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1.1

For atrophy, the two-yearly (M36-M60) and longer intervals (M24-M60, M12-M60, and 
BSLN-M60) were assessed. For lesion volume (change) only the M36-M60 interval was 
assessed to minimize the influence of other factors such as (pseudo)atrophy.

The reproducibility of the semi-automated method was evaluated through a transitivity 
error analysis. This was performed by calculating the intraclass correlation coefficient 
for the absolute agreement (ICC) between an indirect multi-step TLVC and direct one-
step TLVC. The one-step TLVC was calculated directly from the subtracted images of 
visit 1 and visit N. The indirect multi-step TLVC was determined by:

Additionally, the SD of the difference between the multi-step and one-step TLVC was 
calculated. To assess the relation of the different factors (PBVC, PVVC, and lesion volume 
(change)) with the reproducibility of the method, the absolute difference between the 
multi-step and one-step TLVC was calculated as well. Then the Spearman’s correlation 
coefficients between this absolute difference and atrophy/lesion volume (change) were 
calculated.

The accuracy was assessed by calculating the ICC between the one-step TLVC and the 
manually measured lesion volume change (LVC). The mean difference between the 
one-step TLVC and manual LVC was also reported together with the results of a paired 
t-test. To assess the relation of the different factors with the accuracy of the method, 
the Spearman’s correlation coefficients (rs) between this difference and atrophy/lesion 
volume (change) were calculated. An alpha of 0.05 was used as the cut-off for significance 
for all analyses.

Data and code availability statement
Any requests for data by qualified scientific and medical researchers for legitimate 
research purposes will be subject to the Data Sharing Policy of the healthcare business 
of Merck KGaA, Darmstadt, Germany. All requests should be submitted in writing to the 
data sharing portal for the h ealthcare business of Merck KGaA, Darmstadt, Germany 
https://www.emdgroup.com/en/research/our-approach-to-research-and-development/
healthcare/clinical-trials/commitment-responsible-data-sharing.html.

When the healthcare business of Merck KGaA has a co-research, co-development, or 
co-marketing or co-promotion agreement, or when the product has been out-licensed, 
the responsibility for disclosure might be dependent on the agreement between parties. 
Under these circumstances, the healthcare business of Merck KGaA will endeavor to 
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Abstract

Background
White matter (WM) lesions and brain atrophy are present early in multiple sclerosis (MS). 
However, their spatio-temporal relationship remains unclear.

Methods
Yearly magnetic resonance images were analyzed in 387 patients with a first clinical 
demyelinating event (FCDE) from the 5-year REFLEXION study. Patients received early (from 
baseline; N = 258; ET) or delayed treatment (from month-24; N = 129; DT) with subcutaneous 
interferon beta-1a. FSL-SIENA/VIENA were used to provide yearly percentage volume change of 
brain (PBVC) and ventricles (PVVC). Yearly total lesion volume change (TLVC) was determined 
by a semi-automated method. Using linear mixed models and voxel-wise analyses, we firstly 
investigated the overall relationship between TLVC and PBVC and between TLVC and PVVC in 
the same follow-up period. Analyses were then separately performed for: the untreated period 
of DT patients (first two years), the first year of treatment (year 1 for ET and year 3 for DT), 
and a period where patients had received at least one year of treatment (stable treatment; 
ET: years 2, 3, 4, and 5; DT: years 4 and 5).

Results
W hole brain: across the whole study period, lower TLVC was related to faster atrophy 
(PBVC: B = 0.046, SE = 0.013, p < 0.001; PVVC: B = −0.466, SE = 0.118, p < 0.001). 
Within the untreated period of DT patients, lower TLVC was related to faster atrophy 
(PBVC: B = 0.072, SE = 0.029, p = 0.013; PVVC: B = −0  .917, SE = 0.306, p = 0.003).  
A similar relationship was found within the first year of treatment of ET patients 
(PBVC: B = 0.081, SE = 0.027, p = 0.003; PVVC: B = −1.08, SE = 0.284, p < 0.001), consistent 
with resolving edema and pseudo-atrophy.

Voxel-wise: overall, higher TLVC was related to faster ventricular enlargement. Lower TLVC 
was related to faster widespread atrophy in year 1 in both ET (first year of treatment) and DT 
(untreated) patients. In the second untreated year of DT patients and within the stable treatment 
period of ET patients (year 4), faster periventricular and occipital lobe atrophy was associated 
with higher TLVC.

Conclusions
WM lesion changes and atrophy occurred simultaneously in early MS. Spatio-temporal 
correspondence of these two processes involved mostly the periventricular area. Within the 
first year of the study, in both treatment groups, faster atrophy was linked to lower lesion volume 
changes, consistent with higher shrinking and disappearing lesion activity. This might reflect 
the pseudo-atrophy phenomenon that is probably related to the therapy driven (only in ET 
patients, as they received treatment from baseline) and “natural” (both ET and DT patients 
entered the study after a FCDE) resolution of edema. In an untreated period and later on during 
stable treatment, (real) atrophy was related to higher lesion volume changes, consistent with 
increased new and enlarging lesion activity.
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independent ethics committee reviewed and approved the trial protocols, patient 
information leaflets, informed consent forms, and investigator brochures. All patients 
provided written informed consent at the screening visit of REFLEX, and before 
enrolment to REFLEXION.

MRI data
In this post-hoc analysis of the 5-year REFLEXION study, multi-center yearly MRI 
scans consisting of 2D dual-echo 1×1×3 mm3 proton-density (PD)-/T2- and T1-weighted 
images, were provided by Calyx/formerly PAREXEL International Corporation. All 
study sites w ere required to follow an MRI acquisition protocol to ensure standardized 
scanning and image acquisition. The protocol specified a preference for 1.5 Tesla 
scanners, with either GE, Siemens, and Philips scanners being used17. Full scanning 
details are listed in Supplementary Table 1. Manual delineations of PD-/T2-weighted 
lesions for each yearly visit, and manually edited brain extraction masks were provided 
by the Image Analysis Center (Amsterdam UMC location VUmc, Amsterdam, the 
Netherlands). These manual extractions were originally obtained using the Functional 
MRI of the Brain (FMRIB) software library (FSL)19 brain extraction tool20 on T1-
weighted images. All scans of sufficient quality and passing pre-specified quality control 
measures (specific criteria of which are described in more detail in the “Results” section) 
were included in the analysis.

MRI analysis

Longitudinal atrophy quantification
Corrections for slice-to-slice variations (interleaved acquisition) and subsequent lesion 
filling with the linearly registered PD-/T2-weighted manual delineations were conducted 
on the T1-weighted images. Using the resulting T1-weighted images, and manually 
edited brain masks as input, FSL-SIENA21, 22 and its extension VIENA23, were used to 
estimate yearly percentage brain volume change (PBVC) and percentage ventricular 
volume change (PVVC). Longitudinal measures of yearly global atrophy and central 
atrophy were determined using the PBVC and PVVC outputs, respectively.  Briefly, more 
negative PBVC values reflect faster global atrophy, whereas more positive PVVC values 
reflect faster ventricular enlargement (i.e., central atrophy).

Longitudinal lesion change quantification
An in-house developed method based on subtraction images24-26 was used to segment 
yearly lesion changes. Details of this method are described in Battaglini et al.27 Using 
this semi-automated method, the slice-to-slice variations in signal intensity on the 
PD-weighted images were corrected before creating the subtraction images. The PD 
images of two visits within a 1-year period (e.g., baseline-month 12) were registered 
to a common halfway space using procedures similar to those utilized by FSL-SIENA 
software. The PD-weighted image of the first visit of each interval (e.g., baseline) was 
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subtracted from the second visit (e.g., month 12) in order to obtain the subtraction 
images. For robustness, the subtraction images were further normalized to account for 
study site variations and differences in the MRI scanners from which the PD images 
were obtained, by converting all voxel intensities to Z-scores based on the mean and 
standard deviation (SD) within the non-lesional brain tissue of the respective subtraction 
image. For this analysis, we labelled any voxels inside the lesion masks with a normalized 
intensity difference that exceeded 1.5 standard deviations (|Z| > 1.5) as changing. Using 
baseline and follow-up lesion masks and voxel-wise lesion changes, all individual lesions 
were labelled as new, enlarging, shrinking, or disappearing. This labelling was then 
used to calculate the yearly total lesion volume change (TLVC) by subtracting the sum 
of negative lesion volume changes (shrinking + disappearing) from the positive lesion 
volume changes (new + enlarging) for each 1-year period.

Voxel-wise input images
To produce the in put images for the voxel-wise analyses, a series of tasks were performed. 
To begin the process, a study-specific template was created. FSL-SIENAX, a software to 
estimate total brain tissue volume22, was used to obtain the normalized brain volume 
for all baseline T1-weighted images. Based on the percentile normalized brain volume 
distribution (from 1st to the 100th percentile), 100 patients were selected. For each of 
these 100 patients, the T1-weighted images were intensity normalized (divided by the 
99th intensity percentile of the non-zero voxels and multiplied by 10,000) and non-
linearly registered to the Montreal Neurological Institute (MNI) standard space (voxel 
size of 2×2×2 mm3) using FMRIB’s non-linear image registration tool (FNIRT)28; images 
were then averaged to create the study-specific template. 

In order to avoid interpolation bias and to ensure that all images underwent the same 
pre-processing procedure, a patient-specific template was created. For each patient, T1-
weighted images underwent intensity normalization using the N4 algorithm29 before 
linear registration to the baseline scan using FMRIB’s linear image registration tool 
(FLIRT)30. The sum of these T1-weighted scans was averaged to create the patient-
specific template. The patient-specifi c template was then non-linearly registered on the 
study-specific template and the warp files generated from this step were used for the 
registration of SIENA outputs on the study-specific template.

To allow voxel-wise analyses of atrophy across subjects, brain edge displacement maps 
were created in order to study local atrophy. For each patient, the yearly brain edge 
displacement images provided by SIENA were spatially dilated, non-linearly registered 
to the study-specific template using the warp field files previously generated, masked 
with a standard space brain edge image, and smoothed with an isotropic Gaussian kernel 
with a sigma of 5 mm before re-masking was conducted31, 32.
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Study design
Population subgroups were formed to address the following research questions at both 
the whole brain and voxel-wise levels:
1.	 Investigate the relationship between lesion activity and brain atrophy within the 

same year. All available data points were analyzed.
2.	 Analyze whether this relationship was different between treatment groups (all 

available data points were analyzed). In this regard, we further investigated the 
relationship between lesion activity and brain atrophy during:
a.	 An untreated period: years 1 and 2 (REFLEX period) of DT patients were 

analyzed, while excluding the interval-specific converters to CDMS. We also 
investigated whether this relationship differed during the treated period; for this 
purpose, years 4 and 5 (REFLEXION period) of the DT patients were analyzed.

b.	 The first year of treatment: year 1 for ET patients and year 3 for DT patients were 
analyzed.  Any DT patients who converted to CDMS within the period of the 
REFLEX study were excluded from this analysis (as per the study protocol, DT 
patients who converted to CDMS during the first two years received treatment 
upon conversion, which in their case was earlier than year 3).

c.	 A stable treatment period. To prevent the confounding effects of resolving edema 
and pseudo-atrophy at the start of treatment, the data points where patients had 
received at least one year of treatment were analyzed (ET: years 2, 3, 4, and 5; 
DT: years 4 and 5). 

3.	 Assess whether lesion activity and brain atrophy differed between converters and 
non-converters to CDMS. All available data points were analyzed.

Statistical analyses
Whole brain: Statistical analyses for the whole brain measures were conducted in 
Rstudio using linear mixed models to account for the dependency of the yearly repeated 
measurements of brain atrophy. A three-level structure, in which observations were 
clustered within patients, and the patients were clustered within the different study 
sites was used for the analyses. All linear mixed models were corrected for age and sex 
and we used an alpha level of 0.05 as the cut-off for significance. Full model equations 
are listed in Supplementary Table 2. To address research question 1, we applied a 
linear mixed model with PBVC or PVVC as the dependent variable and TLVC as the 
independent variable, while also inserting treatment and the interval-specific CDMS 
status as additional fixed factors. For research questions 2 and 3, we used a similar 
linear mixed model but now we also incorporated an interaction between TLVC and 
treatment (TLVC*treatment) and between TLVC and interval-specific CDMS status 
(TLVC*CDMS status), respectively. To address research question 2a, we incorporated 
an interaction between TLVC and period (TLVC*period) in a separate linear mixed 
model and the interval-specific CDMS status was inserted as covariate for the treated 
period of DT patients. The same linear mixed model of research question 2 was used 
for research questions 2b and 2c.
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Ye arly atrophy and lesion volume change measures are depicted in Table 2. Longitudinal 
atrophy and lesion volume change measures across treatment and conversion groups 
are depicted in the Supplementary Figures 1 and 2.

Research question 1: Relationship between atrophy and concurrent lesion 
activity
All the data points available from the entire dataset of 387 patients were analyzed 
(Table 1).

Whole brain: A significant positive relationship between PBVC and TLVC (B = 0.046, 
SE = 0.013, p < 0.001) was found, consistent with faster global atrophy being related to 
lower TLVC. A significant negative relationship between PVVC and TLVC (B = −0.466, 
SE = 0.118, p < 0.001) was found, consistent with faster ventricular enlargement being 
related to lower TLVC. 

Voxel-wise: Results are summarized in Table 3. In year 1 (Figure 1), faster atrophy was 
associated with lower TLVC (consistent with increased shrinking and disappearing 
lesion activity). From year 2 to year 5 (Figure 1), faster ventricular enlargement was 
related to higher TLVC (consistent with increased new and enlarging lesion activity). 
Supplementary Figure 3 shows the p-value maps and the location of the peak values.

Table 1. Baseline demographics of the included patients.

Converters to 
CDMS

Non-
converters to 
CDMS

Early 
treatment

Delayed 
treatment

Overall

Patients (N) 160 227 258 129 387

Sex, female, n (%) 94 (58.7) 145 (63.9) 160 (62) 79 (61.2) 239 (61.7)

Age, years (mean ± SD) 30.35 ± 8.03 32.28 ± 8.49 31.7 ± 8.44 31.04 ± 8.17 31.48 ± 8.35

Baseline T2 lesion 
number (mean ± SD)

25 ± 21 21 ± 19 23 ± 20 20 ± 20 22 ± 20

Baseline T2 lesion 
volume (mL) (mean ± SD)

3.88 ± 4.23 3.15 ± 3.68 3.58 ± 3.95 3.19 ± 3.88 3.45 ± 3.93

CDMS = clinically definite multiple sclerosis (across the whole study period), N/n = number, SD = standard deviation.
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Research question 2: Influence of treatment on the relationship between 
atrophy and concurrent lesion activity
All the data points available from the entire dataset of 387 patients were analyzed.

Whole brain: ET and DT patients showed significantly different relationships between 
PVVC and TLVC (p < 0.001). The model only revealed a significant negative relationship 
for the ET patients (B = −0.781, SE = 0.149, p < 0.001).

Voxel-wise: Results are summarized in Table 4. In years 1, 4, and 5, ET and DT patients 
showed significantly different relationships between atrophy and TLVC. In particular, 
faster ventricular enlargement, infratentorial, and frontal lobe atrophy was associated 
with lower TLVC in DT patients. Within the same years and regions, faster atrophy was 
associated with higher TLVC in ET patients. In year 3, faster ventricular enlargement was 
related to higher TLVC in both ET and DT patients, but the relationship was stronger for 
DT. Supplementary Figure 4 shows the p-value maps and the location of the peak values. 

Table 4. Schematic representation of the voxel-wise significant results for the influence of treatment 
on the concurrent relationship between atrophy and TLVC.

Time 
interval

Number of 
significant 
voxels

Location of 
significant 
voxels

MNI coordinates 
(X/Y/Z) of peak 
location

ET patients mean β 
value (relationship)

DT patients mean β 
value (relationship) 

Year 1 77 INF 33/23/9 −0.019 (Faster Atrophy/ 
Higher TLVC)

0.026 (Faster Atrophy/
Lower TLVC)

Year 3 446 PV 43/55/37 −0.005 (Faster Atrophy/
Higher TLVC)

−0.079 (Faster 
Atrophy/Higher TLVC)

Year 4 172 PV 52/40/42 −0.011 (Faster Atrophy/
Higher TLVC)

0.088 (Faster Atrophy/ 
Lower TLVC)

Year 5 643 PV/FL 50/43/43 −0.001 (Faster Atrophy/
Higher TLVC)

0.082 (Faster Atrophy/ 
Lower TLVC)

INF = infratentorial, PV = periventricular, FL = frontal lobe, TLVC = total lesion volume change.

Research question 2a: Untreated versus treated period of DT patients
Data points from 97 DT patients (mean age ± SD: 31.65 ± 8.25, number of male/female: 
36/61) were analyzed within the untreated period. During the treated period, data points 
from 101 DT patients (mean age ± SD: 31.06 ± 8.17, number of male/female: 41/60) were 
analyzed. In all, 57 patients did not convert to CDMS.

Whole brain: During the untreated period (i.e., f﻿iirst two years), DT patients showed a 
significantly positive relationship between PBVC and TLVC (B = 0.072, SE = 0.029, 
p = 0.013) and a negative relationship between PVVC and TLVC (B = −0.917, SE = 0.306, 
p = 0.003). No significant association was reached for the DT patients during the treated 
period. Overall, similar relationships between WM lesion activity and brain atrophy 
were observed throughout the untreated and treated periods for DT patients.
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Research question 2b: First year of treatment
Data point s from 231 ET patients (mean age ± SD: 31.9 ± 8.38, number of male/female: 
82/149) and 65 DT patients (mean age ± SD: 31.72 ± 7.62, number of male/female: 
24/41) were analyzed. In all, 267 patients did not convert to CDMS (208 ET patients 
and 59 DT patients). 

Whole brain: ET and DT patients showed significantly different relationships between 
PBVC and TLVC in the first year of treatment (p = 0.002). The model revealed that the 
direction of the relationship was different: positive for ET patients (B = 0.081, SE = 0.027, 
p = 0.003) and negative for DT patients (B = −0.141, SE = 0.065, p = 0.032). Similar results 
were found for the relationship between PVVC and TLVC, with ET and DT showing 
a significant difference in the first year of treatment (p < 0.001). The model revealed 
that the direction of the relationship was different: negative for ET patients (B = 1.08, 
SE = 0.284, p < 0.001) and positive for DT patients (B = 3.41, SE = 0.677, p < 0.001).

Voxel-wise: For ET patients, within the first year of treatment (year 1), faster ventricular 
enlargement and frontal lobe atrophy were found to be associated with lower TLVC 
(V = 2192, mean β value of significant voxels = 0.031, Figure 4). No significant 
relationship was found for DT patients in year 3. Supplementary Figure 6 shows the 
p-value maps and the location of the peak values.

Research question 2c: Stable treatment period
Data points from 256 ET patients were analyzed (mean age ± SD: 31.66 ± 8.46, number 
of male/female: 96/160). In all, 162 patients did not convert to CDMS. The same data 
points of the 101 DT patients as used in research question 2a were analyzed.

Whole brain: No significant association was observed during the stable treatment period. 
Further, the relationship between TLVC and PBVC and between TLVC and PVVC did 
not differ between ET and DT patients.

Voxel-wise: During the stable treatment period, faster occipital lobe atrophy was associated 
with higher TLVC (year 4, V = 283, mean β value of significant voxels =  0.028, Figure 5) 
in ET patients. For DT patients, results are summarized in Table 5 (years 4 and 5). 
Supplementary Figure 7 shows the p-value maps and the location of the peak values.
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Discussion

In this post-hoc study, we found that inflammation and brain atrophy occurred 
simultaneously in early MS. Interestingly, the spatio-temporal correspondence between 
these two processes seems to take place mostly in the periventricular region. Furthermore, 
WM lesion activity and brain atrophy seemed to be differentially related across an 
untreated and treated period. 

To better elucidate the complex spatio-temporal dynamics between inflammation and 
brain atrophy, it is important to consider two key points in the REFLEXION study 
design. Firstly, patients were recruited after a FCDE, implying that patients had active 
inflammation when entering in the study. Thus, several competitive mechanisms should 
be considered: the anti-inflammatory effect of the treatment, the brain atrophy (both 
pseudo-atrophy and “true” atrophy), and the slow focal damage accrual. Secondly, DT 
patients who converted to CDMS during the first two years received treatment earlier 
than the year 3 timepoint. Thus, patients who received delayed treatment from year 3 
onwards were the less active cases (i.e., non-converters). Taken together, these factors 
may certainly influence the relationship between inflammation and atrophy.

Contrary to the studies which assumed that inflammation precedes brain atrophy2-4, 
our first relevant finding is that WM lesion activity and brain atrophy developed 
simultaneously over time, suggesting a possible (partly or wholly) independent 
development of these two processes. Few other MRI studies have investigated the 
relationship between WM lesion activity and brain atrophy within the same follow-up 
period in early MS13, 14. Such studies found how WM lesion accrual and brain volume 
changes occurred simultaneously. Our results largely confirmed this: increased WM 
lesion activity was related to faster widespread atrophy within the same follow-up 
period. The pathological explanation for this association remains to be elucidated. 
Neuropathological observations revealed how profound axonal loss in the normal 
appearing WM seemed to develop independently from axonal injury in demyelinated 
lesions34. Furthermore, in long-term MS patients, ongoing myelin destruction, associated 
with axonal and neuronal degeneration, was detected in the absence of parenchymal 
inflammatory infiltration35, 36. These observations suggested that brain atrophy in MS 
could occur independently from inflammation37. 

Inflammation and atrophy were related mostly in the periventricular area, a site with a 
high prevalence of MS lesions38, 39. This finding is in line with other studies that showed 
how the presence of these two disease processes is higher in the periventricular areas and 
in proximity to cerebrospinal fluid (CSF) spaces40, 41. Such greater periventricular activity 
is related to the presence of locally secreted proinflammatory cytokines derived from 
CSF compartments harboring B cells that reside within the CSF space42. Inter estingly, the 
cerebellum and the temporal lobe showed significant correlations in the left hemisphere. 
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occipital lobe atrophy being related to higher TLVC. This is not surprising if we consider 
that increased inflammatory activity and brain atrophy are related to higher risks of 
conversion to CDMS51, 52. However, these results should be interpreted with caution as 
several factors (e.g., the switch to open-label treatment upon conversion) could have 
influenced the relationship between WM changes and brain atrophy.

This study is not without limitations. Firstly, in the REFLEXION study treatment and 
conversion status are intersected, with patients switching to open-label treatment upon 
conversion to CDMS. To overcome the potential confounding related to the REFLEXION 
study design, we restricted our analyses to specific time periods (i.e., untreated period, 
first year of treatment, and stable treatment). Secondly, beyond a biological reason, there 
could be a technical explanation why spatial correspondence between brain atrophy 
and lesion changes occurred mostly in the periventricular area. The atrophy voxel-wise 
analysis method is based on the comparison of brain parenchymal border displacements 
occurring at the same voxel across the studied population. The irregularity of the 
neocortex/CSF interface hampers a perfect alignment/overlap. Thus, the strength of 
the relationship between global lesion changes and voxel-wise atrophy displacement 
may be reduced within the cortex, due to this technical issue. The same is not true 
for the ventricles, usually characterized by a smoother parenchyma/CSF interface. 
Thirdly, we focused our analyses only on the relationships between WM lesion activity 
and global/central brain atrophy. Several studies have highlighted the presence of GM 
damage in early MS13, 15, 53. In the present work, the limited quality of the T1-weighted 
images and the poor contrast between tissues made it difficult to look at the relationship 
between WM lesion activity and GM damage. Future studies could address this issue 
by implementing a new generation of imaging processing methods (i.e., SIENA-XL, 
Jacobian integration methods)54, 55, which are able to provide robust and accurate GM 
volume estimates. In addition, it would be very interesting to analyze whether WM lesion 
accrual in specific brain tracts is related to damage in “anatomically contiguous” cortical 
lobes. Fourthly, multiple testing correction was not performed due to the explorative 
nature of the post-hoc analyses. Thus, future studies are needed to confirm the results 
obtained in this work. Fifth ly, differences in magnetic field strength across study sites 
could have biased the outcomes of the analysis. However, within the REFLEXION study, 
all study sites were required to follow an MRI protocol to ensure standardized scanning 
acquisition with all the images having the same voxel dimensions and the m ajority of the 
patients analyzed (i.e., 92%) being scanned using a 1.5 T scanner. Further, the eventual 
difference across scanners has been statistically addressed by controlling for the study 
site in the analyses we performed. Finally, the pathological explanation of the uncoupling 
between inflammation and brain atrophy remains to be elucidated. Indeed, although 
our results suggested that these two processes could develop independently, genetic 
data and observations from most experimental models appear to favor a pathogenesis 
model in which inflammation precedes neurodegeneration56. Thus, the question whether 
inflammation and brain atrophy are causally related or could develop independently 
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is still a topic of discussion and our results did not provide a definite solution. Future 
studies should focus not only on the correlations within the same time interval but 
should also investigate the relationships between WM lesion changes and subsequent 
brain atrophy and vice versa. This has been addressed in a separate paper for the present 
dataset57.

To conclude, we found that inflammation and brain atrophy occur simultaneously in 
early MS, thus suggesting how WM lesion activity contributes only partially to the loss 
of overall brain tissue, or vice versa. Interestingly, the periventricular regions are always 
affected by atrophy. The relationship between WM lesion changes and brain atrophy 
differed across the investigated study periods. During the first year of the study, both 
DT and ET patients showed the pseudo-atrophy phenomenon, corresponding to lower 
lesion volume changes being related to faster (pseudo)atrophy. This could probably 
be explained by the presence of two factors: the initial effect of treatment (in the ET 
group) and the natural resolution of edema (in both the ET and DT groups) as patients 
showed active inflammation when entering the study.  After this effect resolves over time, 
in the untreated period and later on during stable treatment faster “true” atrophy was 
associated with higher lesion volume changes.
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 Abstract

Background
White matter lesions and brain atrophy are both present early in multiple sclerosis. However, 
t he spatio-temporal relationship between atrophy and lesion processes remains unclear.

Methods
Yearly magnetic resonance images were analyzed in 392 patients with clinically isolated 
syndrome from the 5-year REFLEX/REFLEXION studies. Patients received early treatment 
(from baseline; N = 262) or delayed treatment (from month-24; N = 130) with subcutaneous 
interferon beta-1a. Global and central atrophy were assessed using FSL-SIENA to provide 
yearly percentage volume change of brain and ventricles, respectively. Yearly total lesion 
volume change was calculated by subtracting the sum of the negative lesion volume change 
(disappearing + shrinking) from the positive lesion volume change (new + enlarging) for 
each yearly interval, as determined by an in-house developed semi-automated method. Using 
linear mixed models, during the period where patients had received ≥1 year of treatment, we 
investigated whether total lesion volume change was associated with percentage brain volume 
change or percentage ventricular volume change in the next year, and vice versa.

Results
Higher total lesion volume change was related to significantly faster global atrophy (percentage 
brain volume change) in the next year (B = −0.113, SE = 0.022, p < 0.001). In patients receiving 
early treatment only, total lesion volume change was also associated with percentage ventricular 
volume change in the next year (B = 1.348, SE = 0.181, p < 0.001). Voxel-wise analyses showed 
that in patients receiving early treatment, higher total lesion volume change in years 2, 3, and 4 
was related to faster atrophy in the next year, and in year 4 this relationship was stronger in 
patients receiving delayed treatment. Interestingly, faster atrophy was related to higher total 
lesion volume change in the next year (percentage brain volume change: B = −0.136, SE = 0.062, 
p = 0.028; percentage ventricular volume change: B = 0.028, SE = 0.008, p < 0.001).

Conclusions
Higher lesion volume changes were associated with faster atrophy in the next year. Interestingly, 
there was also an association between faster atrophy and higher lesion volume changes in the 
next year.
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Section 2

Relationship between atrophy and subsequent white matter lesion volume 
changes
During stable treatment, both global and central atrophy were associated with TLVC in 
the next year (PBVC: B = −0.136, SE = 0.062, p = 0.028; PVVC: B = 0.028, SE = 0.008, 
p < 0.001). This relationship did not differ between patients in the two treatment groups 
and between CDMS converters and non-converters across the whole study period.

In patients who received delayed treatment, the relationship between PBVC and TLVC 
in the next year was significantly different between the REFLEX and REFLEXION 
study periods (TLVC*period: B = 0.411, SE = 0.207, p = 0.050). The model showed that 
the relationship was not significant within the periods but that the direction of the 
relationship was different: negative while receiving placebo in REFLEX (B = −0.204, 
SE = 0.143, p = 0.158) and positive while receiving active treatment in REFLEXION 
(B = 0.207, SE = 0.168, p = 0.219). For PVVC, the relationship was significant in the 
REFLEX period (B = 0.030, SE = 0.012, p = 0.013), however, the two periods did not 
differ significantly.

Discussion

This study found that in patients with CIS and early MS, during stable treatment (at 
least one year) with sc IFN β-1a,  higher WM lesion volume changes were related to faster 
atrophy in the next year. Interestingly, the reverse relationship was also observed: faster 
global and central atrophy were related to higher lesion volume changes in the next 
year. In the short untreated period for patients with delayed treatment, the relationship 
between lesion volume changes and atrophy in the next year was not significant, while 
faster central atrophy but not global atrophy was related to higher lesion volume changes 
in the next year. 

Patients who received early treatment showed, during year 1, faster brain atrophy (in 
line with expected pseudo-atrophy) and lesion volume decrease (in line with expected 
resolving edema), compared with patients who received delayed treatment. In years 2 
and 4, conversely, patients who received early treatment showed slower atrophy than 
those receiving delayed treatment. Voxel-wise analyses, similarly, showed overlapping 
anatomical patterns of faster ventricular widening and temporal lobe atrophy in year 1 
in the early treatment group, and of faster atrophy in the frontal lobe in year 2 in the 
delayed treatment group.

Previous studies found that lesion measures were associated with subsequent atrophy3-5. 
Our results largely confirmed this: higher WM lesion volume changes were related 
to faster atrophy in the next year in patients with CIS and early MS. The association 
was not the same for all investigated subsets of the study data. We first looked at the 
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Section 3

Step 1: Quan�fy MRI volumes at 
baseline and during year 1 and 2
- Lesion volumes (T1G+, T2, pos, neg)
- Brain volumes (NBV / PBVC / PVVC)

Step 3: Predict disease progression

Step 3a: Forward model 1
- Confounders
- Results of Step 2, year 1

Step 3b: Forward model 2
- Confounders
- Results of Step 2, year 2

Step 3c: Forward model 3
- Confounders
- Results of forward models 1 and 2

Step 2: Determine bivariate
rela�onships with outcomes
- Conversion / �me to CDMS
- Confirmed disability progression

- EDSS+ / EDSS / T25FW / 9HPT
- Neurodegenera�on

- PBVCm24-m60 and PVVCm24-m60

Results:

CDMS:
- Conversion: PBVC Y1, pos Y1* + Y2
- Time to: PBVC Y1, pos Y1 + Y2

CDP:
- EDSS+ / EDSS / T25FW: None
- 9HPT: Neg Y1, PVVC Y2

Neurodegenera�on:
- PBVCm24-m60: Pos Y2     
- PVVCm24-m60: Pos Y1* and Y2 

Figure 1. Flowchart depicting the different statistical steps and main results. 
For more details, see “Materials and methods” section of the main manuscript. 9HPT = 9-Hole Peg Test, CDMS = 
clinically definite multiple sclerosis, CDP = confirmed disability progression, EDSS = Expanded Disability Status 
Scale, m24-m60 = month 24 to month 60, PBVC = percentage brain volume change, PVVC = percentage ventricular 
volume change, pos = new and/or enlarging lesions, NBV = normalized brain volume, neg = disappearing and/or 
shrinking lesions, T1G+ = T1 gadolinium-enhancing lesion volume, T2 = T2 hyperintense lesion volume, T25FW = 
timed 25-foot walk, Y1 = year 1, Y2 = year 2; *did not remain significant in Step 3c.

The following models with potential predictors for all clinical and radiological outcome 
measures were analyzed:

Model 1. Year 1 MRI change: New LV in year 1, enlarging LV in year 1, disappearing LV 
in year 1, shrinking LV in year 1, PBVC year 1, and PVVC year 1.

Model 2. Year 2 MRI change: New LV in year 2, enlarging LV in year 2, disappearing LV 
in year 2, shrinking LV in year 2, PBVC year 2, and PVVC year 2.

Model 3. Combined MRI change: A combination of all significant predictors of models 1 and 2.

All models always included the following variables as confounders: Age, sex, clinical 
outcome-specific baseline value, baseline NBV, baseline T2LV, and baseline T1GdLV.

Data availability statement
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research purposes will be subject to the Data Sharing Policy of the healthcare business 
of Merck KGaA, Darmstadt, Germany. All requests should be submitted in writing to the 
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English summary

In this thesis, research was performed to provide more insight in the relationship 
between the development of white matter (WM) lesions and the development of atrophy 
in the brain of patients with multiple sclerosis (MS) through the use of structural MRI. 
By broadening our understanding of the dynamics between these two pathological 
hallmarks during different phases of MS, ultimately the goal was to contribute to future 
effective targeting of the disease. The REFLEX/REFLEXION datasets have played a 
major role in this thesis. This multi-center data from patients with clinically isolated 
syndrome (with a high risk of converting to a diagnosis of MS) provides a unique 
opportunity to study the relationship between lesion changes and atrophy in the earliest 
stages of the disease over a prolonged period. However, in order to gain insight in the 
relationship between WM lesions and atrophy, methods are needed to quantify these 
pathologies. Therefore the purpose of Section 1 was to develop and validate methods to 
quantify (changes in) WM lesions in MS. In Chapter 1.1 a semi-automated method to 
quantify WM lesion volume changes was developed and validated and in Chapter 1.2 we 
presented a semi-automated method to segment “black hole” lesions in MS. Section 2, 
is about the relationship between the development of WM lesions and that of atrophy 
in MS. In Chapter 2.1 we performed a systematic review about the relationship between 
WM lesions and gray matter (GM) atrophy. In Chapter 2.2 we investigated the concurrent 
(within the same study year) spatio-temporal relationship between WM lesion changes 
and whole-brain atrophy and in Chapter 2.3 we investigated this relationship between 
consecutive study years. Finally, in Section 3, our investigations of the prediction of 
clinical and radiological disease progression based on early imaging features are 
described in Chapter 3.1. 

Quantification of (changes in) white matter lesions in multiple sclerosis
In Chapter 1.1 we developed and validated a semi-automated method to quantify 
within-patient changes over time in T2 lesion volumes based on 2D proton-density-
weighted images and subtraction images obtained from these. We have investigated the 
reproducibility, accuracy, and the influence of lesion volume (changes) and atrophy on 
the performance of our method. The limits of the performance of this method when 
applied to longer (>1 year) intervals were also tested. We concluded that the method 
provides valid and robust quantification of lesion volume changes in MS for follow-
up periods up to 5 years with excellent reproducibility and overall good accuracy. An 
increase in the amount of atrophy and especially lesion volume (change) could have a 
negative impact on the quality of the results and should therefore be taken into account 
when using this method.

In Chapter 1.2, we developed and validated a semi-automated method to segment 
black hole lesions on 2D T1-weighted images that follows radiological intensity rules 
for black hole identification. From our multi-center validation we concluded that 
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Nederlandse samenvatting

In dit proefschrift werden onderzoeken uitgevoerd om meer inzicht te krijgen in de 
samenhang tussen de ontwikkeling van laesies in de witte stof en de ontwikkeling van 
atrofie in de hersenen bij patiënten met multiple sclerose (MS), door gebruik te maken 
van structurele MRI-scans. Door het vergroten van onze kennis over de dynamiek 
tussen deze twee pathologische processen tijdens verschillende fases van MS, streefden 
we naar een toekomstige effectievere aanpak van de ziekte. De REFLEX/REFLEXION 
datasets hebben een belangrijke rol gespeeld in dit proefschrift. Deze data, afkomstig 
van patiënten met een klinisch geïsoleerd syndroom (met een verhoogd risico op het 
ontwikkelen van de diagnose MS) uit meerdere centra (multi-center data), hebben 
ons een unieke mogelijkheid geboden om de relatie tussen laesie veranderingen en 
atrofie gedurende een langere periode te onderzoeken, tijdens de vroegste stadia van 
de ziekte. Om inzicht te krijgen in de relatie tussen witte stof laesies en atrofie zijn 
er echter methodes nodig om deze pathologische processen te kunnen kwantificeren. 
Daarom was het doel van Sectie 1 om methodes te ontwikkelen en valideren voor het 
kwantificeren van (veranderingen in) witte stof laesies bij MS. In Hoofdstuk 1.1 werd 
een semi-automatische methode ontwikkeld en gevalideerd voor het kwantificeren van 
laesievolume veranderingen en in Hoofdstuk 1.2 beschreven we een semi-automatische 
methode voor het segmenteren van “black hole” laesies bij MS. Sectie 2, gaat over de relatie 
tussen de ontwikkeling van witte stof laesies en de ontwikkeling van atrofie bij MS. In 
Hoofdstuk 2.1 hebben we een systematische literatuurstudie uitgevoerd over de relatie 
tussen laesies in de witte stof en atrofie in de grijze stof. In Hoofdstuk 2.2 hebben we de 
gelijktijdige (binnen hetzelfde studiejaar) spatio-temporele relatie tussen veranderingen  
in laesies in de witte stof en atrofie van het hele brein onderzocht en in Hoofdstuk 2.3
onderzochten we deze relatie tussen opeenvolgende studiejaren. Ten slotte hebben 
wij in Sectie 3 onderzoek gedaan naar het voorspellen van klinische en radiologische 
ziekteprogressie op basis van vroege beeldvormingskenmerken, beschreven in Hoofdstuk 3.1.

Kwantificeren van (veranderingen in) witte stof laesies in multiple sclerose
In Hoofstuk 1.1 hebben we een semi-automatische methode ontwikkeld en gevalideerd voor 
het kwantificeren van veranderingen in T2 laesievolume, binnen een patiënt over de tijd, 
gebaseerd op proton-density-gewogen opnames en de daaruit verkregen subtractie beelden. 
We hebben de reproduceerbaarheid en nauwkeurigheid onderzocht, evenals de invloed van 
laesievolume (veranderingen) en atrofie op de prestaties van onze methode. Ook hebben 
we de prestaties van deze methode onderzocht bij toepassingen met langere intervallen 
(>1 jaar). De conclusie was dat de methode een valide en robuuste kwantificering van 
veranderingen in laesievolume biedt, gedurende vervolgperiodes tot 5 jaar, met uitstekende 
reproduceerbaarheid en over het algemeen goede nauwkeurigheid. Een toename in de 
mate van atrofie en met name van (veranderingen in) het laesievolume kan mogelijk 
een negatieve invloed hebben op de kwaliteit van de resultaten en daarom moet hier 
rekening mee worden gehouden bij het gebruik van deze methode. 
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