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Abstract 

 

Background: In multiple sclerosis (MS), both lesion accrual and brain atrophy predict 

clinical outcomes. However, it is unclear whether these prognostic features are equally 

relevant throughout the course of MS. Among 103 participants recruited following a 

clinically isolated syndrome (CIS) and followed up over 30 years, we explored: (1) whether 

white matter lesions were prognostically more relevant earlier and brain atrophy later in the 

disease course towards development of secondary progressive disease; (2) if so, when the 

balance in prognostic contribution shifts; and (3), whether optimised prognostic models 

predicting secondary progressive disease should include different features dependent on 

disease duration. 

Methods: Binary logistic regression models were built using age, gender, brain lesion counts 

and locations, and linear atrophy measures (third ventricular width [TVW] and medullary 

width [MEDW]) at each timepoint up to 20 years, using either single timepoint data alone or 

adjusted for baseline measures.  

Results: By 30 years, 27 participants remained CIS, while 60 had MS (26 SPMS, 16 MS-

related death). Lesions counts were prognostically significant from baseline and at all later 

timepoints, while linear atrophy measure models reached significance from 5 years. When 

adjusted for baseline, in combined MRI models including lesion count and linear atrophy 

measures, only lesion counts were significant predictors. In combined models including 

relapse measures, expanded disability status scale (EDSS) scores and MRI measures, only 

infratentorial lesions were significant predictors throughout. 

Conclusions: While SPMS progression is associated with brain atrophy, in predictive models 

only infratentorial lesions were consistently prognostically significant.  



Key messages 

 

What is already known on this topic 

Both MRI measures of white matter lesion accrual and atrophy predict clinical outcomes in 

people with multiple sclerosis. However, it is unclear whether both are equally relevant in 

predicting long-term outcomes (20 years or more) following a first relapse and, in particular, 

the development of secondary progressive disease. We investigated this, anticipating that 

white matter lesions may be more relevant earlier, and atrophy measures later, into the 

disease course. 

 

What this study adds 

We found that, while brain atrophy (measured using linear distance between features visible 

on conventional MRI scans and hence feasible in routine clinical practice) was prognostically 

relevant to the prediction of secondary progressive disease later in the clinical course of 

multiple sclerosis, lesion counts were of early and enduring relevance over time. When 

considered alongside clinical features in predictive models, the only MRI feature that clearly 

contributed was the presence of infratentorial lesions. 

 

How this study might affect research, practice, or policy 

Our findings reinforce previous observations that infratentorial lesions predict worse clinical 

outcomes and onset of secondary progressive disease, whilst further demonstrating their 

prognostic relevance even up to 20 years after first symptom onset. They also suggest that 

linear brain atrophy measures have little to add as prognostic markers in clinical practice.   

 

  



Introduction 

 

Multiple sclerosis (MS) is clinically highly heterogenous. While some people accrue 

substantial disability or have a significantly shortened lifespan1, others develop few 

detectable long-term neurological deficits2. After the first clinical event (a clinically isolated 

syndrome, CIS), most (~85%) run a relapsing-remitting (RRMS) disease course3 with many 

subsequently transitioning to secondary progressive (SP)MS (~50% within 15-20 years)4,5. It 

is during SPMS that individuals acquire most disability.3,6,7 There is growing evidence that 

earlier treatment reduces the risk of, or at least significantly delays, SPMS onset8,9 and hence 

there is a trend towards treating MS earlier with higher efficacy agents. However, given that a 

significant proportion may not develop clinically progressive disease or substantial 

disability10,11, and the potential for serious harm from disease modifying treatments (DMT), 

in addition to those with clinically active disease, early use of high efficacy agents would 

ideally be weighted towards those at the clearest risk of developing SPMS.  

 

Clinical factors associated with a more aggressive MS phenotype include older age at initial 

presentation, early frequent relapses, and shorter intervals between first and second 

relapses2,12,13. Presenting with an optic neuritis or sensory-predominant CIS has also been 

linked to a less disabling clinical course, although debated2,12,14. Radiological features 

associated with an aggressive MS phenotype include higher numbers15 and volumes of white 

matter16,17 (WM) and grey matter18,19 (GM) lesions, the presence of posterior fossa and spinal 

cord lesions10, and faster rates of brain atrophy.20 Transitioning from RRMS to SPMS is 

associated with declining WM lesion formation and increasing brain atrophy21, although 

accelerated brain atrophy still occurs early in MS, particularly among people who eventually 

develop SPMS21. Consistent with this, disability early in RRMS is mainly thought to be due 



to relapse activity and WM lesion accrual10,17, although there is growing recognition that 

substantial progression independent of relapses may also occur in RRMS22. In established 

SPMS, disability relates more closely to brain atrophy20,23. It can therefore be hypothesised 

that, when predicting SPMS development, WM lesion accrual is more relevant earlier while 

brain atrophy increases in relevance closer to SPMS onset. However, we have previously 

shown that brain atrophy independently contributes to prognostic models within the first 5 

years after symptom onset20, so this hypothesis may be incorrect. Systematically investigating 

prognostic markers for SPMS is difficult as it typically develops 15 or more years after first 

symptoms onset24,25, and thus long-term follow-up is required to test this. 

 

We previously reported on a 30-year longitudinal follow-up study of 107 participants 

presenting with a CIS (by 30 years 28% (n=30) remained CIS, 32.7% (n=35) had RRMS, 

while 39.3% (n=42) had either SPMS or died due to MS), where we explored the prognostic 

significance of lesion numbers, location and linear brain atrophy measures in the first 5 years 

after symptom onset10,20. People who transitioned from RRMS to SPMS did so ~17 years 

after symptom onset and both lesion accrual (in particular, infratentorial lesions) and brain 

atrophy (measured using medullary width [MEDW], but not third ventricular width [TVW]) 

predicted SPMS development by 30 years20. 

 

In the present study, we sought to answer three questions: (1) Are WM lesions more 

prognostically relevant early, and brain atrophy measures later, in the disease course? (2) If 

so, how long after disease onset does the balance between them shift? and (3), should 

optimised prognostic models include different features dependent on disease duration? The 

main clinical outcome considered was the development of SPMS but to test consistency we 

also explored other outcome measures (MS-related mortality, and EDSS ≥3.5 by 30 years).  



 

We undertook this with a view to clinical practice, where volumetric brain atrophy measures 

are not, for practical reasons, routinely assessed. Given that in clinical practice serial scans 

are often unavailable or acquired using very different machines and protocols, we ran both 

cross-sectional analyses (using single timepoint data) and longitudinal analyses to determine 

the added value of serial scanning.  

 

Materials and Methods 

 

Study Participants 

The clinical characteristics of this cohort have been previously described.10 140 participants 

were prospectively recruited between 1984-1987 after first presenting with a CIS.26 

Participants underwent radiological (MRI) assessment at 1 year (n=108), with clinical and 

radiological assessments at 5(n=92), 10(n=66), 14(n=55), 20(n=75) and 30(n=63) years.10,20 

All participants provided informed consent to take part in the study. 

 

Eight participants subsequently found to have a diagnosis other than CIS or MS and were 

excluded, and by 30 years clinical outcomes were known among 120 and were assessed using 

the 2010 revised McDonald clinical and MRI criteria.27 Thirteen participants who died from 

unrelated causes by 30 years were excluded due to uncertainty in neuroinflammatory 

outcomes following a CIS. One participant included in our analysis had a diagnosis of 

idiopathic Parkinson’s disease and remained CIS throughout; the remaining cohort had no 

other known neurodegenerative diseases. Among 107 remaining participants, four (three CIS, 

one RRMS) had missing or inadequate baseline, 1- or 5-year scans and were excluded from 

analysis. 103 participants were ultimately included in the present analysis: by 30 years, 27 



(26.2%) remained CIS, 34 (33.0%) had RRMS, 26 (25.2%) had SPMS, while 16 (15.5%) had 

died due to MS (preceded by an SPMS course).  

 

Clinical Assessment 

Expanded Disability Status Scores28 (EDSS) and clinical relapse frequency were determined 

at baseline, 5, 10, 14, 20 and 30-year visits. Baseline EDSS was calculated retrospectively 

from review of notes, while 30-year EDSS assessments were undertaken either in person (66 

participants) or telephone (25 participants). Where participants were not assessed at a given 

timepoint, EDSS was inferred from available clinical data and EDSS at adjacent timepoints. 

14 participants did not have baseline EDSS retrospectively calculated as these could not be 

confidently calculated from available records.  

 

Image Acquisition 

Image acquisition and analysis protocols have been previously described in detail 

elsewhere10,20. Baseline, 1-year and 5-year timepoint MRI scans were obtained using a 0.5T 

Picker system (Marconi Medical Systems, Cleveland, OH). 10-, 14- and 20-year timepoint 

MRI scans were obtained using a 1.5T General Electric Signa system (GE Healthcare, 

Chicago, IL), while a 3T Philips Achieva system (Philips Healthcare, Best, The Netherlands) 

was used at the 30-year time point. At each time point, proton density (PD) and/or T2-

weighted images were acquired. Baseline, 1-year and 5-year film images were digitised using 

Vidar Diagnostic Pro Advantage film digitizer (VIDAR Systems, Herndon, VA)10,29.  

 

Lesions were marked and their location assessed (juxtacortical [JC], periventricular [PV], 

infratentorial [IT], and deep white matter [DWM])10. As baseline, 1-, 5- and 10-year images 

were not suitable for volumetric MRI analysis, linear atrophy measures were employed. Third 



ventricular width (TVW) was measured by drawing a midpoint line running parallel to the 

long axis of the ventricle on axially acquired PD/T2-weighted MRI scans20,30. Medullary 

width (MEDW) was measured as the dorsoventral medullary diameter on midsagittal imaging 

(scout images at baseline, 1 and 5 years, and T1-weighted images at subsequent time-

points)20,31. 

 

Statistical Analysis 

Statistical analyses were performed using IBM SPSS Statistics v28.0.0 (IBM Corporation, 

Armonk, NY).  

 

To answer our questions on the prognostic relevance of WM lesions and brain atrophy 

measures over time, and whether there was a shift in the balance between them, we built 

cross-sectional binary logistic regression models using MRI measures from each timepoint. 

Using the Nagelkerke method, a pseudoR2 value (pR2) was calculated as a measure of model 

fit and the strength of contributory effect (association) of a particular measure towards a 

given outcome. Models predicting SPMS development were repeated with and without age 

and gender as additional covariates, with the difference in pR2 between the two models 

calculated to determine the sole contribution of each MRI measure over time. To determine 

the longitudinal effects of MRI measures, models were reran adding their respective baseline 

MRI measures. Models were not censored: all participants who reached a particular outcome 

(e.g. SPMS) by an earlier timepoint were included in all subsequent timepoint models (to 

avoid biasing later models by increasingly including only people at lower risk of SPMS over 

time).  

 



As TVW increases with brain atrophy, while MEDW decreases, we present the inverse 

measure of MEDW (1/MEDW). Linear atrophy models adjusted for baseline are statistically 

equivalent to modelling the rates of atrophy from baseline. However, for completeness, 

further models were ran using calculated atrophy rates (see Supplementary Materials).  

 

To determine if prognostic models should include different features dependent on disease 

duration, we built longitudinal binary logistic regression models using a forward and 

backward conditional approach including all MRI measures, to determine which covariates 

were retained for optimal models at each timepoint. Here, we present the full model’s pR2, 

odds ratio (OR) and the significance of each covariate. With a view to clinical applicability, 

we manually built additional combined models incorporating both MRI and clinical (age, 

gender, relapse frequency, EDSS) measures to determine which most optimally predicted 

ultimate clinical outcomes at each timepoint. The base model started with age and gender, to 

which we sequentially added MRI and clinical measures, and observed which gave the 

highest overall pR2. 

 

We present the results of models predicting SPMS below (models predicting MS-related 

mortality or EDSS ≥3.5 outcomes are presented in Supplemental Materials).  

 

A p-value ≤0.05 was considered statistically significant. 

 

  



Results 
 
 
We present model pR2 below (full results in Supplementary Materials). For context, models 

predicting SPMS based on age (at first CIS) and gender alone had a pR2=0.029. 

 

Lesion accrual predicting SPMS 

Whole brain lesion counts 

In cross-sectional models predicting SPMS, whole brain lesion counts were significant at all 

timepoints (peak contributory effect at 5 years, pR2=0.377). Contributory effects increased 

over the first 5 years, then plateaued up to the 14-year timepoint before declining at 20 years. 

A similar pattern was observed in longitudinal models which included baseline whole brain 

lesion counts (Figures 1 and 2, and Supplementary Table 4). 

 

Lesion counts by location 

Total IT lesion counts peaked in contributory effect at the 1-year timepoint (pR2=0.417) in 

cross-sectional models, after which they plateaued before declining at the 20-year timepoint. 

Total IT lesion count was a significant variable across all cross-sectional models. In 

longitudinal models (adjusted for baseline IT lesion counts), total IT lesion count was a 

significant variable at 5- and 14-year timepoints with similar contributory effects (Figures 1 

and 2, and Supplementary Table 5). 

 

Cross-sectional models considering either PV or DWM lesion counts both showed increasing 

contributory effects over the first 5 years, after which their effects plateaued before 

subsequently declining at 20 years (peak pR2=0.403 at 14 years for PV models, peak 

pR2=0.342 at 5 years for DWM lesion count models). Similar trajectories were noted for 

longitudinal models adjusted for baseline PV or DWM lesion counts (Figures 1 and 2). PV 



and DWM lesion counts remained significant variables across all timepoints in cross-

sectional and longitudinal models. 

 

JC lesion count models had the lowest predictive ability towards development of SPMS (peak 

pR2=0.152 in cross-sectional models), although significant across all timepoints. In 

longitudinal models adjusted for baseline, total JC lesion counts were only significant at 20 

years (Figures 1 and 2). 

 

Linear atrophy predicting SPMS 

 

Third ventricular width (TVW) 

In cross-sectional models, TVW increased in contributory effect of over time, peaking at 14 

years (pR2=0.498). A similar trend was observed in longitudinal models (Figures 1 and 2). 

TVW was a significant variable in cross-sectional and longitudinal models from the 10-year 

timepoint onwards.  

 

Medullary width (MEDW) 

While MEDW was a significant variable in cross-sectional models at 5, 14 and 20-year 

timepoints, its predictive power was greatest at the 5- and 20-year timepoints (pR2=0.221 and 

0.260 respectively). A similar trend was observed in longitudinal models adjusted for baseline 

MEDW, where greatest contributory effect was observed at 5- and 20-year timepoints (and 

were the only timepoints where MEDW was a significant model variable) (Figures 1 and 2). 

 

  



Clinical factors predicting SPMS 

 

Relapse frequency was significant in cross-sectional models across all timepoints, with peak 

associations observed between 5-10 years (pR2=0.213). Conversely, EDSS increasingly 

associated with SPMS outcomes over time in cross-sectional models (peak effects at 20 

years, pR2=0.688) and was a significant variable from the 5-year timepoint onwards (see 

Supplementary Table 6 for full results). 

 

Optimal models predicting SPMS 

 

MRI features alone (Tables 1 & 2) 

In combined cross-sectional models (Table 1), at baseline, only IT lesion counts were 

retained (and significant) (model pR2=0.174). At the 5-year timepoint, combined models 

included age, 5-year PV lesion counts and 5-year MEDW (model pR2=0.595; age and 5-year 

PV lesion counts were significant variables). At the 10-year timepoint, combined models 

included 10-year IT lesion counts and 10-year MEDW (model pR2=0.504; both 10-year IT 

lesion counts and 10-year MEDW were significant variables). At the 14-year timepoint, 

combined models only included 14-year TVW and was a significant model variable (model 

pR2=0.535). By the 20-year timepoint, the model included 20-year DWM lesion counts and 

20-year TVW (model pR2=0.439; both 20-year DWM lesion counts and 20-year TVW were 

significant variables).   

 

In combined longitudinal models (including baseline MRI measures, age and gender) (Table 

2), at the 5-year timepoint, the model retained 5-year PV lesion counts and 5-year MEDW 

(model pR2=0.525; 5-year PV lesion count was a significant variable). At the 10-year 



timepoint, only baseline IT lesion count was retained in combined longitudinal models and 

was a significant variable (model pR2=0.391). At the 14-year timepoint, combined 

longitudinal models only retained 14-year PV lesion counts and was a significant variable 

(model pR2=0.475). At 20-years, models retained both baseline IT lesion counts and 20-year 

TVW (model pR2=0.555; baseline IT lesion counts was a significant variable).   

 

MRI and clinical features (Table 3) 

At the 5-year timepoint, combined models retained age, gender, relapse activity between 0-5 

years and 1-year IT lesion counts (model pR2=0.484; age, relapse activity between 0-5 years 

and 1-year IT lesion counts were significant model variables). At the 10-year timepoint, age, 

gender, clinical relapse activity between 5-10 years, 1-year IT lesion counts and 10-year 

EDSS were retained in the model (model pR2=0.663; 10-year EDSS, relapse activity between 

5-10 years, and 1-year IT lesion counts were significant model variables); while at the 14-

year timepoint, age, gender, clinical relapse activity between 5-10 years and 14-year IT lesion 

counts were retained (model pR2=0.642; age, 14-year IT lesion counts and relapse activity 

between 5-10 years were significant model variables). At the 20-year timepoint, combined 

models retained age, gender, 1-year IT lesion counts and 20-year EDSS (model pR2=0.729; 

20-year EDSS and 1-year IT lesion counts were significant model variables).  



Table 1 – Lean cross-sectional MRI models (lesions by location, age, gender) predicting 30-year SPMS  
Timepoint n Model pR2 Model covariates Covariate OR (95% CI) Covariate p= 
0 year 58 0.174 0-year IT lesion count 2.31 (1.13-4.71) 0.020* 

5 year 61 0.595 
Age 1.14 (1.01-1.28) 0.030* 
5-year PV lesion count 1.40 (1.15-1.70) <0.001* 
5-year MEDW 0.36 (0.13-1.02) 0.055 

10 year 46 0.401 
10-year IT lesion count 1.80 (1.16-2.80) 0.009* 
10-year MEDW 0.36 (0.12-1.05) 0.060* 

14 year 38 0.535 14-year TVW 2.48 (1.38-4.44) 0.002* 

20 year 52 0.439 
20-year DWM lesion count  1.02 (1.00-1.05) 0.036* 
20-year TVW 1.48 (1.05-2.10) 0.026* 

 
Table 2 – Lean longitudinal MRI models (lesions by location, age, gender) adjusted for baseline MRI measures predicting 30-year SPMS  

Timepoint n Model pR2 Model covariates Covariate OR (95% CI) Covariate p= 

5 year 43 0.525 
5-year PV lesion count 1.27 (1.08-1.51) 0.005* 
5-year MEDW 0.26 (0.07-1.02) 0.053 

10 year 27 0.391 0-year IT lesion count  9.25 (1.03-82.9) 0.047* 
14 year 22 0.475 14-year PV lesion count 1.20 (1.03-1.39) 0.017* 

20 year 31 0.555 
0-year IT lesion count 9.61 (1.15-80.5) 0.037* 
20-year TVW 1.60 (1.00-2.59) 0.052 

 
Table 3– Lean combined models (clinical and MRI) predicting 30-year SPMS  

Timepoint n Model pR2 Model covariates Covariate OR (95% CI) Covariate p= 

5 year 78 0.484 

Age 1.10 (1.00-1.20) 0.042* 
Gender 0.70 (0.19-2.52) 0.581 
Number of relapses (0-5 years) 1.59 (1.08-2.33) 0.018* 
1-year IT lesion counts 4.25 (1.62-11.12) 0.003* 

10 year 70 0.633 

Age 1.12 (1.00-1.26) 0.053 
Gender 0.19 (0.03-1.23) 0.081 
10-year EDSS 2.09 (1.21-3.62) 0.008* 
Number of relapses (5-10 years) 2.44 (1.20-4.99) 0.014* 
1-year IT lesion counts 5.38 (1.22-23.67) 0.026* 

14 year 43 0.642 

Age 1.23 (1.03-1.47) 0.023* 
Gender 0.10 (0.01-1.01) 0.051 
14-year IT lesion counts 1.92 (1.16-3.17) 0.011* 
Number of relapses (5-10 years) 2.75 (1.16-6.48) 0.021* 

20 year 82 0.729 

Age 1.04 (0.93-1.15) 0.526 
Gender 0.64 (0.13-3.06) 0.572 
20-year EDSS 2.40 (1.57-3.69) <0.001* 
1-year IT lesion counts 6.89 (1.83-25.91) 0.004* 



Discussion 

 

We found that WM lesions were prognostically relevant for the development of SPMS 

immediately after a CIS and, contrary to our initial hypothesis, remained clinically relevant 

throughout follow-up. In combined MRI models, linear atrophy measures increasingly 

contributed towards predictive power at later follow-up points, but when adjusted for baseline 

MRI measures, only WM lesion counts remained significant. Similarly, when clinical features 

were introduced into models, among MRI measures, only IT counts remained significant 

predictors. 

 

Lesion counts had greatest prognostic relevance from 5 to 14 years, whilst linear atrophy 

measures had a more complex relationship with outcomes. TVW was most significantly 

predictive at 14 years (reaching significance from 10 years), while MEDW was most 

significantly predictive at 5 and 20 years. While overall this is consistent with lesion accrual 

being of slightly diminishing clinical relevance over time and atrophy becoming increasingly 

important10,20, when models were built with both lesion counts and linear atrophy measures 

alongside clinical features, only lesion counts independently contributed to the prediction of 

SPMS. While brain atrophy has been shown to correlate better than lesion accrual with 

disability in established progressive MS21,23, our results suggest that linear atrophy measures 

have lesser value in predicting SPMS onset. In line with previous work10,32, we found lesion 

location influenced prognostic relevance, with IT and PV lesions showing similar pR2 and 

higher than that observed in DWM and JC lesions respectively. Only IT lesion counts 

contributed significantly to models that also included clinical measures. Even 20 years after 

initial CIS, IT lesions continued to have significant prognostic relevance for SPMS by 30 

years. While lesion location is clearly relevant to symptoms during a relapse, it remains 



unclear why lesion location also influences overall risk of progressive MS. The prognostic 

significance of TVW increased over time from 5 years, reaching peak contributory effect at 

14 years. Medullary thinning had a more complex association with SPMS development, 

peaking at both 5 and 20 years. It is worth recalling that both TVW and MEDW are regional 

measures of atrophy: TVW correlates most with brain parenchymal fractions (r=-0.93 at 30-

year scanning), whereas MEDW correlates most with cord volumes (r=0.61 at 30-year 

scanning)20, and atrophy due to MS preferentially affects different regions of the brain33 and 

spinal cord34 at different stages of disease.  

 

When adjusted for baseline values, MEDW was not a consistent predictor of SPMS. This 

may be explained by the changes in scanners and scanning protocols which occurred over 

time (leading to step changes in all measures), measurement noise (initially 2D non-isotropic 

scans were used, obtained at 0.5T with a 5 mm slice thickness), and differing numbers of 

participants at each timepoint. However, while these factors will obscure associations, they 

will not lead to spurious ones being found. 

 

As volumetric atrophy measures could not be applied to early MRI data, we used linear 

approaches. Compared to volumetric measures they are much easier to undertake, but for the 

reasons noted earlier we think that associations with clinical outcomes may have been 

attenuated. In particular, the low resolution of early scans in this study will have been 

associated with higher partial volume effects when compared with current scans (now very 

often isotropic and close to 1x1x1mm). Volumetric atrophy measurement approaches can be 

applied to modern scans, but have a significant computational overhead, and so linear 

methods may still be more feasible in clinical practice. Given the results of our study, it 



would be interesting to compare the sensitivity to change of volumetric and linear measures 

using current routinely obtained clinical scans. 

 

Another consequence of technical advances since the start of this study was the limited 

acquisition of other MRI measures that may be of interest in predicting progressive MS, 

specifically imaging the spinal cord for lesions and measuring atrophy34,35, or dedicated brain 

imaging to detect grey matter lesions (which, in the present cohort, was the MRI feature that 

most distinguished SPMS from RRMS at 30 years18). However, none of these are routinely 

acquired in current clinical practice and does not undermine the relevance of the current 

findings, although would be of interest in future studies. 

 

It is important to also note that MRI data availability differed between timepoints: for 

example, at baseline MRI data was available for 103 participants, while at 14 years 52 were 

scanned. Models based on smaller sample sizes will have less power to detect associations, 

and so factors not found to be statistically significant in this study may still be clinically 

relevant (and might have probably been statistically significant if larger sample sizes had 

been analysed), albeit less so than those where a predictive effect was detected. 

 

Given that we specifically sought to investigate the prognostic relevance of MRI measures 

towards 30-year outcomes (rather than their direct correlation with disability accrual over 

time), we used binary logistic regression models to identify which factors significantly 

contributed towards prognostic power for a given timepoint. However, it is worth noting that 

there are both biological (e.g., WM lesions disrupting tracts, leading to neurodegeneration 

and disability) and temporal (WM lesion load, brain atrophy and disability all naturally 

increase over time) reasons for collinearity between measures, and hence, models may be 



dominated by a particular measure with the strongest association towards an outcome at a 

given time. This does not necessarily mean that other measures are irrelevant to clinical 

progression per se, but rather, they did not contribute to a given prognostic model.  

 

Despite brain atrophy measures increasing in prognostic relevance over time in isolation, they 

also did not contribute significantly to models including WM lesion and clinical features. 

While brain atrophy is associated with SPMS, it is also predicted to a degree by preceding 

WM lesion accrual, and in part it may be argued that atrophy simply reflects a later stage in a 

pathological cascade from WM lesion formation to tract-mediated damage and eventual brain 

atrophy (for example36). Furthermore, there is growing evidence that with progressive MS, 

while WM lesion accrual slows, as many as ~30% of lesions transition towards chronic 

activity37, and chronic demyelination is also associated with ongoing axonal loss38. Based on 

this, the ultimate effect of early WM lesion accrual on neurodegeneration may take years to 

manifest (and in previous work with this cohort, associations strengthened over more than a 

decade39). 

 

As expected, relapse activity (as a clinical predictor of 30-year outcomes) followed similar 

trends to lesion counts over time, increasing in predictive ability up to 5-10 years from first 

symptom onset, after which its effects progressively diminished. As would be expected based 

on brain atrophy measures, EDSS also significantly predicted SPMS, increasing in predictive 

ability from 5 years, although it is important to note that higher EDSS scores per se will 

increasingly distinguish RR from SPMS, and in combination with other features, has been 

used as part of an objective definition of SPMS40.  

 



Our study benefited from 30 years of clinical and radiological data, with clear phenotypic 

separation by the end of the follow-up period. Licensed DMTs were unavailable when 

participants were recruited and only introduced a decade or more later, hence most were 

untreated. Only eleven people (four RRMS, seven SPMS at 30 years) received a DMT at any 

point, the earliest starting 10 years after MS diagnosis. While this offered a unique insight 

into the natural history of MS disease progression, it cannot be assumed that MRI prognostic 

features identified in this cohort are as relevant among people taking current high-efficacy 

treatments.   

 

In conclusion, while we presupposed a shift between the prognostic relevance of WM lesion 

accrual and brain atrophy, our results suggest that IT lesions consistently remained 

prognostically significant towards the development of SPMS in combined clinical and MRI 

models.  

 

  



Figures 
 
For all figures, * indicates a model that was significant at p≤0.05.  
At some timepoints age and gender explained small amounts of the outcome of interest and 
may therefore not be clearly seen in the Figures. Please see Tables 4 & 5 in supplementary 
materials for a detailed breakdown of the values. 
 
Figure 1: Cross-sectional models considering contribution of age, gender and  
MRI measures (total lesion count, lesion by subtype, linear atrophy measures) towards 30-
year SPMS 
 

 
 
Figure 2: Longitudinal models considering contribution of age, gender and  
MRI measures (total lesion count, lesion by subtype, linear atrophy measures) towards 30-
year SPMS 
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 Supplementary Material 
 
Table 4 – Total lesion count and linear atrophy models predicting 30-year SPMS outcomes 
 

Table 4a – Cross-sectional models predicting 30-year SPMS outcomes  
Adjusted for age and gender  

Timepoint 

Total Lesion Counts TVW MEDW 

n MRI measure OR p= Model 
pR2 

MRI 
measure 
pR2 

Age and 
gender 
pR2 

n OR p= Model 
pR2 

MRI 
measure 
pR2 

Age and 
gender 
pR2 

n OR p= Model 
pR2 

MRI 
measure 
pR2 

Age, 
gender 
pR2 

0 year 103 1.04 (1.01-1.07) 0.004* 0.177 0.142 0.035 87 1.22 (0.77-1.93) 0.409 0.032 0.012 0.02 60 1.05 (0.56-1.95) 0.880 0.031 0 0.031 
1 year 86 1.07 (1.03-1.11) 0.001* 0.354 0.274 0.08 76 1.55 (0.90-2.65) 0.112 0.107 0.075 0.032 52 1.13 (0.62-2.02) 0.696 0.043 0.002 0.041 
5 year 81 1.06 (1.03-1.09) <0.001* 0.485 0.377 0.108 70 1.58 (0.96-2.59) 0.072 0.126 0.124 0.002 70 3.31 (1.56-7.04) 0.002* 0.301 0.221 0.08 
10 year 62 1.04 (1.02-1.07) 0.001* 0.489 0.333 0.156 61 1.93 (1.24-3.00) 0.004* 0.321 0.277 0.044 53 1.39 (0.65-2.97) 0.398 0.108 0.048 0.06 
14 year 52 1.03 (1.01-1.05) 0.001* 0.482 0.366 0.116 47 2.49 (1.42-4.37) 0.001* 0.508 0.498 0.01 47 2.60 (1.13-6.02) 0.025* 0.224 0.149 0.075 
20 year 71 1.02 (1.01-1.04) 0.001* 0.305 0.271 0.034 70 1.62 (1.21-2.17) 0.001* 0.263 0.262 0.001 64 7.19 (1.87-27.78) 0.004* 0.260 0.26 0 

 

Table 4b – Longitudinal models adjusted for baseline predicting 30-year SPMS outcomes 
Adjusted for baseline total lesion counts, age and gender  

Timepoint 

Total Lesion Counts TVW MEDW 

n OR p= Model 
pR2 

MRI 
measure 
pR2 

Age and  
gender 
pR2 

n OR p= Model 
pR2 

MRI 
measure 
pR2 

Age and 
gender 
pR2 

n OR p= Model 
pR2 

MRI 
measure 
pR2 

Age, 
gender 
pR2 

1 year 86 1.10 (1.01-1.21) 0.038* 0.360 0.278 0.082 73 1.37 (0.77-2.42) 0.283 0.105 0.071 0.034 41 1.72 (0.66-4.55) 0.266 0.148 0.113 0.035 
5 year 81 1.09 (1.04-1.14) <0.001* 0.516 0.405 0.111 67 1.58 (0.90-2.77) 0.113 0.118 0.089 0.029 50 5.10 (1.78-14.49) 0.002* 0.391 0.326 0.065 
10 year 62 1.04 (1.01-1.08) 0.011* 0.489 0.336 0.153 54 1.98 (1.20-3.25) 0.007* 0.321 0.279 0.042 32 1.87 (0.55-6.37) 0.315 0.060 0.054 0.006 
14 year 52 1.03 (1.01-1.05) 0.008* 0.486 0.372 0.114 46 2.55 (1.43-4.55) 0.001* 0.508 0.497 0.011 47 2.77 (0.82-9.35) 0.101 0.190 0.153 0.037 
20 year 71 1.02 (1.01-1.04) 0.001* 0.307 0.274 0.033 61 1.65 (1.20-2.27) 0.002* 0.300 0.296 0.004 64 8.85 (1.44-55.56) 0.018* 0.290 0.29 0 

 
 
  



Table 5 – Lesion count models (separated by location) predicting 30-year SPMS outcomes 
 

Table 5a – Cross-sectional models predicting 30-year SPMS outcomes  
Adjusted for age and gender 

Timepoint 
PV lesions  DWM lesions 

n MRI measure OR p= Model pR2 MRI measure 
pR2 

Age and gender 
pR2 n OR p= Model pR2 MRI measure 

pR2 
Age and 
gender pR2 

0 year 97 1.17 (1.04-1.31) 0.007* 0.146 0.122 0.024 97 1.06 (1.02-1.10) 0.006* 0.170 0.133 0.037 
1 year 82 1.25 (1.10-1.42) <0.001* 0.310 0.252 0.058 82 1.10 (1.04-1.17) 0.001* 0.328 0.266 0.062 
5 year 81 1.34 (1.16-1.54) <0.001* 0.502 0.374 0.128 81 1.07 (1.03-1.11) <0.001* 0.441 0.342 0.099 
10 year 62 1.29 (1.12-1.48) <0.001* 0.545 0.356 0.189 62 1.06 (1.02-1.10) 0.001* 0.450 0.317 0.133 
14 year 52 1.22 (1.09-1.37) <0.001* 0.553 0.403 0.150 52 1.05 (1.02-1.08) 0.001* 0.429 0.324 0.105 
20 year 71 1.14 (1.07-1.22) <0.001* 0.363 0.318 0.045 71 1.03 (1.01-1.05) 0.002* 0.248 0.22 0.028 

 

Timepoint 
JC lesions IT lesions 

n MRI measure OR p= Model pR2 MRI measure 
pR2 

Age and gender 
pR2 n OR p= Model pR2 MRI measure 

pR2 
Age and 
gender pR2 

0 year 97 1.54 (1.13-2.11) 0.007* 0.157 0.119 0.038 96 3.03 (1.48-6.20) 0.002* 0.259 0.237 0.022 
1 year 82 1.49 (1.11-2.01) 0.008* 0.222 0.141 0.081 82 5.10 (2.01-12.93) <0.001* 0.445 0.417 0.028 
5 year 81 1.24 (1.06-1.46) 0.007* 0.261 0.152 0.109 78 2.30 (1.39-3.81) 0.001* 0.417 0.358 0.059 
10 year 61 1.09 (1.01-1.17) 0.025* 0.218 0.076 0.142 55 1.96 (1.18-3.26) 0.01* 0.474 0.298 0.176 
14 year 50 1.10 (1.02-1.18) 0.016* 0.269 0.163 0.106 47 1.90 (1.25-2.89) 0.003* 0.505 0.354 0.151 
20 year 69 1.08 (1.01-1.15) 0.021* 0.147 0.118 0.029 64 1.45 (1.12-1.89) 0.005* 0.299 0.258 0.041 

 

Table 5b – Longitudinal models adjusted for baseline predicting 30-year SPMS outcomes 
Adjusted for baseline lesion counts (with respect to location), age and gender 

Timepoint 
PV lesions  DWM lesions 

n MRI measure OR p= Model pR2 MRI measure 
pR2 

Age and gender 
pR2 n OR p= Model pR2 MRI measure 

pR2 
Age and 
gender pR2 

1 year 81 1.53 (1.12-2.09) 0.008* 0.335 0.335 0.000 81 1.16 (1.01-1.32) 0.035* 0.475 0.281 0.055 
5 year 80 1.60 (1.25-2.03) <0.001* 0.565 0.449 0.116 80 1.12 (1.04-1.20) 0.002* 0.336 0.389 0.086 
10 year 61 1.31 (1.11-1.55) 0.002* 0.556 0.39 0.166 61 1.06 (1.01-1.12) 0.016* 0.461 0.353 0.108 
14 year 51 1.25 (1.09-1.43) 0.001* 0.571 0.455 0.116 51 1.04 (1.01-1.08) 0.025* 0.464 0.384 0.080 
20 year 67 1.17 (1.07-1.28) <0.001* 0.402 0.362 0.040 67 1.03 (1.01-1.05) 0.006* 0.276 0.243 0.033 

 

Timepoint 
JC lesions IT lesions 

n MRI measure OR p= Model pR2 MRI measure 
pR2 

Age and gender 
pR2 n OR p= Model pR2 MRI measure 

pR2 
Age and 
gender pR2 

1 year 81 1.44 (0.85-2.41) 0.173 0.230 0.156 0.074 80 2.32 (0.79-6.81) 0.126 0.474 0.45 0.024 
5 year 80 1.17 (1.00-1.38) 0.056 0.292 0.195 0.097 77 2.10 (1.15-3.85) 0.016* 0.431 0.38 0.051 
10 year 60 1.04 (0.97-1.13) 0.274 0.255 0.134 0.121 54 1.34 (0.92-1.97) 0.132 0.570 0.447 0.123 
14 year 50 1.06 (0.98-1.14) 0.129 0.339 0.234 0.105 47 1.66 (1.02-2.70) 0.041* 0.522 0.387 0.135 
20 year 66 1.07 (1.00-1.15) 0.044* 0.199 0.145 0.054 60 1.31 (0.98-1.75) 0.070 0.405 0.368 0.037 

 
  



Table 6 – Clinical measures models predicting 30-year SPMS outcomes 
 

Table 6a – Relapse activity models predicting 30-year SPMS outcomes 
Adjusted for age and gender 

Timepoint n Relapse activity OR p= Model pR2 Relapse activity 
pR2 

Age and gender 
pR2 

0-5 years 95 1.81 (1.29-2.54) <0.001* 0.251 0.213 0.038 
5-10 years 87 2.57 (1.56-4.22) <0.001* 0.260 0.246 0.014 
10-20 years 94 1.47 (1.04-2.08) 0.029* 0.096 0.058 0.038 

 
Table 6b – EDSS models predicting 30-year SPMS outcomes 
Adjusted for age and gender 

Timepoint n EDSS OR p= Model pR2 EDSS pR2 Age and gender 
pR2 

0 year 100 1.23 (0.89-1.69) 0.207 0.051 0.023 0.028 
1 year (nadir) 105 1.25 (0.92-1.71) 0.154 0.058 0.045 0.013 
5 year 105 1.89 (1.38-2.59) <0.001* 0.307 0.303 0.004 
10 year 106 2.46 (1.71-3.53) <0.001* 0.512 0.501 0.011 
14 year 106 2.13 (1.58-2.87) <0.001* 0.519 0.503 0.016 
20 year 107 2.83 (1.93-4.17) <0.001* 0.694 0.688 0.006 

 
Table 7 – Additional linear atrophy models predicting 30-year SPMS outcomes  
 

Table 7a – Models considering absolute difference in linear atrophy measures from baseline predicting 30-year SPMS outcomes  
Adjusted for age and gender 

Timepoint 
TVW  MEDW 

n MRI measure OR p= Model pR2 MRI measure 
pR2 

Age and gender 
pR2 n OR p= Model pR2 MRI measure 

pR2 
Age and 
gender pR2 

5 year 67 1.32 (0.83-2.09) 0.241 0.081 0.046 0.035 50 0.29 (0.12-0.67) 0.004* 0.344 0.281 0.063 
10 year 54 1.67 (1.13-2.46) 0.01* 0.239 0.199 0.040 32 0.61 (0.20-1.83) 0.374 0.051 0.046 0.005 
14 year 46 2.34 (1.39-3.96) 0.001* 0.468 0.456 0.012 28 0.45 (0.15-1.33) 0.150 0.125 0.093 0.032 
20 year 61 1.51 (1.15-2.00) 0.003* 0.239 0.225 0.014 39 0.57 (0.24-1.37) 0.209 0.074 0.066 0.008 

 
Table 7b – Models considering rates of linear atrophy (mm/year x100)* from baseline predicting 30-year SPMS outcomes  
Adjusted for age and gender 

Timepoint 
TVW  MEDW 

n MRI measure OR p= Model pR2 MRI measure 
pR2 

Age and gender 
pR2 n OR p= Model pR2 MRI measure 

pR2 
Age and 
gender pR2 

5 year 67 1.01 (0.99-1.04) 0.241 0.081 0.046 0.035 50 0.94 (0.90-0.98) 0.004* 0.344 0.281 0.063 
10 year 54 1.05 (1.01-1.09) 0.01* 0.239 0.199 0.040 32 0.95 (0.85-1.06) 0.374 0.051 0.046 0.005 
14 year 46 1.13 (1.05-1.21) 0.001* 0.468 0.456 0.012 28 0.89 (0.77-1.04) 0.150 0.125 0.093 0.032 
20 year 61 1.09 (1.03-1.15) 0.003* 0.239 0.225 0.014 39 0.89 (0.75-1.07) 0.209 0.074 0.066 0.008 
 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎ℎ𝑦𝑦 =  
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎ℎ𝑦𝑦 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑎𝑎𝑎𝑎 𝑎𝑎 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 − 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎ℎ𝑦𝑦 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑎𝑎𝑎𝑎 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 (𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)
 𝑋𝑋 100 

 

   



Table 8 – Total lesion count and linear atrophy models predicting 30-year MS-related mortality outcomes 
 

Table 8a – Cross-sectional models predicting 30-year MS-related mortality outcomes  
Adjusted for age and gender 

Timepoint 

Total Lesion Counts TVW MEDW 

n MRI measure OR p= Model 
pR2 

MRI 
measure 
pR2 

Age and 
gender 
pR2 

n OR p= Model 
pR2 

MRI 
measure 
pR2 

Age and 
gender 
pR2 

n OR p= Model 
pR2 

MRI 
measure 
pR2 

Age, 
gender 
pR2 

0 year 103 1.03 (1.01-1.06) 0.006* 0.197 0.099 0.098 87 1.00 (0.54-1.83) 0.989 0.067 0 0.067 60 1.37 (0.55-3.40) 0.496 0.256 0.001 0.255 
1 year 86 1.04 (1.01-1.07) 0.005* 0.243 0.131 0.112 76 1.10 (0.64-1.90) 0.721 0.112 0.013 0.099 52 0.39 (0.15-0.99) 0.048* 0.302 0.103 0.199 
5 year 81 1.03 (1.01-1.05) 0.001* 0.379 0.228 0.151 70 1.08 (0.62-1.87) 0.797 0.207 0.046 0.161 70 0.92 (0.38-2.22) 0.845 0.198 0.002 0.196 
10 year 62 1.04 (1.01-1.06) 0.004* 0.560 0.162 0.398 61 1.30 (0.90-1.86) 0.164 0.254 0.079 0.175 53 1.24 (0.36-4.29) 0.737 0.342 0.019 0.323 
14 year 52 1.03 (1.01-1.05) 0.013* 0.480 0.144 0.336 47 1.70 (1.06-2.73) 0.028* 0.405 0.301 0.104 47 2.59 (0.74-9.00) 0.137 0.325 0.055 0.270 
20 year 71 1.03 (1.01-1.05) 0.004* 0.477 0.161 0.316 70 1.99 (1.19-3.35) 0.009* 0.524 0.377 0.147 64 17.2 (2.28-125.00) 0.006* 0.509 0.416 0.093 

 

Table 8b – Longitudinal models adjusted for baseline predicting 30-year MS-related mortality outcomes  
Adjusted for baseline, age and gender 

Timepoint 

Total Lesion Counts TVW MEDW 

n OR p= Model 
pR2 

MRI 
measure 
pR2 

Age and  
gender 
pR2 

n OR p= Model 
pR2 

MRI 
measure 
pR2 

Age and 
gender 
pR2 

n OR p= Model 
pR2 

MRI 
measure 
pR2 

Age, 
gender 
pR2 

1 year 86 1.058 (0.99-1.13) 0.088 0.249 0.134 0.115 73 1.08 (0.58-2.01) 0.799 0.107 0.01 0.097 41 0.96 (0.26-3.52) 0.951 0.292 0.054 0.238 
5 year 81 1.04 (1.01-1.07) 0.010* 0.400 0.254 0.146 67 1.18 (0.64-2.16) 0.597 0.218 0.066 0.152 50 0.75 (0.24-2.36) 0.619 0.372 0.022 0.350 
10 year 62 1.05 (1.01-1.09) 0.027* 0.566 0.168 0.398 54 1.29 (0.86-1.93) 0.223 0.241 0.067 0.174 32 2.07 (0.20-21.3) 0.538 0.692 0.05 0.642 
14 year 52 1.02 (0.99-1.06) 0.237 0.488 0.146 0.342 46 1.68 (1.05-2.70) 0.030* 0.414 0.309 0.105 28 3.21 (0.28-37.0) 0.351 0.629 0.052 0.577 
20 year 71 1.03 (1.01-1.06) 0.008* 0.481 0.168 0.313 61 1.98 (1.14-3.44) 0.016* 0.511 0.366 0.145 - - - - - - 

 
 



Table 9 – Lesion count models (separated by location) predicting 30-year MS-related mortality outcomes 
 

Table 9a – Cross-sectional models predicting 30-year MS-related mortality outcomes 
Adjusted for age and gender 

Timepoint 
PV lesions DWM lesions 

n MRI measure OR p= Model pR2 MRI measure 
pR2 

Age and gender 
pR2 n OR p= Model pR2 MRI measure 

pR2 
Age and 
gender pR2 

0 year 97 1.13 (1.01-1.26) 0.030* 0.162 0.087 0.075 97 1.04 (1.01-1.08) 0.015* 0.175 0.071 0.104 
1 year 82 1.17 (1.05-1.31) 0.006* 0.260 0.172 0.088 82 1.05 (1.01-1.09) 0.016* 0.211 0.096 0.115 
5 year 81 1.11 (1.02-1.20) 0.020* 0.237 0.124 0.113 81 1.04 (1.02-1.06) <0.001* 0.365 0.215 0.150 
10 year 62 1.23 (1.07-1.40) 0.003* 0.485 0.103 0.382 62 1.04 (1.01-1.08) 0.006* 0.519 0.168 0.351 
14 year 52 1.09 (1.00-1.19) 0.057 0.368 0.081 0.287 52 1.04 (1.01-1.07) 0.012* 0.462 0.150 0.312 
20 year 71 1.29 (1.08-1.53) 0.005* 0.637 0.258 0.379 71 1.04 (1.01-1.06) 0.008* 0.403 0.126 0.277 
 

Timepoint 
JC lesions IT lesions 

n MRI measure OR p= Model pR2 MRI measure 
pR2 

Age and gender 
pR2 n OR p= Model pR2 MRI measure 

pR2 
Age and 
gender pR2 

0 year 97 1.37 (1.04-1.81) 0.027* 0.157 0.057 0.100 96 2.10 (1.29-3.43) 0.003* 0.298 0.201 0.097 
1 year 82 1.23 (0.98-1.54) 0.074 0.159 0.035 0.124 78 2.26 (1.40-3.65) <0.001* 0.450 0.345 0.105 
5 year 81 1.11 (0.98-1.25) 0.096 0.227 0.085 0.142 82 1.83 (1.26-2.66) 0.001* 0.557 0.426 0.131 
10 year 61 1.07 (0.98-1.17) 0.128 0.248 0.003 0.245 55 1.86 (1.23-2.82) 0.003* 0.695 0.363 0.332 
14 year 50 1.06 (0.97-1.16) 0.214 0.289 0.009 0.280 47 2.75 (1.03-7.29) 0.043* 0.778 0.361 0.417 
20 year 69 1.06 (0.98-1.15) 0.167 0.234 0.014 0.220 64 1.67 (1.15-2.43) 0.008* 0.572 0.240 0.332 

 

Table 9b – Longitudinal models adjusted for baseline predicting 30-year MS-related mortality outcomes  
Adjusted for baseline lesion counts (with respect to location), age and gender 

Timepoint 
PV lesions DWM lesions 

n MRI measure OR p= Model pR2 MRI measure 
pR2 

Age and gender 
pR2 n OR p= Model pR2 MRI measure 

pR2 
Age and 
gender pR2 

1 year 81 1.45 (1.10-1.91) 0.008* 0.319 0.200 0.119 81 1.04 (0.94-1.15) 0.422 0.209 0.096 0.113 
5 year 80 1.34 (1.10-1.63) 0.004* 0.354 0.185 0.169 80 1.05 (1.01-1.09) 0.007* 0.385 0.243 0.142 
10 year 61 1.20 (1.04-1.38) 0.015* 0.505 0.115 0.390 61 1.06 (1.01-1.11) 0.022* 0.535 0.187 0.348 
14 year 51 1.08 (0.95-1.23) 0.242 0.376 0.092 0.284 51 1.03 (0.99-1.07) 0.145 0.476 0.147 0.329 
20 year 67 1.28 (1.06-1.54) 0.011* 0.642 0.254 0.388 67 1.04 (1.01-1.07) 0.011* 0.405 0.137 0.268 
 

Timepoint 
JC lesions IT lesions 

n MRI measure OR p= Model pR2 MRI measure 
pR2 

Age and gender 
pR2 n OR p= Model pR2 MRI measure 

pR2 
Age and 
gender pR2 

1 year 81 1.23 (0.72-2.10) 0.444 0.158 0.038 0.12 80 1.97 (1.15-3.39) 0.014* 0.456 0.359 0.097 
5 year 80 1.14 (0.97-1.34) 0.111 0.238 0.097 0.141 77 1.64 (1.14-2.37) 0.008* 0.569 0.428 0.141 
10 year 60 1.05 (0.94-1.17) 0.391 0.263 0.005 0.258 54 1.68 (1.03-2.75) 0.039* 0.702 0.385 0.317 
14 year 50 1.03 (0.91-1.15) 0.659 0.341 0.044 0.297 47 1.84 (0.79-4.30) 0.158 0.794 0.398 0.396 
20 year 66 1.06 (0.96-1.16) 0.249 0.235 0.017 0.218 60 1.51 (0.91-2.51) 0.114 0.575 0.323 0.252 



Table 10 – Total lesion count and atrophy models predicting 30-year EDSS ≥3.5 outcomes 
 

Table 10a – Cross-sectional models predicting 30-year EDSS ≥3.5 outcomes 
Adjusted for age and gender 

Timepoint 

Total Lesion Counts TVW MEDW 

n MRI measure OR p= Model 
pR2 

MRI 
measure 
pR2 

Age and 
gender 
pR2 

n OR p= Model 
pR2 

MRI 
measure 
pR2 

Age and 
gender 
pR2 

n OR p= Model 
pR2 

MRI 
measure 
pR2 

Age, 
gender 
pR2 

0 year 103 1.04 (1.01-1.07) 0.005* 0.169 0.034 0.135 87 1.06 (0.67-1.66) 0.807 0.021 0.001 0.020 60 0.79 (0.42-1.46) 0.447 0.031 0.016 0.015 
1 year 86 1.07 (1.03-1.11) 0.001* 0.318 0.076 0.242 76 1.51 (0.89-2.57) 0.129 0.095 0.066 0.029 52 0.96 (0.53-1.72) 0.884 0.020 0.001 0.019 
5 year 81 1.06 (1.03-1.09) <0.001* 0.489 0.111 0.378 70 1.37 (0.86-2.17) 0.187 0.088 0.053 0.035 70 3.83 (1.73-8.47) <0.001* 0.333 0.270 0.063 
10 year 62 1.05 (1.02-1.07) <0.001* 0.543 0.197 0.346 61 2.11 (1.28-3.46) 0.003* 0.377 0.290 0.087 53 1.24 (0.59-2.62) 0.574 0.151 0.049 0.102 
14 year 52 1.05 (1.02-1.07) <0.001* 0.606 0.164 0.442 47 3.22 (1.58-6.58) 0.001* 0.592 0.536 0.056 47 2.00 (0.91-4.41) 0.085 0.197 0.105 0.092 
20 year 71 1.03 (1.01-1.05) <0.001* 0.389 0.025 0.364 70 2.14 (1.45-3.15) <0.001* 0.426 0.423 0.003 64 13.5 (2.75-66.67) 0.001* 0.335 0.328 0.007 

 

Table 10b – Longitudinal models adjusted for baseline predicting 30-year EDSS ≥3.5 outcomes  
Adjusted for baseline, age and gender 

Timepoint 

Total Lesion Counts TVW MEDW 

n OR p= Model 
pR2 

MRI 
measure 
pR2 

Age and  
gender 
pR2 

n OR p= Model 
pR2 

MRI 
measure 
pR2 

Age and 
gender 
pR2 

n OR p= Model 
pR2 

MRI 
measure 
pR2 

Age, 
gender 
pR2 

1 year 81 1.06 (0.98-1.15) 0.136 0.318 0.242 0.076 73 1.46 (0.80-2.67) 0.213 0.084 0.055 0.029 41 1.28 (0.49-3.33) 0.613 0.185 0.175 0.010 
5 year 86 1.10 (1.04-1.16) <0.001* 0.526 0.413 0.113 67 1.42 (0.83-2.44) 0.198 0.087 0.050 0.037 50 12.99 (2.79-62.50) 0.001* 0.565 0.526 0.039 
10 year 62 1.06 (1.02-1.10) 0.005* 0.553 0.366 0.187 54 2.23 (1.26-3.96) 0.006* 0.381 0.291 0.090 32 2.38 (0.59-9.52) 0.220 0.199 0.189 0.010 
14 year 52 1.05 (1.02-1.08) 0.002* 0.607 0.442 0.165 46 3.52 (1.67-7.44) <0.001* 0.618 0.549 0.069 28 2.92 (0.77-11.11) 0.116 0.221 0.174 0.047 
20 year 71 1.03 (1.02-1.05) <0.001* 0.397 0.375 0.022 61 2.25 (1.46-3.47) <0.001* 0.476 0.463 0.013 39 21.73 (2.07-250.00) 0.010* 0.415 0.395 0.020 

 
 
  



Table 11 – Lesion count models (separated by location) predicting 30-year EDSS ≥3.5 outcomes 
 

Table 11a – Cross-sectional models predicting 30-year SPMS outcomes  
Adjusted for age and gender 

Timepoint 
PV lesions DWM lesions 

n MRI measure OR p= Model pR2 MRI measure 
pR2 

Age and gender 
pR2 n OR p= Model pR2 MRI measure 

pR2 
Age and 
gender pR2 

0 year 97 1.16 (1.04-1.31) 0.01* 0.135 0.110 0.025 97 1.06 (1.02-1.11) 0.008* 0.166 0.130 0.036 
1 year 82 1.22 (1.08-1.38) 0.001* 0.263 0.209 0.054 82 1.10 (1.03-1.17) 0.003* 0.297 0.240 0.057 
5 year 81 1.28 (1.13-1.45) <0.001* 0.432 0.314 0.118 81 1.08 (1.04-1.13) <0.001* 0.470 0.366 0.104 
10 year 62 1.25 (1.11-1.40) <0.001* 0.522 0.298 0.224 62 1.08 (1.03-1.12) <0.001* 0.540 0.363 0.177 
14 year 52 1.22 (1.09-1.37) <0.001* 0.576 0.378 0.198 52 1.08 (1.03-1.13) <0.001* 0.619 0.455 0.164 
20 year 71 1.13 (1.06-1.20) <0.001* 0.319 0.282 0.037 71 1.04 (1.02-1.07) <0.001* 0.366 0.346 0.020 
 

Timepoint 
JC lesions IT lesions 

n MRI measure OR p= Model pR2 MRI measure 
pR2 

Age and gender 
pR2 n OR p= Model pR2 MRI measure 

pR2 
Age and 
gender pR2 

0 year 97 1.50 (1.09-2.05) 0.012* 0.138 0.102 0.036 96 2.66 (1.34-5.29) 0.005* 0.221 0.196 0.025 
1 year 82 1.49 (1.09-2.05) 0.013* 0.206 0.132 0.074 82 4.09 (1.69-9.88) 0.002* 0.374 0.346 0.028 
5 year 81 1.25 (1.06-1.49) 0.009* 0.255 0.148 0.107 78 2.20 (1.33-3.67) 0.002* 0.381 0.316 0.065 
10 year 61 1.09 (1.01-1.17) 0.025* 0.264 0.072 0.192 55 2.02 (1.15-3.55) 0.014* 0.508 0.260 0.248 
14 year 50 1.10 (1.02-1.19) 0.018* 0.318 0.156 0.162 47 2.19 (1.33-3.61) 0.002* 0.592 0.350 0.242 
20 year 69 1.09 (1.01-1.16) 0.018* 0.162 0.137 0.025 64 1.67 (1.15-2.42) 0.007* 0.348 0.307 0.041 

 

Table 11b – Longitudinal models adjusted for baseline predicting 30-year SPMS outcomes  
Adjusted for baseline lesion counts (with respect to location), age and gender 

Timepoint 
PV lesions DWM lesions 

n MRI measure OR p= Model pR2 MRI measure 
pR2 

Age and gender 
pR2 n OR p= Model pR2 MRI measure 

pR2 
Age and 
gender pR2 

1 year 81 1.34 (1.02-1.76) 0.036* 0.266 0.210 0.056 81 1.10 (0.97-1.25) 0.128 0.296 0.244 0.052 
5 year 80 1.42 (1.17-1.73) <0.001* 0.469 0.363 0.106 80 1.16 (1.06-1.26) <0.001* 0.517 0.426 0.091 
10 year 61 1.25 (1.09-1.43) 0.002* 0.525 0.323 0.202 61 1.10 (1.04-1.18) 0.002* 0.564 0.436 0.128 
14 year 51 1.25 (1.09-1.43) 0.002* 0.584 0.418 0.166 51 1.09 (1.03-1.15) 0.002* 0.633 0.505 0.128 
20 year 67 1.15 (1.06-1.25) <0.001* 0.342 0.310 0.032 67 1.05 (1.02-1.07) <0.001* 0.401 0.382 0.019 
 

Timepoint 
JC lesions IT lesions 

n MRI measure OR p= Model pR2 MRI measure 
pR2 

Age and gender 
pR2 n OR p= Model pR2 MRI measure 

pR2 
Age and 
gender pR2 

1 year 81 1.58 (0.87-2.89) 0.136 0.215 0.146 0.069 80 1.96 (0.76-5.05) 0.166 0.405 0.379 0.026 
5 year 80 1.19 (0.99-1.42) 0.059 0.274 0.179 0.095 77 2.13 (1.15-3.91) 0.015* 0.387 0.332 0.055 
10 year 60 1.05 (0.97-1.14) 0.257 0.287 0.120 0.167 54 1.39 (0.86-2.22) 0.177 0.568 0.376 0.192 
14 year 50 1.06 (0.98-1.15) 0.155 0.381 0.223 0.158 47 2.08 (1.16-3.75) 0.014* 0.593 0.358 0.235 
20 year 66 1.08 (1.01-1.16) 0.033* 0.199 0.156 0.043 60 1.52 (1.05-2.22) 0.029* 0.398 0.353 0.045 

  
 


