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The risk of secondary progressive multiple

sclerosis is geographically determined but
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Geographical variations in the incidence and prevalence of multiple sclerosis have been reported globally. Latitude as
a surrogate for exposure to ultraviolet radiation but also other lifestyle and environmental factors are regarded as dri-
vers of this variation. No previous studies evaluated geographical variation in the risk of secondary progressive mul-
tiple sclerosis, an advanced form of multiple sclerosis that is characterized by steady accrual of irreversible disability.
We evaluated differences in the risk of secondary progressive multiple sclerosis in relation to latitude and country of
residence, modified by high-to-moderate efficacy immunotherapy in a geographically diverse cohort of patients with
relapsing-remitting multiple sclerosis. The study included relapsing-remitting multiple sclerosis patients from the
global MSBase registry with at least one recorded assessment of disability. Secondary progressive multiple sclerosis
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was identified as per clinician diagnosis. Sensitivity analyses used the operationalized definition of secondary pro-
gressive multiple sclerosis and the Swedish decision tree algorithm. A proportional hazards model was used to esti-
mate the cumulative risk of secondary progressive multiple sclerosis by country of residence (latitude), adjusted for
sex, age at disease onset, time from onset to relapsing-remitting phase, disability (Multiple Sclerosis Severity Score)
and relapse activity at study inclusion, national multiple sclerosis prevalence, government health expenditure, and
proportion of time treated with high-to-moderate efficacy disease-modifying therapy. Geographical variation in time
from relapsing-remitting phase to secondary progressive phase of multiple sclerosis was modelled through a propor-
tional hazards model with spatially correlated frailties.

We included 51126 patients (72% female) from 27 countries. The median survival time from relapsing-remitting
phase to secondary progressive multiple sclerosis among all patients was 39 (95% confidence interval: 37 to 43) years.
Higher latitude [median hazard ratio=1.21, 95% credible interval (1.16, 1.26)], higher national multiple sclerosis
prevalence [1.07 (1.03, 1.11)], male sex [1.30 (1.22, 1.39)], older age at onset [1.35 (1.30, 1.39)], higher disability [2.40
(2.34, 2.47)] and frequent relapses [1.18 (1.15, 1.21)] at inclusion were associated with increased hazard of secondary
progressive multiple sclerosis. Higher proportion of time on high-to-moderate efficacy therapy substantially reduced
the hazard of secondary progressive multiple sclerosis [0.76 (0.73, 0.79)] and reduced the effect of latitude [interaction:
0.95 (0.92, 0.99)]. At the country-level, patients in Oman, Tunisia, Iran and Canada had higher risks of secondary pro-
gressive multiple sclerosis relative to the other studied regions.

Higher latitude of residence is associated with a higher probability of developing secondary progressive multiple
sclerosis. High-to-moderate efficacy immunotherapy can mitigate some of this geographically co-determined risk.
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Introduction

It is widely accepted that the incidence and prevalence of multiple
sclerosis is subject to geographical variation. In general, prevalence
is higher in higher latitudes in both the northern and southern
hemispheres.? Studies have linked this geographical variation to
the exposure to ultraviolet (UV) B radiation and vitamin D levels.**
Our recent study using data from the global MSBase registry
showed that above 40°, higher latitude was associated with faster
accumulation of disability.” It is not known if the risk of conversion
to secondary progressive multiple sclerosis (SPMS), which is char-
acterized by gradual accumulation of disability following an initial
relapsing-remitting phase, is also subject to this geographical
variation. Despite recent advances in the treatment of
relapsing-remitting multiple sclerosis (RRMS), prognosis remains
suboptimal, probably due to differential response to various ther-
apies and substantial heterogeneity in treatment approaches
across different countries due to differences in drug licensing and
availability. Geographically related countries often share many en-
vironmental, lifestyle and dietary characteristics. Spatial model-
ling, which is a statistical approach to account for homogeneity
across neighbouring regions would enable us to model geographic-
al variations of SPMS risk.® This study examines the association be-
tween the place of residence and risk of SPMS in a large
multi-national cohort using a spatial analysis.

Materials and methods

The MSBase registry (WHO registration ACTRN12605000455662)
was approved by the Melbourne Health Human Research Ethics
Committee and by the site institutional review boards. Written in-
formed consent was obtained from all enrolled patients or guardians.

The MSBase registry is a global multiple sclerosis cohort from 151
centres in 41 countries on all populated continents. Since 2006,
MSBase has prospectively collected demographic, clinical and lim-
ited radiological information from mainly tertiary specialist
clinics.” Data for this study were extracted on 1 February 2022.
Patients with confirmed diagnosis of RRMS were included condi-
tional on the availability of at least one disability assessment
with the Expanded Disability Status Scale (EDSS). Included centres
had a MSBase generalizability score > 10 to ensure representativeness
of the study cohort of the known multiple sclerosis epidemiology and

contemporary disease-modifying therapy.? The study excluded cen-
tres with no reported SPMS patients and countries with no data re-
corded after 1 January 2015, to minimize selection bias.

The primary outcome of interest was the cumulative hazard of
SPMS conversion over time from the diagnosis of RRMS. SPMS
was diagnosed by treating clinicians based on the Lublin diagnostic
criteria.>*

A parametric proportional hazards frailty model was used to esti-
mate the cumulative hazard of SPMS by patients’ country of resi-
dence (latitude of centroid), adjusted for sex, age at disease onset,
time from first symptom to RRMS, Multiple Sclerosis Severity
Score (MSSS) at the inclusion (i.e. the time of entry to the MSBase
registry) and relapse frequency during the subsequent year.
National multiple sclerosis prevalence (per 100 000 population),**
government health expenditure (% of current health expend-
iture),'? and proportion of time treated with high-to-moderate effi-
cacy disease-modifying therapy (alemtuzumab, mitoxantrone,
natalizumab, ocrelizumab, ofatumumab, rituximab, cladribine, fin-
golimod, siponimod or daclizumab) during study follow-up were
assessed as potential modifiers of the outcome. Multicollinearity
was assessed using the variance inflation factor with larger values
providing stronger evidence of multicollinearity.

Let, t; denote the time to SPMS conversion after diagnosis of
RRMS for the i-th patient from the j-th country.

tij ~ Weibull ()‘ijs 01)

h(t;) = ho(ty) exp(X;B8 + Zjy + Uj) (1)

where, h(t;) denotes the hazard function for the i-th patient within
the j-th country, while ho(t;) denotes the Weibull baseline hazard
function. The X; and Z; denote vectors of patient-level covariates
and the country-level covariates (latitude, national multiple sclerosis
prevalence and government health expenditure), respectively. The U;
denotes the random effect associated with the j-th country, which ac-
counts for within-country homogeneity in the outcome. A and a are
the scale and the shape parameters of the Weibull distribution.

The difference in the effect of latitude on the hazard of SPMS
conversion with varying proportion of time on high-to-moderate
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efficacy disease-modifying therapy was evaluated in a secondary
analysis through inclusion of an interaction term in Model (1).

Next, to investigate heterogeneity in the risk of SPMS conversion
across countries, we modelled geographically referenced areal data
of time to SPMS with a spatial parametric proportional hazards
frailty model,® while accounting for patient-specific prognostic fac-
tors. The location of country of residence was incorporated through
a spatially continuous, stationary latent Gaussian field Y, of which
Y; is the value of the field at the location of country j:

h(ty) = ho(ty) exp(X;;8 +Y;) 2

The exponential covariance function for Y, o2 exp (- d9), is a func-
tion of the Euclidean distance (d) between the coordinates of any
two countries, marginal variance (¢?) of the Gaussian field Y, and
spatial decay parameter, ¢. The spatially correlated frailties
modelled by the Gaussian stochastic process account for the
unobserved spatial variation, which cannot be explained by
patient-specific prognostic factors included in the model.

Spatial heterogeneity in SPMS risk is illustrated with a map of
the predicted risk-exceedance probabilities (P[exp(Y) > 1]) for indi-
vidual countries.

To minimize the likelihood of under-reporting or delayed diag-
nosis of SPMS by clinicians, sensitivity analyses were performed
using two different definitions of SPMS. We enriched the group
with clinician-diagnosed SPMS with patients identified by the oper-
ationalized definition.”® The operationalized definition relies on
longitudinal data from relapsing-remitting phase to identify
3-month confirmed increase in EDSS in the absence of relapses in
patients with EDSS >4 and pyramidal score >2.'® The decision
tree developed in the Swedish Multiple Sclerosis registry, relies
on the most recent EDSS score and patient age.™*

In two more sensitivity analyses we adjusted the primary ana-
lysis for ethnicity and different multiple sclerosis diagnostic cri-
teria (Poser/McDonald 2010/McDonald 2017).

All the analyses were implemented within the Bayesian frame-
work. For all regression coefficients, weakly informative prior dis-
tributions were assumed. Estimates of the parameters were
obtained through Markov chain Monte Carlo simulation using the
R package ‘spatsurv’, based on sampling chains of 350 000 iterations
following the 100000 iterations of burn-in period. To eliminate
autocorrelation among samples within the chains, every 50th iter-
ation was selected. The convergence of sampling chains was as-
sessed with trace and density plots of the posterior distributions.
All continuous covariates were standardized to mean 0 and stand-
ard deviation (SD) 1 to accelerate convergence. Modified Cox-Snell
residuals and deviance residuals were used to evaluate the
goodness-of-fit of the proportional hazards models.

Results

Fifty-one thousand one hundred and twenty-six patients from 27
countries were included in the analyses (Fig. 1), of which 72%
were female (Table 1). Four thousand three hundred and nine pa-
tients were diagnosed with SPMS by their treating clinician. The
median age at RRMS diagnosis was 32 (quartiles 26-40) years. The
median time from RRMS to SPMS conversion was 39 [95% confi-
dence interval (CI): 37 to 43] years, which means 50% of the whole
study cohort converted to SPMS within 39 years from RRMS diagno-
sis. Among the 4309 patients with clinician-diagnosed SPMS, the
median time from RRMS to SPMS conversion was 10 (quartiles
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6-16) years. A description of the study cohort by country is provided
in Table 2. There was a little evidence for multicollinearity of the
analysed data (largest variance inflation factor of 1.3 for the nation-
al multiple sclerosis prevalence and latitude).

The posterior median hazard ratio (HR) and associated 95%
credible interval (CrI) for the parameters of Model (1) are given in
Table 3. Higher latitude was associated with greater hazard of
SPMS conversion [HR =1.22 (95% CrlI: 1.17 to 1.28)]. The median in-
crease in the hazard of SPMS for every 27° (1 SD) increase in latitude
was 22%. It is not surprising that higher national multiple sclerosis
prevalence was associated with higher conversion risk of SPMS
[1.06 (1.02 to 1.10)]. The median increase in the hazard of SPMS
for every additional 70 (1 SD) patients with multiple sclerosis per
100000 population was 6%. Importantly, longer time on
high-to-moderate efficacy disease-modifying therapy was asso-
ciated with a substantial reduction in the hazard of SPMS conver-
sion [0.76 (0.73 to 0.79)]. With every 42% (1 SD) increase in the
time treated with high-to-moderate efficacy therapy, the median
hazard of SPMS decreased by 34%. Interaction term from secondary
analysis revealed a 5% decline in the effect of latitude on median
hazard of SPMS for every 42% (1 SD) increase in the time treated
with high-to-moderate efficacy therapy [0.95 (0.92 to 0.99)].

As expected, hazard of SPMS conversion was higher in males
compared to females [1.30 (1.22 to 1.39)]. Also, older age at disease
onset [1.35 (1.30 to 1.39), 35% higher hazard per 10 older years],
higher MSSS [2.40 (2.34 to 2.47), 140% higher hazard per 2.5 higher
MSSS decile] and more frequent relapses at study inclusion [1.18
(1.15to 1.21), 18% higher hazard per one additional relapse]| were as-
sociated with higher hazard of SPMS.

All these associations were robust to further adjustment for eth-
nicity and different multiple sclerosis diagnostic criteria. We did not
observe any evidence for an association between ethnicity and the
hazard of SPMS [Asian: ref; Black/African American: 1.15 (0.81 to
1.60); Caucasian: 1.17 (0.96 to 1.44); Middle Eastern: 0.93 (0.71 to
1.20); Others: 0.93 (0.31 to 3.08)]. Clinically definite multiple sclerosis
cases diagnosed using McDonald 2010 [0.58 (0.51 to 0.67)] and 2017
diagnostic criteria [0.56 (0.36 to 0.88)] were associated with lower ha-
zards of SPMS compared to the Poser diagnostic criteria.

To ensure that our findings were robust to under-reporting or de-
layed diagnosis of SPMS by clinicians, we performed two sensitivity
analyses using (i) a merged cohort of clinician-diagnosed SPMS en-
riched with cases identified by the operationalized definition of
SPMS'3; and (i) SPMS identified by the Swedish decision tree classi-
fier. The median survival time from RRMS to SPMS conversion
was 34 (95% CI: 33 to 36) years in the former cohort and 24 (95% CI:
23to 24) years in the latter. In both analyses, there was consistent evi-
dence of the association of latitude with SPMS (Supplementary
Table 1). Persistent treatment with high-to-moderate efficacy
disease-modifying therapy was consistently associated with reduced
risk of SPMS, although the narrow 95% Crl marginally cross the null
value of one. Interestingly, in the analysis of SPMS identified by the
decision tree classifier, the association of national multiple sclerosis
prevalence with the hazard of SPMS was inverse [0.84 (0.82 to 0.86)].

The spatial parametric proportional hazards model showed that
country of residence was associated with the risk of SPMS conversion.
The spatial variance o? =[0.73 (95% CrI: 0.55 to 0.96)] confirms presence
of spatial heterogeneity in the risk of SPMS. The posterior median for
the Weibull shape parameter is 1.80 (95% CrI: 1.76 to 1.84); a value >1
suggests increasing hazard of SPMS conversion over time.

Figure 2 illustrates predicted risk-exceedance probabilities for in-
dividual countries. Red colour indicates that the probability of the
covariate-adjusted relative risk (‘cases’ relative to ‘controls’) of
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77598 patients’ records extracted from MSBase

Y

Y

Exclusions

26 from small centers

1100 Neuromyelitis Optica

458  not multiple sclerosis

13204 with no record of
RRMS

62810 patients with RRMS recorded in MSBase

A 4

Y

Exclusions

2019  with no record ed visit

1386  with no visit recorded
after diagnosis of RRMS

337  with SPMS diagnosed
before January 1, 1995

2881  with no recorded EDSS

2636 with first EDSS recorded
after SPMS conversion

3 with erroneous EDSS

data

53548 patients with complete record of clinical

A 4

Y

Exclusions

302 with missing country of
residence

1963 from centers with no
recorded SPMS

154  from countries with no
records since 2015

3 from centers with MSBase

generalizability score<10

51126 patients included in the analysis

Figure 1 CONSORT chart of patient disposition. RRMS = relapsing-remitting multiple sclerosis; SPMS = secondary progressive multiple sclerosis.

SPMS > 1 in the given country is close to 100%. In countries coloured
green, the probability that their relative risk of SPMS exceeding 1 is
close to 0%. Higher exceedance probabilities therefore indicate coun-
tries where time to SPMS conversion are usually short, given the clin-
ical and demographic characteristics of patients recorded in these

countries and considering the regional risk of SPMS. In the primary
analysis of clinician-diagnosed SPMS, Oman, Kuwait, Canada, Iran,
Brazil, Lebanon and Tunisia had substantially higher risk of SPMS
conversion than the rest of the countries. The relatively higher risks
of SPMS conversion in Oman, Tunisia, Iran and Canada are
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Table 1 Description of the global cohort

Characteristic Median (quartiles)?

Patients (% female) 51126 (72% female)®

Age at disease onset, year 29 (23-37)
Age at RRMS diagnosis, year 32 (26-40)
Time from disease onset to RRMS, month 11 (2-36)
Time from RRMS to SPMS among those who 10 (6-16)

converted, years
Time from RRMS to SPMS among all patients, 39 (37-43)¢
median survival time in years

EDSS score at inclusion 2.0 (1.0-3.0)

Age at initiation of 38 (11)¢
high-to-moderate-efficacy therapy, year

Proportion of patients treated with 0.30

high-to-moderate-efficacy therapy at any
time during follow-up

EDSS = Expanded Disability Status Scale; RRMS = relapsing-remitting multiple
sclerosis; SPMS = secondary progressive multiple sclerosis.

#Unless otherwise indicated.

®Count.

‘Median (95% confidence interval).

9Mean (standard deviation).

Table 2 Description of cohort by country
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consistent in the sensitivity analyses using the two alternative SPMS
definitions (Supplementary Figs 1 and 2).

Figure 3 highlights the difference in the posterior median prob-
abilities of remaining SPMS free for four randomly selected patients
of similar clinical and demographic characteristics from Australia,
Turkey, Canada and Oman.

Discussion

In this large longitudinal study of 51 126 patients with multiple scler-
osis from 27 countries, we have demonstrated significant geograph-
ical variation in the risk of SPMS. Higher latitude of country of
residence was generally associated with increased risk of SPMS.
The conversion to SPMS was further increased in certain countries,
for example, in Oman, Tunisia, Iran or Canada. Importantly, persist-
ent treatment with high-to-moderate efficacy disease-modifying
therapy reduced this risk. These observations were consistent after
accounting for ethnicity, differences in multiple sclerosis diagnostic
criteria, and different diagnostic definitions of SPMS.

The median time to SPMS from RRMS diagnosis estimated in our
study is significantly longer than previous estimates. In 2010, a study
from the British Columbia, Canada, including patients with clinically

Country Patients Age at EDSS score at Patients Age at SPMS EDSS score at Proportion of patients on
(% female) disease inclusion® diagnosed among those SPMS among high-to-moderate efficacy
onset, year® with SPMS® who converted, those who therapy at any time during
(% of total year?® converted?® follow-up
patients)
Argentina 595 (69) 30 (24-38) 0 (1.0-4.0) 45 (8) 50 (43-57) 5 (6.0-7.0) 0.11
Australia 7381 (76) 32 (26-40) 0(1.0-3.5) 447 (6) 51 (43-59) 5 (4.0-6.5) 0.59
Belgium 1246 (73) 30 (23-38) .0(1.0-3.0) 61(5) 46 (41-52) 0 (3.0-5.5) 0.40
Brazil 111(77)  32(26-38) 3.5 (2.0-4.5) 18 (16) 45 (40-50) 5 (4.0-5.0) 0.42
Canada 3926 (77) 31 (25-39) 0 (1.0-2.5) 710 (18) 50 (43-57) 5 (3.5-6.0) 0.29
Czech 2895 (72) 28 (23-35) 0 (1.5-3.0) 167 (6) 43 (37-52) 5 (4.0-5.5) 0.29
Republic
Denmark 404 (67) 29 (24-37) 5 (2.0-2.5) 7(2) 48 (40-57) 0 (2.0-2.0) 0.30
Egypt 2397 (73) 25 (20-31) 5 (1.5-4.0) 32(1) 33 (28-39) 0 (4.5-6.5) 0.03
Hungary 100 (71) 26 (21-32) 0 (1.5-4.0) 2(2) 44 (39-49) 5 (7.0-8.0) 0.94
India 429 (69) 28 (23-36) 0 (1.0-4.5) 11 (3) 33 (30-37) 5 (4.0-5.0) 0.10
Iran 1718 (80) 28 (22-34) 0 (1.0-3.0) 54 (3) 49 (45-55) 0 (4.0-6.0) 0.14
Ireland 330 (70) 29 (24-37) 5 (1.0-3.0) 18 (5) 48 (44-59) 0 (5.0-6.0) 0.28
Italy 7245 (70) 30 (23-38) 0 (1.0-3.0) 737 (10) 46 (39-54) 5 (4.0-6.5) 0.21
Kuwait 1840 (68) 26 (21-32) 5 (1.0-2.5) 110 (6) 39 (33-46) 0 (5.0-6.5) 0.48
Lebanon 961 (65) 28 (22-35) 5 (1.0-2.5) 50 (5) 45 (40-50) 5 (3.0-6.0) 0.42
Netherlands 1762 (75) 31 (25-39) 5 (1.5-4.0) 201 (11) 46 (40-53) 5 (4.0-6.0) 0.16
New 87(86) 33 (26-40) 5 (2.0-3.5) 2(2) 52 (44-61) 0 (4.0-6.0) 0.55
Zealand
Oman 173 (65) 26 (22-32) 1.0 (0.0-2.0) 21 (12) 36 (31-45) 6.0 (4.0-7.0) 0.50
Portugal 719(71)  29(23-38)  1.5(1.0-2.5) 66 (9) 49 (42-56) 5.0 (4.0-6.0) 0.18
Romania 219 (66)  31(24-38)  2.5(2.0-3.5) 6(3) 51 (44-56) 6.0 (5.5-6.0) 0.12
Saudi Arabia 129 (57) 26 (21-32) 1. 5 (1.0-3.5) 1(1) 15 (15-15) 1.0 (1.0-1.0) 0.28
Spain 4226 (68) 30 (24-38) .0 (1.0-2.5) 442 (10) 46 (40-53) 5.0 (4.0-6.0) 0.26
Switzerland 654 (68) 31 (24-38) .0 (1.5-3.0) 27 (4) 47 (42-55) 4 5 (3.5-6.5) 0.68
Tunisia 594 (72)  28(22-35) 2. o (1.0-3.0) 46 (8) 41 (32-47) .0 (5.0-6.5) 0.14
Turkey 8658 (69) 28 (22-35) 2.0 (1.0-3.0) 507 (6) 42 (34-50) 5 5 (4.5-6.0) 0.31
UK 848 (73)  30(24-38) 2.0 (1.0-4.0) 33 (4) 48 (43-58) 6.0 (4.5-6.5) 0.09
USA 1479 (76)  32(25-39) 2.5 (1.5-5.5) 488 (33) 53 (47-60) 6.0 (4.5-6.5) 0.13

EDSS = Expanded Disability Status Scale; SPMS = secondary progressive multiple sclerosis.

“Median (quartiles).
Clinician-diagnosed SPMS.
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definite multiple sclerosis, diagnosed according to the Poser diagnos-
tic criteria estimated median survival time from disease onset to
SPMS as 21.4 (95% Cl: 20.6 to 22.2) years.' In 2016, the EPIC study com-
prising a cohort of actively treated patients from the Multiple
Sclerosis Center at the University of California, San Francisco, re-
ported a median survival time of 35 years from disease onset to
SPMS.'® In 2019, using data from the MSBase registry, we reported
a median survival time from disease onset to SPMS of 32.4 (95% CI:
31.1to0 33.7) years." In this study, we report 39 (95% CI: 37 to 43) years
as the median time to SPMS from RRMS diagnosis. The increasing
time to SPMS conversion is driven by the increasing number of pa-
tients who do not convert to SPMS during the study follow-up.
Among several factors, this trend may be driven by improvement
in multiple sclerosis diagnostic criteria and more persistent use of
high-to-moderate efficacy disease-modifying therapies during the
relapsing-remitting phase. Among the subset of patients who con-
verted to SPMS, median time to SPMS from RRMS diagnosis is 10
(quartiles 6-16) years, which is in line with the recent estimate re-
ported in an Italian SPMS cohort.’®

Previous studies have documented considerable geographic
variation in the incidence and prevalence of multiple sclerosis. A
meta-analysis revealed a positive association between a higher lati-
tude and the prevalence of multiple sclerosis, which peaked around
55° and reversed above 60°." In Australasia, UK, Atlantic region and
Central Europe, North America and Western Europe, a positive lati-
tudinal gradient for multiple sclerosis prevalence is well estab-
lished.! Further, our recent study among 46 128 patients from 26
countries demonstrated increased multiple sclerosis severity with
increasing latitude above 40°, closely associated with the surface
dose of the UV B radiation.” Our present study extends our knowl-
edge of the geographic determinants of multiple sclerosis, estab-
lishing a positive latitudinal gradient in the risk of SPMS.
Furthermore, for the first time, it is now shown that persistent
use of high-to-moderate efficacy disease-modifying therapy can
mitigate this latitudinal effect on the risk of SPMS.

Interestingly, while adjusting for potential under-reporting in
clinician-diagnosed SPMS, we have identified an association be-
tween government health expenditure and SPMS conversion risk.
Even though the magnitude of the observed effect size is small, our
result suggests that important health disparities exist between coun-
tries, with impact on the course and outcomes of multiple sclerosis.

We observed an association between higher national multiple
sclerosis prevalence and greater risk of clinician-diagnosed SPMS.
This association is probably driven by greater experience of neurol-
ogists with management of multiple sclerosis and confidence in
diagnosing SPMS in countries with higher disease prevalence. In
contrast, in sensitivity analysis higher national prevalence of mul-
tiple sclerosis was associated with lower risk of SPMS diagnosed
with the decision tree algorithm (i.e. independent from neurolo-
gists’ judgement). This most likely represents the results of better
management of RRMS in countries with higher disease prevalence,
and thereby a delayed progression to more substantial disability.

Many studies have reported associations of male sex, older age
at disease onset, higher EDSS score and greater number of relapses
early in the disease course with increased risk of SPMS."*~?2In our
study, SPMS risk was elevated among patients with higher MSSS at
the inclusion, more frequent relapses during the subsequent year,
male sex, and older age at onset, in keeping with previous studies.

As expected, the more contemporary diagnostic criteria (McDonald
2010 and 2017) were associated with lower risk of SPMS than the Poser
diagnostic criteria. This reflects the fact that the current diagnostic cri-
teria enable diagnosis of less severe multiple sclerosis and facilitate
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Table 3 Primary analysis: associations of geographic,
demographic and clinical patient characteristics with the risk
of SPMS as per clinician diagnosis

Fixed effect parameters Median hazard 95% credible
ratio interval
Latitude of residence, per 27° 1.22 1.17,1.28
National multiple sclerosis 1.06 1.02,1.10
prevalence, per 70 in 100 000
population
Proportion of time on high-to- 0.76 0.73,0.79
moderate efficacy therapy,
per 42%
Male sex 1.30 1.22,1.39
Age at disease onset, per 10 years 1.35 1.30, 1.39
Multiple sclerosis severity score at 2.40 2.34,2.47
inclusion, per 2.5 decile
Relapse frequency at inclusion, 1.18 1.15,1.21
per 1 relapse
Government health expenditure, 1.04 0.99, 1.08
per 14% of current health
expenditure
Time from disease onset to RRMS, 1.32 1.29, 1.35
per 4 years

The table presents parameter estimates of the parametric proportional hazards
frailty Model (1) with standardized covariates. The units represent 1 SD of the
standardized variable. SPMS = secondary progressive multiple sclerosis.

the diagnosis earlier in the disease course, thus giving a longer dur-
ation of relapsing-remitting course before converting to SPMS. The
average shorter delay to diagnosis may also contribute to the increas-
ingly longer median time from RRMS to SPMS.

The findings of our study are strengthened by the use of three
different definitions of SPMS to demonstrate geographical variation
in the risk of SPMS in a large and diverse population from 27 coun-
tries and across a broad range of latitudes. The analysis accounted
for the effects of country-specific variables, such as national mul-
tiple sclerosis prevalence and government health expenditure, to
serve as a proxy for the experience with diagnosis and manage-
ment of multiple sclerosis and availability of resources in the na-
tional healthcare systems, respectively. Most notably, we have
employed a novel statistical approach to carry out a geographically
informed search for the countries with above-average risk of SPMS
conversion. The two-stage analytical approach allowed us to ac-
count for heterogeneity among individuals and among countries
in unobserved factors associated with the risk of SPMS.

The results of this study need to be considered in the context of
its limitations. First, the data of current residence were recorded at
the time of entry to the MSBase registry. The registry does not
monitor changes in residence and migration during the follow-up.
Registry data are subject to heterogeneity associated with variabil-
ity in data sources and data entry conventions at different coun-
tries and centres. The use of Neurostatus certification helps
mitigate this heterogeneity in relation to disability assessment
with EDSS—the key information that was used to identify SPMS
by the operationalized definition and the decision tree algorithm.
The patient datasets available at different countries may not be
representative of the national multiple sclerosis populations. To
maximize representativeness of the study population, we followed
a rigorous data quality and generalizability procedure, with a spe-
cial focus on compatibility of the reported clinical and demographic
information with the known epidemiology of multiple sclerosis.?
Spatial frailty models are commonly used for modelling of spatial
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data at the small area scale while assuming that populations from
neighbouring regions share more features than those from distant re-
gions. Considering the regional similarities in environments, life-
style, diet, epidemiology, diagnostics and management of multiple
sclerosis, we extended this approach to model variations at the coun-
try level. The statistical significance of the spatial variance confirms
the presence of spatial heterogeneity across the studied regions.
Nonetheless, we acknowledge that our analysis does not capture
the heterogeneity at the sub-country regional level.

In summary, the risk of SPMS is associated with higher latitude
of residence, independent of ethnicity and multiple sclerosis diag-
nostic criteria. This geographically determined risk of SPMS can be
mitigated by persistent treatment with high-to-moderate efficacy
disease-modifying therapy.

Data availability

MSBase is a data processor, and warehouses data from individ-
ual principal investigators who agree to share their datasets
on a project-by-project basis. Each principal investigator will
need to be approached individually for permission to access
the datasets.
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Edite Rio, Ricardo Fernandez Bolanos, Maria Laura Saladino,
Sarah Besora, Jamie Campbell, Jan Schepel, Alberto Roiguez Alfici,
Elizabeth Alejana Bacile, Juan Ingacio Rojas, Mike Boggild, Ik Lin
Tan, Mark Marriott, Trevor Kilpatrick, John King, Katherine
Buzzard, Ai-Lan Nguyen, Chris Dwyer, Mastura Monif, Izanne
Roos, Ms Lisa Taylor, Ms Josephine Baker, Marzena Fabis-Peini,
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Erdelyi, Clara Chisari, Emanuele D’Amico, Lo Fermo Salvatore,
Giovanna De Luca, Valeria Di Tommaso, Daniela Travaglini, Erika
Pietrolongo, Maria di Ioia, Deborah Farina, Luca Mancinelli,
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