on steering committees for trials conducted by 
Novartis. His institution received research support 
from Biogen, Merck and Novartis. E.B. reports no 

disclosures. J.O. serves on scientific advisory boards 
for Biogen, Genzyme and Novartis; received speaker 
honoraria from Biogen, Bayer Schering, Genzyme, 
Merck, Novartis and Teva and research grants from 
Biogen, Merck, Novartis and Teva. F.M. participated 
in clinical trials sponsored by EMD and Novartis. 
O.S. reports no disclosures. O.G. received honoraria 
as consultant on scientific advisory boards for 
Genzyme, Biogen, Merck and Novartis; received 
travel grants from Biogen, Merck and Novartis; and 
participated in clinical trials by Biogen and Merck. 
Y.F. and B.Y. report no disclosures. C.S. received 
travel assistance from Biogen and Novartis. B.S. 
received consultancy honoraria and compensation for 
travel from Biogen and Merck. N.S. received travel 
compensation from Bayer Schering, Novartis and 
Biogen Idec. S.H. received honoraria and consulting 
fees from Novartis, Bayer Schering and Sanofi and 
travel grants from Novartis, Biogen Idec and Bayer 
Schering. I.K. served on scientific advisory board for 
Biogen and received research support from Guthy-
Jackson Charitable Foundation, National Multiple 
Sclerosis Society, Biogen and Novartis. A.A. reports 
no disclosures. N.V. received compensation for travel 
and honoraria from Novartis, Biogen and Glaxo-
Smith-Kline. J.A.D. and T.A.-H. report no disclo-
sures. T.C. received speaker honoraria/conference 
travel support from Bayer Biogen, Merck, Novartis 
and Teva. B.T. received funding for travel and speaker 
honoraria from Bayer Schering, CSL Australia, 
Biogen and Novartis. V.S. reports no disclosures. 
A.v.d.W. received travel support, speaker honoraria 
and served on advisory boards for Biogen, Merck, 
Genzyme, Novartis and Teva. H.B. served on scien-
tific advisory boards for Biogen, Novartis and Sanofi 
Aventis and received conference travel support from 
Novartis, Biogen and Sanofi Aventis. He serves on 
steering committees for trials conducted by Biogen 
and Novartis received research support from Merck, 
Novartis and Biogen. T.K. served on scientific advi-
sory boards for Roche, Genzyme Sanofi, Novartis, 
Merck and Biogen, steering committee for Brain 
Atrophy Initiative by Genzyme; received conference 
travel support and/or speaker honoraria from WebMD 
Global, Novartis, Biogen, Genzyme Sanofi, Teva, 
BioCSL and Merck; and received research support 
from Biogen.

Funding
The author(s) disclosed receipt of the following finan-
cial support for the research, authorship, and/or publi-
cation of this article: This study was financially 
supported by National Health and Medical Research 
Council of Australia (project grants 1083539 and 
1129189 and fellowship 1140766). The MSBase 

https://journals.sagepub.com/home/msj


A Fambiatos, V Jokubaitis et al.

journals.sagepub.com/home/msj 89

Foundation is a not-for-profit organisation that 
receives support from Merck, Biogen, Roche, 
Novartis, Bayer Schering, Sanofi Genzyme and Teva. 
The study was conducted separately and apart from 
the guidance of the sponsors.

ORCID iDs
Raed Alroughani  https://orcid.org/0000-0001 
-5436-5804
Yara Fragoso  https://orcid.org/0000-0001 
-8726-089X
Anneke van der Walt  https://orcid.org/0000-0002 
-4278-7003

Supplemental material
Supplemental material for this article is available 
online.

References
 1. Brown JWL, Coles A, Horakova D, et al. Association 

of initial disease-modifying therapy with later 
conversion to secondary progressive multiple 
sclerosis. JAMA 2019; 321(2): 175–187.

 2. Lublin FD, Reingold SC, Cohen JA, et al. Defining 
the clinical course of multiple sclerosis: The 2013 
revisions. Neurology 2014; 83: 278–286.

 3. Lorscheider J, Buzzard K, Jokubaitis V, et al. 
Defining secondary progressive multiple sclerosis. 
Neurology 2017; 139(Pt 9): 2395–2405.

 4. Butzkueven H, Chapman J, Cristiano E, et al. 
MSBase: An international, online registry and 
platform for collaborative outcomes research 
in multiple sclerosis. Mult Scler 2006; 12(6): 
769–774.

 5. Kalincik T, Kuhle J, Pucci E, et al. Data quality 
evaluation for observational multiple sclerosis 
registries. Mult Scler 2017; 23(5): 647–655.

 6. Polman CH, Reingold SC, Banwell B, et al. 
Diagnostic criteria for multiple sclerosis: 2010 
revisions to the McDonald criteria. Ann Neurol 2011; 
69(2): 292–302.

 7. Polman CH, Reingold SC, Edan G, et al. Diagnostic 
criteria for multiple sclerosis: 2005 revisions to 
the ‘McDonald Criteria’. Ann Neurol 2005; 58(6): 
840–846.

 8. Skoog B, Tedeholm H, Runmarker B, et al. 
Continuous prediction of secondary progression in 
the individual course of multiple sclerosis. Mult Scler 
Relat Disord 2014; 3(5): 584–592.

 9. Scalfari A, Neuhaus A, Daumer M, et al. Early 
relapses, onset of progression, and late outcome 

in multiple sclerosis. JAMA Neurol 2013; 70(2): 
214–222.

 10. Bergamaschi R, Berzuini C, Romani A, et al. 
Predicting secondary progression in relapsing–
remitting multiple sclerosis: A Bayesian analysis. J 
Neurol Sci 2001; 189(1–2): 13–21.

 11. Koch M, Kingwell E, Rieckmann P, et al. The natural 
history of secondary progressive multiple sclerosis. J 
Neurol Neurosurg Psychiatry 2010; 81: 1039–1043.

 12. Daumer M, Griffith L, Meister W, et al. Survival, 
and time to an advanced disease state or progression, 
of untreated patients with moderately severe 
MS in a multicenter observational database: 
Relevance for design of a clinical trial for high 
dose immunosuppressive therapy with autologous 
hematopoietic stem cell transplantation. Mult Scler 
2006; 12: 174–179.

 13. Held U, Heigenhauser L, Shang C, et al. Predictors 
of relapse rate in MS clinical trials. Neurology 2005; 
65(11): 1769–1773.

 14. Kalincik T, Vivek V, Jokubaitis V, et al. Sex as a 
determinant of relapse incidence and progressive 
course of multiple sclerosis. Brain 2013; 136(Pt 12): 
3609–3617.

 15. Rovaris M, Confavreux C, Furlan R, et al. Secondary 
progressive multiple sclerosis: Current knowledge 
and future challenges. Lancet Neurol 2006; 5(4): 
343–354.

 16. Vukusic S and Confavreux C. Prognostic factors for 
progression of disability in the secondary progressive 
phase of multiple sclerosis. J Neurol Sci 2003; 
206(2): 135–137.

 17. Koch M, Uyttenboogaart M, vanHarten A, et al. 
Factors associated with the risk of secondary 
progression in multiple sclerosis. Mult Scler 2008; 
14(6): 799–803.

 18. Stankoff B, Mrejen S, Tourbah A, et al. Age at onset 
determines the occurrence of the progressive phase of 
multiple sclerosis. Neurology 2007; 68(10): 779–781.

 19. Scalfari A, Neuhaus A, Daumer M, et al. Onset of 
secondary progressive phase and long-term evolution 
of multiple sclerosis. J Neurol Neurosurg Psychiatry 
2014; 85(1): 67–75.

 20. Tremlett H, Yousefi M, Devonshire V, et al. Impact of 
multiple sclerosis relapses on progression diminishes 
with time. Neurology 2009; 73(20): 1616–1623.

 21. Kremenchutzky M, Rice GP, Baskerville J, et al. The 
natural history of multiple sclerosis: A geographically 
based study 9: Observations on the progressive phase 
of the disease. Brain 2006; 129(Pt 3): 584–594.

 22. Scalfari A, Lederer C, Daumer M, et al. The 
relationship of age with the clinical phenotype in 
multiple sclerosis. Mult Scler 2016; 22(13): 1750–1758.

https://journals.sagepub.com/home/msj
https://orcid.org/0000-0001-5436-5804
https://orcid.org/0000-0001-5436-5804
https://orcid.org/0000-0001-8726-089X
https://orcid.org/0000-0001-8726-089X
https://orcid.org/0000-0002-4278-7003
https://orcid.org/0000-0002-4278-7003


Multiple Sclerosis Journal 26(1)

90 journals.sagepub.com/home/msj

 23. Alroughani RA, Akhtar S, Ahmed SF, et al. Clinical 
predictors of disease progression in multiple sclerosis 
patients with relapsing onset in a nation-wide cohort. 
Int J Neurosci 2015; 125(11): 831–837.

 24. Tedeholm H, Skoog B, Lisovskaja V, et al. The 
outcome spectrum of multiple sclerosis: Disability, 
mortality, and a cluster of predictors from onset. J 
Neurol 2015; 262(5): 1148–1163.

 25. Langer-Gould A, Popat RA, Huang SM, et al. 
Clinical and demographic predictors of long-term 
disability in patients with relapsing-remitting multiple 
sclerosis: A systematic review. Arch Neurol 2006; 
63(12): 1686–1691.

 26. Novotna M, Paz Soldan MM, Abou Zeid N, 
et al. Poor early relapse recovery affects onset of 
progressive disease course in multiple sclerosis. 
Neurology 2015; 85: 722–729.

 27. Eriksson M, Andersen O and Runmarker B. Long-term 
follow up of patients with clinically isolated syndromes, 
relapsing-remitting and secondary progressive multiple 
sclerosis Mult Scler 2003; 9: 260–274.

 28. Zhang T, Shirani A, Zhao Y, et al. Beta-interferon 
exposure and onset of secondary progressive multiple 
sclerosis. Eur J Neurol 2015; 22(6): 990–1000.

 29. Ebers GC, Traboulsee A, Li D, et al. Analysis of 
clinical outcomes according to original treatment 
groups 16 years after the pivotal IFNB-1b trial. J 
Neurol Neurosurg Psychiatry 2010; 81(8): 907–912.

 30. Signori A, Gallo F, Bovis F, et al. Long-term impact 
of interferon or Glatiramer acetate in multiple 
sclerosis: A systematic review and meta-analysis. 
Mult Scler Relat Disord 2016; 6: 57–63.

 31. Bergamaschi R, Quaglini S, Tavazzi E, et al. 
Immunomodulatory therapies delay disease 
progression in multiple sclerosis. Mult Scler 2016; 
22(13): 1732–1740.

 32. Tedeholm H, Lycke J, Skoog B, et al. Time to 
secondary progression in patients with multiple 
sclerosis who were treated with first generation 
immunomodulating drugs. Mult Scler 2013; 19(6): 
765–774.

 33. Ebers GC, Koopman WJ, Hader W, et al. The natural 
history of multiple sclerosis: A geographically based 
study 8: Familial multiple sclerosis. Brain 2000; 
123(Pt 3): 641–649.

 34. Cree BA, Gourraud PA, Oksenberg JR, et al. 
Long-term evolution of multiple sclerosis 
disability in the treatment era. Ann Neurol 2016; 
80(4): 499–510.

 35. Tintore M, Rovira A, Rio J, et al. Defining high, 
medium and low impact prognostic factors for 
developing multiple sclerosis. Brain 2015; 138(Pt 7): 
1863–1874.

 36. Mostert J, deGroot JC, Ramsaransing GS, et al. 
Relationship between the extent of T2 lesions and the 
onset of secondary progression in multiple sclerosis. 
Eur J Neurol 2007; 14(11): 1210–1215.

 37. Brownlee WJ, Altmann DR, Prados F, et al. Early 
imaging predictors of long-term outcomes in 
relapse-onset multiple sclerosis. Brain. 2019; 142: 
2276–2287.

 38. Kalincik T and Butzkueven H. Observational data: 
Understanding the real MS world. Mult Scler 2016; 
22(13): 1642–1648.

Visit SAGE journals online 
journals.sagepub.com/
home/msj

 SAGE journals

https://journals.sagepub.com/home/msj
https://journals.sagepub.com/home/msj
https://journals.sagepub.com/home/msj

