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Objective and aim
To investigate the order in which different disease milestones occur in relapsing-onset 
multiple sclerosis (MS), a data-driven approach using cross-sectional measurements was 
used to create a discriminative event-based model (dEBM).

Methods
A cohort of 295 MS patients and 96 healthy controls (HC) was analysed. Twenty-seven 
biomarkers were considered, capturing information on T2-lesion load, regional brain and 
spinal cord volumes, hubness of key functional resting-state networks, microstructural 
changes of major white matter (WM) tracts and performance on multiple cognitive tests. 
Three models were created: one in all MS patients and two separate models specific to 
physical disability and cognitive impairment.

Results
The general MS model revealed early positioning of cerebellar grey matter (GM) volume 
changes followed by GM volume changes of insula, hippocampus and thalamus. Changes 
in WM tract integrity, working memory, and executive functioning were positioned late in 
the model. The model specific to disability showed that early changes included functional 
changes in the default mode network, lesion volumes, hippocampal volume, and mean 
upper cervical cord area (MUCCA); and late changes occurred in WM microstructure and 
cognition. The model for cognitive decline estimated early involvement of insular and 
temporal pole volume and late WM tract abnormalities.

Conclusion
Using data-driven modelling, we demonstrated that GM volume changes of the cerebellum, 
thalamus, insula and hippocampus are early events in MS pathology. The models for disability 
and cognition show early changes of the default-mode network hubness and earlier changes 
in spinal cord volume compared to the general MS population.
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INTRODUCTION

Multiple sclerosis (MS) is a chronic inflammatory, demyelinating and neurodegenerative 
disease of the central nervous system (CNS)1 manifesting as physical disability and 
cognitive decline.2 The underlying pathological processes result in tissue damage, 
leaving behind demyelinating lesions and volume changes of white (WM) and grey 
matter (GM) structures that can be visualised by brain and spinal cord imaging.3 
Alterations in structural and functional networks also have clear clinical relevance.4 
However, the sequence in which these changes occur in MS remains unclear, in part 
due to scarcity of longitudinal data.

Event-based modelling (EBM) is a probabilistic method that uses cross-sectional 
data to estimate the temporal ordering of events.5,6 A recent EBM study considering 
regional volumes in MS provided insights into the sequence of GM atrophy.7 In the 
present study we go beyond the neurodegenerative aspect by considering a broader 
set of structural, functional, and cognitive outcomes in MS. Biomarkers reflecting 
demyelination,8 neurodegeneration,9 microstructural changes of WM tracts,10 and 
functional hubness of key brain networks4,11 were explored in a discriminative EBM 
(dEBM).12 These biomarkers were supplemented with tests of cognitive performance.13 
This dEBM could improve the interpretation of simpler studies using single biomarkers, 
provide useful insights into disease propagation mechanisms, and aid in fine-grained 
staging and precise monitoring of patients. Therefore, the primary aim was to explore 
the event sequence in disease evolution in relapse-onset MS patients. The secondary 
aim was to explore the event sequence for patients with physical and cognitive burden 
separately, because underlying disease processes could be different.

METHODS

Participants
In this observational study, 331 patients and 96 healthy controls (HC) from the 
Amsterdam MS cohort were followed of whom we included 295 patients with 
relapse-onset MS (ROMS) according to the 2011 revisions of the McDonald criteria,14 
and excluded patients with primary progressive MS (n=36). Visits took place between 
2008 and 2012.

The institutional ethics review board of the VU University Medical Center approved 
the protocol and written informed consent was obtained from all participants prior 
to inclusion.

 3.4
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Clinical assessments
The Expanded Disability Status Scale (EDSS) score15 was assessed in all patients and 
was used to classify patients as having minimal (EDSS 0 – 2.5), medium (EDSS 3.0 
– 3.5) and high disability (EDSS ≥ 4.0). Cognitive performance was assessed in all 
patients and HCs using an expanded Brief Repeatable Battery of Neuropsychological 
tests16 with different cognitive domains tested, as described previously.13 Raw test 
scores were corrected for sex, age and education effects seen in the HCs.17 Cognitive 
domain-specific z-scores were calculated using the mean and SD of the HCs. Patients 
were sub-divided into three cognitive-performance groups according to the z-scores 
obtained from the neuropsychological tests. Patients performing ≤2.0 SD lower than 
the mean for HCs on at least 2 out of 7 cognitive domains of the neuropsychological 
tests were labelled as cognitively impaired (CI), patients performing lower than ≤ 1.5 
SD on at least 2 cognitive domains but not fulfilling CI criteria were classified as mildly 
cognitively impaired (MCI) and the remaining patients were classified as cognitively 
preserved (CP).18 Level of education was measured using a scale ranging from 1 
(unfinished primary school) to 7 (a university degree or higher).19

Magnetic Resonance Imaging
A 3 Tesla, whole-body MR system was used to scan all participants (GE Signa HDxt, 
Milwaukee, WI) using an 8-channel phased-array head coil. The scan protocol included 
a 3D T1-weighted fast spoiled gradient-echo sequence for volume measures (TR: 
7.8 ms, TE: 3 ms, 240 × 240 mm2field of view (FOV), 176 sagittal slices of 1 mm thickness, 
0.94 × 0.94 mm2 in-plane resolution), a 3D fluid-attenuated inversion recovery (FLAIR) 
sequence for lesion detection (TR: 8000 ms, TE: 125 ms, TI: 2350 ms, 250 × 250 mm2 FOV, 
132 sagittal slices of 1.2 mm thickness, 0.98 × 0.98 mm2 in-plane resolution), a diffusion-
tensor imaging (DTI) sequence to detect microstructural changes in WM tracts (TR: 
13 s, TE: 86 ms, 2.4 mm contiguous axial slices, 2.0 × 2.0 mm2 in-plane resolution, 
30 volumes with b-value = 900 s/mm2, 5 volumes with b-value = 0 s/mm2), and a 
whole-brain resting-state fMRI sequence to measure eigenvector centrality (functional 
hubness; (200 volumes, TR: 2200 ms, TE: 35 ms, 3 mm contiguous axial slices covering 
the entire brain, 3.3 × 3.3 mm2 in‐plane resolution)). More details on the protocol can 
be found in a previous study on this cohort.20

FLAIR images were used to segment WM lesions in MS patients using a k-Nearest-
Neighbours approach with tissue type priors (kNN-TTP).21 Lesion maps were registered 
to 3D T1-weighted images and filled using a validated patch-based approach.22
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Brain parcellation of cortical and subcortical regions was obtained using geodesic 
information flows (GIF)23 on the 3D T1-weighted MRI scans. The white matter was 
initially divided into 10 concentric bands to quantify lesion loads in specific locations 
between the ventricular walls and the cortex, which were then grouped as inner 
(band 1-5) and outer bands (band 6-10).24,25 Infratentorial lesions were subsequently 
discarded because they were only present in one third of the patients and represented 
<1% of total lesion load.

Mean upper cervical cord area (MUCCA) was calculated using SCT-PropSeg.26 
Analyses were performed on the 3D T1-weighted images of the brain, which cover 
a sufficient length of the cervical spinal cord. We measured over a length of 30mm 
along the central canal, starting at the top of the second cervical vertebra, C2. 
MUCCA measurements on brain images have been shown as reproducible as those 
performed on dedicated spinal cord MRI.27 Functional MRI processing steps have been 
published previously.28 The MELODIC pipeline (part of FSL,29 using standard settings) 
was used to process resting-state fMRI images, followed by nonlinear registration to 
Montreal Neurological Institute standard space, and resampling to a resolution of 4 
mm isotropic. The MELODIC outcomes were further processed using fastECM30 to 
estimate voxelwise eigenvector centrality as a network measure of functional hubness 
(brain function) in the default-mode network (DMN), basal ganglia and sensorimotor 
network.

Fractional anisotropy (FA) was calculated on DTI scans using FSL, and fed into the 
tract-based spatial statistics (TBSS) pipeline31, after which the skeleton was masked 
with FSL atlases to define WM tracts.32

Discriminative event-based model
Event-based modelling (EBM) has been applied in Alzheimer’s disease,5,6,33 Huntington’s 
disease5,34 and in MS,7 to infer the sequence in which biomarkers become abnormal 
during the course of the disease. The general concept of EBM is to use cross-sectional 
data to estimate the ordered sequence of cumulative abnormality in a disease, 
together with uncertainty in the ordering. Here, we used the discriminative EBM (dEBM; 
https://github.com/EuroPOND/pyebm) described previously.12 The dEBM estimates the 
probability for each biomarker being normal or abnormal using a Gaussian mixture 
model (GMM) based on data from a disease and a reference population. Based on the 
probability distributions of the biomarkers in the two groups, an individual sequence 
of biomarker abnormality is calculated for each patient. Finally, these individual 

 3.4
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sequences are combined statistically to give an ordering for the whole population.12 
The uncertainty of this ordering is estimated using bootstrapping.

Selected biomarkers
The following biomarkers were considered (before statistical post-selection as 
described below):

GM volumes of the thalamus, hippocampus, cortical GM, cerebellar GM, caudate 
nucleus, cingulate gyrus, precuneus, temporal pole, putamen, insula and deep GM. 
Deep GM was defined as the total volume of nucleus accumbens, amygdala, caudate 
nucleus, pallidum, putamen and basal ganglia; thalamus and hippocampus were 
excluded from the deep GM measure, because they were used as individual markers.

MUCCA was included for all subjects as an indicator of spinal cord volume.

T2 hyperintense lesion volumes on FLAIR images were considered only for patients 
and split according to the inner and outer WM bands with respect to the ventricles, 
as described above. Lesion volumes were expressed as proportion of lesion volume 
within the inner/outer bands, respectively.

Hubness measured by eigenvector centrality in the default mode network (DMN), 
sensorimotor cortex and basal ganglia; the voxelwise ECM-measures were averaged 
within the respective anatomical regions.

Microstructural changes of WM tracts measured by fractional anisotropy (FA) in 7 major 
WM tracts (inferior longitudinal fasciculus, anterior thalamic radiation, forceps major, 
cingulum, corticospinal tract, superior longitudinal fasciculus, uncinate fasciculus); 
the voxelwise FA-measures were averaged within the respective anatomical regions.

Cognitive functioning by cognitive domain: information processing, executive 
functioning, working memory. These three domains were selected because they 
showed the strongest effect size in this population.

Model fitting
The dEBM weakly assumes that there is a common disease trajectory for all subjects. 
Furthermore, correlated biomarkers may lead to increased uncertainty in event 
position. To generate a parsimonious and meaningful model, biomarkers were omitted 
if they showed collinearity to other biomarkers, did not have distinct distributions 
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between the tested groups, or showed an inconsistent position in the sequence across 
bootstraps. Biomarker post-selection was performed statistically in three steps: in the 
first step, a Pearson correlation coefficient (PCC) was calculated pairwise between 
all biomarkers. Among strongly-correlated biomarkers (PCC > 0.75) the biomarker 
that also correlated most strongly with other biomarkers was omitted, to improve 
parsimony of the model. In the second step, only biomarkers having a distinct 
distribution between patients and reference group (two-sided independent samples 
t-test p≤0.1) were included. The remaining biomarkers were used for dEBM fitting, with 
1000 bootstraps to estimate positional variance (uncertainty in the sequence) before 
the third post-selection step: omission of events that cannot be clearly positioned. 
For example, an event may appear to occur both early and late in the probabilistic 
sequence, which is challenging to interpret and reduces the model’s utility. Specifically, 
step three omits such biomarkers when a secondary positional maximum exceeds 25% 
of the main peak height and is separated from the main peak by a distance of at least 
1/3 of the number of included biomarkers. The post-selected biomarkers were used 
to build the final model, again with 1000 bootstraps to estimate positional variance 
and uncertainty.

Statistics
Normality of data was checked by visual inspection of histograms combined with 
Kolmogorov-Smirnov testing. Parametric (independent-samples T-test) and non-
parametric (Mann-Whitney U test and chi-squared test) tests were used as appropriate 
to compare groups (Table 1 and 2) for demographic, clinical and imaging characteristics 
(Table 1). All measures were corrected for the confounding effects of age, sex and 
education seen in HCs and transformed into z-scores using the mean and SD from HCs.

Three different discriminative event-based models were built (for description see 
section ‘event-based model’ and ‘model fitting’) that characterize structural, functional, 
and cognitive changes in ROMS in general (Model 1), as disability increases (Model 2), 
and as cognitive impairment increases (Model 3).

Model 1: Event sequence in all MS patients.

Model 2: Event sequence in MS patients progressing from low (EDSS 0 – 2.5) to high 
disability level (EDSS ≥ 4.0). Intermediate patients with an EDSS of 3.0 or 3.5 were 
excluded from the GMM initialisation but used to estimate the event sequence. HCs 
were excluded for this analysis.

 3.4
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Model 3: Event sequence in MS patients progressing from cognitively-preserved (CP) 
to cognitively-impaired (CI). Patients with a mild cognitive impairment (MCI) were 
excluded from the GMM initialisation but used to estimate the event sequence. HCs 
were excluded for this analysis.

We used SPSS 22.0 and 24.0 (IBM Corp., Armonk, NY, USA) and the scipy python 
package (version 1.2.1) for statistical analyses. The level of significance for demographic 
and clinical data (Table 1 and 2) was set at p<0.05.

Table 1. Clinical and imaging measures, patients and healthy controls

Clinical measures Patients
(n=295)

Healthy controls
(n=96)

p-value

Age [years] * 47.0 ± 10.7 45.9 ± 10.4 0.37a

Sex [female] ** 211 (71.5) 56 (58.3) 0.016 b

Education level *** 5 (4 – 6) 6 (4 – 7) 0.017 c

Symptom duration [years] * 14.5 ± 8.5 N/A -

No. of patients that used DMT ** 173 (58.6) N/A -

EDSS *** 3 (2 – 4) N/A -

CP/MCI/CI [%] 25.4 / 17.6 / 56.9 N/A -

Information processing speed**** -1.12 (1.35) 0.0 (1.0) <0.001a

Executive functioning**** -0.95 (1.7) 0.0 (1.0) <0.001a

Working memory**** -1.02 (1.5) 0.0 (0.9) <0.001a

MRI measures

T2-hyperintense lesion loads*

Total T2-hyperintense lesion load [ml] 15.9 (14.3) N/A

-   Inner band [% of total] 58.2 (10.7) N/A -

-   Outer band [% of total] 41.6 (10.7) N/A -

-   Infratentorial [% of total] 0.12 (0.003) N/A -

Brain and spinal cord volumes [mL]*

Total brain volume 1135.3 (110.3) 1181.8 (128.8) <0.001a

Cortical grey matter 498.1 (50.5) 516.7 (53.9) <0.001a

Deep grey matter 42.3 (4.7) 46.8 (4.9) <0.001a

Hippocampus 8.9 (0.9) 9.4 (1.0) <0.001a

Thalamus 10.8 (1.7) 12.7 (1.5) <0.001a

Caudate 6.8 (1.1) 7.4 (1.1) <0.001a

Cingulate 24.1 (2.8) 25.1 (3.0) 0.020a

Precuneus 19.5 (2.8) 20.4 (2.6) 0.009a
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Table 1. Clinical and imaging measures, patients and healthy controls (continued)

Clinical measures Patients
(n=295)

Healthy controls
(n=96)

p-value

Temporal pole 16.4 (2.1) 16.9 (2.1) 0.29a

Putamen 9.8 (1.3) 10.7 (1.3) <0.001a

Insula 13.3 (1.4) 13.9 (1.7) 0.001a

Cerebellar grey matter 94.6 (9.5) 0.099 (0.010) 0.001a

MUCCA 64.7 (7.8) 68.6 (5.7) <0.001a

Functional hubness (EC [z-scores])

Default mode network 0.009 (0.21) 0 (0.22) 0.710a

Sensorimotor cortex -0.046 (0.22) 0 (0.22) 0.074a

Basal ganglia -0.128 (0.23) 0 (0.26) 0.647a

White matter tract integrity (FA [0-1])

Anterior thalamic radiation 0.453 (0.035) 0.479 (0.027) <0.001a

Cortical spinal tract 0.653 (0.028) 0.668 (0.028) <0.001a

Forceps major 0.572 (0.038) 0.605 (0.028) <0.001a

Superior longitudinal fasciculus 0.530 (0.039) 0.548 (0.333) 0.001a

Uncinated fasciculus 0.530 (0.052) 0.558 (0.035) <0.001a

Cingulum 0.564 (0.047) 0.598 (0.041) <0.001a

Inferior longitudinal fasciculus 0.500 (0.041) 0.554 (0.029) <0.001a

Table 1 shows the clinical and imaging measures of patients and healthy controls. The p-values 
of the MRI measures are based on the z-scored comparisons. Biomarkers with a p-value <0.1 were 
included in the model. 
* Mean (standard deviation), ** number (percentage), *** median (IQR), **** domain-specific z-scores. 
a Independent-samples t-test, b chi-square test, c Mann-Whitney U test. CI: cognitively impaired; 
CP: cognitively preserved; DMT: disease modifying treatment; EC: eigenvector centrality; EDSS: 
expanded disability status scale; FA: fractional anisotropy; MCI: mild cognitively impaired; 
MUCCA: mean upper cervical cord area; N/A: not applicable.

RESULTS

At the time of data acquisition, 243 patients were diagnosed with relapsing-remitting 
MS (RRMS) and 52 patients with secondary progressive MS (SPMS). The average age 
of all participants was 46.7 ± 10.6 years and patients had their symptom onset 14.5 
± 8.5 years earlier. The median EDSS was 3.0 (IQR 2 – 4) with 120 patients having low 
disability (EDSS 0 – 2.5) and 102 patients having high disability (EDSS ≥ 4.0). Seventy-
five patients were cognitively impaired (CI), 52 patients were classified as MCI and 168 
patients as CP. Demographics and MRI descriptions of patients and HCs are shown 
in Table 1. The proportion of women was higher in the patient group (71.5%) than in 

 3.4
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HCs (58.3%, p=0.016) and HCs had a higher educational level (p=0.017). For the MRI 
measures, only two functional networks (DMN and basal ganglia) were not significantly 
different between patients and healthy controls.

Biomarker post-selection resulted in 17, 18, and 15 biomarkers included in the final 
models 1 (general MS progression), 2 (disability in MS) and 3 (cognitive decline in MS), 
respectively. A complete list of included and omitted markers is shown in Table 3.

Figure 1. Sequence of events in relapse-onset multiple sclerosis progression (Model 1).

EC = eigenvector centrality; EDSS: expanded disability status scale; FA: fractional anisotropy as a 
measure for microstructural WM tract changes; MUCCA: mean upper cervical cord area
Figure 1 shows the event sequence in MS patients. The biomarker list on the y-axis is ordered 
from becoming abnormal early (upper biomarkers) to late (lower biomarkers) in the disease 
process. Colour intensity in each row indicates positional variance: the darker the colour, the 
higher the confidence of the event position across 1000 bootstraps.

Model 1: Sequence of events in relapse-onset multiple sclerosis progression.
The positional variance diagram of the general MS model is shown in Figure 1. Broadly 
speaking, ROMS starts with observable GM volume changes, progresses through 
functional changes in the sensorimotor cortex, and ends with cognitive impairment 
and microstructural WM tract changes. Cerebellar volume change appears early in 
the model, as did the volume change in other GM structures (insula, hippocampus, 
thalamus and precuneus). Change in functional hubness of the sensorimotor cortex 
was also positioned early. Late events were alterations in measures of cognitive 
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function (working memory and executive functioning) and microstructural WM 
changes (uncinate fasciculus). Information processing was the only cognitive marker 
positioned relatively early in the model (position 7 of 17), as were microstructural WM 
tract changes in the cingulum (position 8 of 17).

Table 2. Demographics high vs low EDSS and CI vs CP

Disability Total
(n=222)

EDSS ≤ 2.5
(n=120)

EDSS ≥ 4.0
(n=102)

p-value

Age [years]* 46.5 (10.6) 41.0 (8.5) 53.1 (8.9) <0.001a

Sex [female]** 160 (72.1) 87 (72.5) 73 (71.6) 0.88b

Education level *** 5 (4 – 6) 5 (4 – 6) 4 (3 – 6) 0.001c

Symptom duration [years]* 14.4 (8.4) 10.6 (5.7) 18.8 (8.8) <0.001a

No. of patients that used 
DMT **

126 (56.8) 67 (55.8) 59 (57.8) 0.76b

EDSS*** 2.5 (2.0 – 4.5) 2.0 (1.5 – 2.5) 5.0 (4.0 – 6.0) <0.001c

CP/MCI/CI [%] 53.6 / 17.6 / 28.8 68.3 / 18.3 / 13.3 36.3 / 16.7 / 47.1 <0.001b

Cognition Total
(n=243)

Cognitively 
preserved
(n= 168)

Cognitively 
impaired
(n=75)

p-value

Age [years]* 47.1 (10.6) 45.7 (10.3) 50.4 (10.5) 0.001a

Sex [female]** 174 (71.6) 125 (74.4) 49 (65.3) 0.15b

Education level *** 5 (4 – 6) 6 (4 – 6) 4 (3 – 6) <0.001c

Symptom duration [years]* 14.6 (8.6) 13.3 (7.7) 17.6 (9.6) <0.001a

No. of patients that used 
DMT **

141 (58.0) 96 (57.1) 45 (60.0) 0.68b

EDSS*** 3.0 (2.0 – 4.0) 3.0 (2.0 – 3.5) 4.0 (3.0 – 6.0) <0.001c

Table 2 shows the clinical measures of the patient group split into low and higher EDSS (upper 
panel) and cognitively preserved and cognitively impaired (lower panel) 
* Mean (standard deviation), ** number (percentage), *** median (IQR). a Independent-samples 
t-test, b chi-square test, c Mann-Whitney U test. 
CI: cognitively impaired; CP: cognitively preserved; DMT: disease modifying treatment, EDSS: 
expanded disability status scale, IQR: interquartile range, MCI: mild cognitively impaired.

Model 2: Sequence of events in the progression of low-to-high disability in 
relapse-onset multiple sclerosis.
Table 2 shows the comparison between patients with high disability (EDSS of 4 or 
higher, n=102) and patients with low disability (EDSS of 2.5 or lower, n=120). Patients 
with high disability were older (average 53.1 versus 41.0 years, p<0.001), had longer 
symptom duration (average 18.8 versus 10.6 years, p<0.001), had a lower level of 

 3.4
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education (p=0.001), and a higher percentage of cognitive impairment (47.1% versus 
13.3%, p<0.001) than patients with low disability. Not all MRI measures showed 
significant differences (p<0.1 was accepted in the biomarker post-selection) between 
patients with high versus low disability (see Table 3).

Figure 2. Sequence of events in the progression of low-to-high disability in relapse-onset 
multiple sclerosis (Model 2).

Figure 2 shows the event sequence in MS patients progressing from low to high disability. The 
biomarker list on the y-axis is ordered from becoming abnormal early (upper biomarkers) to late 
(lower biomarkers) in the disease process. Colour intensity in each row indicates the positional 
variance: the darker the colour, the higher the confidence of the event position across 1000 
bootstraps.
EC = eigenvector centrality; EDSS: expanded disability status scale; FA: fractional anisotropy as a 
measure for microstructural WM tract changes; MUCCA: mean upper cervical cord area

The sequence for progression from low to high disability is shown in Figure 2. Changes 
in the functional hubness of the DMN were positioned early in the sequence as were 
volumetric changes of lesions, GM (temporal pole, hippocampus, cerebellum) and 
MUCCA. Information processing was the first cognitive event to occur (position 9 of 
18); other cognitive domains were positioned late, as were microstructural changes 
of the five included WM tracts. 
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Model 3: Sequence of events in relapsing-onset multiple sclerosis as cogni-
tion declines.
Of the 295 patients with complete cognitive tests, 75 patients were CI, 52 were MCI, 
and 168 patients were CP. Patients with cognitive impairment were older (average 
50.4 versus 45.7 years; p=0.001), had a longer symptom duration (average 17.6 versus 
13.3 years, p<0.001), had a lower educational level (p<0.001) and a higher EDSS score 
(median 4.0 versus 3.0; p<0.001), see Table 2 for the comparisons between CI and CP 
patients. There was a significant difference between CI and CP patients for all measures 
except lesion volumes, cerebellar and cingulate volume and functional hubness of 
sensorimotor cortex and basal ganglia (see Table 3).

Table 3. Initial features removed for the final model

Initial features Model 1:
ROMS vs HC

Model 2:
Low disability 
vs disability

Model 3:
CI vs CP

T2-lesion volumes

Inner band lesion volume N/A ns

Outer band lesion volume N/A ns

Regional volumes

Cortex

Deep GM collinear collinear collinear

Hippocampal bimodal

Thalamic

Cerebellar GM ns

Caudate bimodal ns bimodal

Cingulate ns ns

Precuneus bimodal bimodal

Temporal pole ns

Putamen

Insular bimodal

MUCCA

Cognitive functioning

Executive functioning

Information processing speed

Working memory

Functional hubness (EC)

DMN ns

 3.4

Voorbereid document - Iris - nieuw.indd   213Voorbereid document - Iris - nieuw.indd   213 17-09-2020   09:1017-09-2020   09:10



214

Chapter 3.4

Table 3. Initial features removed for the final model (continued)

Initial features Model 1:
ROMS vs HC

Model 2:
Low disability 
vs disability

Model 3:
CI vs CP

Sensorimotor cortex ns ns

Basal ganglia ns bimodal ns

White matter tract integrity (FA)

Anterior thalamic radiation

Corticospinal tract bimodal

Forceps major collinear collinear collinear

Superior longitudinal fasciculus

Uncinate fasciculus

Cingulum

Inferior longitudinal fasciculus collinear collinear collinear

Table 3 shows all variables. The included variables per model are left blank and the marked 
variables were excluded from the final model due to collinearity (collinear), overlapping 
biomarker distributions (ns) or a bimodal distribution (bimodal) in the positional variance 
diagram. Excluded variables are shown column-wise for each model. 
CI: cognitively impaired; CP: cognitively preserved; DMN: default-mode network; EC: eigenvector 
centrality; FA: fractional anisotropy GM: grey matter; HC: healthy controls; MUCCA: mean upper 
cervical cord area; N/A: not applicable; ns: not significant; ROMS: relapse-onset multiple sclerosis.

The ordering of events in the dEBM of cognitive impairment is shown in Figure 3. Similar 
to model 2, the progression in cognitive decline is accompanied with early changes of 
GM volumes, functional DMN connectivity and MUCCA, while changes of WM tracts, 
executive function and working memory can be observed later. In particular, Insular 
volume was the first event followed by eigenvector centrality of the DMN, temporal 
volume and MUCCA. The latest events were changes in executive functioning, working 
memory, and microstructural changes in the superior longitudinal fasciculus, anterior 
thalamic radiation and uncinate fasciculus WM tracts. Of the considered cognitive 
domains, only information processing speed showed up as an earlier event in the 
model (position 5 of 15).
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Figure 3. Sequence of events in relapse-onset multiple sclerosis as cognition declines 
(Model 3).

Figure 3 shows the event sequence in MS patients progressing from cognitively preserved to 
impaired.
The biomarker list on the y-axis is ordered from becoming abnormal early (upper biomarkers) to 
late (lower biomarkers) in the disease process. Colour intensity in each row indicates positional 
variance: the darker the colour, the higher the confidence of the event position across 1000 
bootstraps.
EC = eigenvector centrality; EDSS: expanded disability status scale; FA: fractional anisotropy as a 
measure for microstructural WM tract changes; MUCCA: mean upper cervical cord area

DISCUSSION

Current understanding of MS disease progression is largely based on studies explaining 
a restricted number of MS pathology biomarkers per study, such as lesion number 
and location, regional brain volume changes, changes in functional hubness of brain 
networks or alterations in WM tract microstructure alone. However, the evolution of 
these biomarkers relative to each other during disease progression remains largely 
unexplored. As a primary aim of the present study we investigated the order in which 
distinct pathological aspects of MS become abnormal and found that GM volume 
changes of cerebellum, insula, hippocampus and thalamus were early events; whereas 
microstructural changes in WM tracts and changes in the selected cognitive domains 
were positioned relatively late in the models. The secondary aim was to investigate 
the sequence of biomarker abnormality in patients with higher disability and patients 
with cognitive decline with respect to patients with a lower physical and cognitive 
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disease burden. Here, functional network hubness was affected early in both models 
describing progression in disability and cognitive decline.

Model 1: Sequence of events in relapse-onset multiple sclerosis progression.
In this first model, some regional volumes are becoming abnormal early while others 
are becoming abnormal late, with cerebellar volume decrease as the first event. 
Although studies in patients with a clinically isolated syndrome (CIS) have not been 
conclusive on the presence of early cerebellar volume loss,35 a recent EBM study in MS 
patients also showed early cerebellar atrophy,7 but in that study it was preceded by 
deep GM atrophy. Early changes in thalamus, insula and hippocampus volume in our 
study are in accordance with findings in previous studies reporting atrophy in these 
areas already in CIS patients.36,37 Among the volumetric measurements, MUCCA was 
positioned quite late in the event ordering, while previous literature indicates that 
spinal cord atrophy can be seen already in CIS patients on a group level and with high 
clinical relevance.38 This could be explained by differences in measurement sensitivity 
or cohort size and requires further study.

Microstructural change in the WM tract of the cingulum was positioned early in the 
model, probably because this is a major hub in the DMN.39 Previous research found 
WM changes early in the disease,10 which makes it remarkable that most included 
microstructural tract abnormalities were only positioned late in the model. Probably, 
the inter-patient heterogeneity in the anatomical distribution of WM damage caused 
this unclear relation between microstructural changes in specific WM tracts and 
progression along the disease course. Averaging all tracts across the brain could 
mitigate this issue at the cost of more localised information.

Three cognitive domains were analysed in this model and, as expected from previous 
studies, reduced information processing speed showed up earlier in the disease than 
abnormalities in working memory and executive functioning.40

Model 2: Sequence of events in the progression of low-to-high disability in 
relapse-onset multiple sclerosis.
The model of progression from low disability to substantial disability was very 
similar to the general MS event sequence. The most notable difference was the later 
appearance of the thalamic volume event. While this appears counterintuitive because 
of the thalamic involvement in cognitive and clinical function,41 which would indicate 
an early event in the disability sequence, it must be noted that the reference group 
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in model 2 already has some minor level of disability so that the later thalamic event 
could be interpreted as a further increase of abnormality.

Altered functional hubness of the DMN was the only functional network biomarker 
included in this model and appeared at an early position in the model, which supports 
findings on functional hubness as a correlate of physical disability.11 Also lesion volumes 
of the inner and outer WM appeared early in the event sequence, which is expected 
due to the relation between disability and lesion burden.8 Previous studies showed 
the relevance of spinal cord atrophy in explaining disability,42,43 which supports the 
earlier positioning of MUCCA event in the disability ordering compared to model 1.

Microstructural changes in WM tracts appear late in model 2. Relations between 
microstructural WM tract changes and disability have been shown, but differences in 
tract selection between studies impede the comparison of results.44,45

As in model 1, cognitive impairment is a late event, with information processing speed 
affected before working memory and executive functioning.

Model 3: Sequence of events in relapsing-onset multiple sclerosis as cogni-
tion declines.
In the dEBM sequence from CP to CI, early events were volume changes of the insula, 
temporal pole and MUCCA, as well as the functional hubness of the DMN. The early 
positioning of insular and temporal pole volume changes in this model is interesting in 
the light of previous studies showing the fastest volume loss in these areas in patients 
with SPMS.46 We infer that these volume changes are an early event in the general MS 
population, confirmed by positioning in a previous EBM study.7

A meaningful comparison of the functional hubness of networks is impeded by 
the removal of the deep grey and sensorimotor networks from the model due to 
inseparable biomarker distributions between groups, indicating that these have 
limited cognitive relevance. However, the functional hubness of the DMN was 
positioned early in both model 2 and 3 suggesting that abnormality of DMN functional 
hubness could be an early indication of future cognitive and physical decline, as has 
been suggested extensively in MS literature.28

The interpretation and relevance of the early positioning of MUCCA in the cognitive 
model is difficult to understand but can possibly be explained by the higher disability 
in the group of CI patients (see Table 2).
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Though thalamic atrophy has been associated with cognitive decline and disease 
progression,13 it was positioned later (mid-sequence) than expected in the dEBM, 
and just after information processing speed. Interpreting the positioning of thalamic 
volume in all three models, changes in thalamic volume occur early in the disease 
in MS patients at large, rather than in only the CI patient group,37 and divergence in 
thalamic atrophy between CI and CP arises later. Microstructural WM changes appear 
late in model 3, as did changes in executive functioning and working memory, which is 
consistent with model 1 and could imply that these measures reflect advanced stages 
of disease progression. A previous study showed that only CI patients with atrophy had 
microstructural WM changes and CP patients without atrophy did not have WM tract 
abnormalities.20 Alternatively, the order in which different tracts become abnormal 
varies strongly between patients and WM tract abnormalities affect more tracts with 
advanced disease.10

Considerations regarding biomarkers in the models
White matter lesions are a sensitive indicator for MS diagnosis47 and extensively 
used in daily clinical practice. We chose to divide lesion locations into two bands, 
with the inner band including the lesions closer to the ventricles and the outer band 
including those closer to the cortex.24 We did not control for lesions in healthy controls 
because of incomplete FLAIR sequence acquisition and because lesions in HCs are 
rare. Within the MS groups, lesion biomarkers were excluded from model 3 (see 
Methods for statistical post-selection procedures) which impacts the interpretation 
of the biomarker orderings. MUCCA measurement in this study was performed using 
SCT-PropSeg on 3DT1 head images, which may have reduced sensitivity to change 
compared to dedicated cervical cord imaging although agreement between MUCCA 
derived from head and cervical images has been shown to be good.27 We selected 
relevant functional networks, however, all models included only a single eigenvector 
centrality metric, which makes it difficult to compare mutual relationships on these 
biomarkers within and between groups. However, it appears that the changes in the 
functional hubness of the DMN have an early involvement in both subgroup models. 
We note that the positional variance in the biomarker ordering means that the exact 
positions should be interpreted with caution. Additionally, the ordering does not imply 
causation.

While we took care to include biomarkers of relevance to MS pathology, many 
more candidate biomarkers could be included in the future. Features such as spinal 
cord lesions,48 cerebrospinal fluid alterations,49 or (semi)quantitative MR measures 

Voorbereid document - Iris - nieuw.indd   218Voorbereid document - Iris - nieuw.indd   218 17-09-2020   09:1017-09-2020   09:10



219

The order of structural, functional and cognitive changes

of myelination such as magnetization transfer ratio (MTR) have been shown to be 
sensitive to the MS pathogenesis but were unavailable in this cohort.

Study limitations
MS is a heterogeneous disease with multiple concurrent disease processes, which are 
difficult to model, especially with limited data. In this study, we address this issue by 
using a statistical post-selection approach to omit some biomarkers that cannot be 
modelled reliably (see Methods section). However, this results in a slightly different 
set of features in each model, which somewhat impedes the comparison between 
the three models. An alternative way to model heterogeneous trajectories is to use 
advanced data-driven subtyping models such as SuStaIn50, which could potentially 
identify clusters of subjects that share a differential sequence of events and hence 
model the disease progression in MS more reliably. However, this may require a larger 
dataset than was available here.

EBM provides a temporal ordering of biomarker abnormality, but no actual information 
about time as the intervals between subsequent events are not linear; this means 
that the division into late and early events can only be interpreted relative to other 
markers rather than the overall disease course. A combination of EBM-type models 
with longitudinal data and survival models, however, could give an estimate of the 
timescales of disease progression.

CONCLUSION

This study has revealed, for the first time, the sequence of observable (biomarker) 
changes in brain structure, function, and cognition in the progression of ROMS, 
including specifics for disability worsening and cognitive decline. In general, changes 
in GM volume, but mostly of the thalamus, insula, hippocampus and cerebellum 
were the first events in MS and MS-related physical disability and cognitive decline. 
Microstructural changes in WM tracts were predominantly positioned late in the 
models, which deserves further investigation. Future research should also include 
patients soon after first symptoms arise (i.e. CIS) to determine the earliest disease 
pathologies in MS with high certainty.
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