
VU Research Portal

Clinical and radiological predictors of disease progression in multiple sclerosis

Dekker, I.

2020

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Dekker, I. (2020). Clinical and radiological predictors of disease progression in multiple sclerosis. [PhD-Thesis -
Research and graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://research.vu.nl/en/publications/e1b456dd-7485-40b6-a7a5-21ac7f2813af


Chapter 3.2

CORTICAL ATROPHY ACCELERATES AS COGNITIVE 
DECLINE WORSENS IN MULTIPLE SCLEROSIS

A.J.C. Eijlers
I. Dekker

M.D. Steenwijk
K.A. Meijer

H.E. Hulst
P.J.W. Pouwels

B.M.J. Uitdehaag
F. Barkhof

H. Vrenken
M.M. Schoonheim

J.J.G. Geurts

Neurology. 2019 Oct 1;93(14):e1348-e1359

Voorbereid document - Iris - nieuw.indd   153Voorbereid document - Iris - nieuw.indd   153 17-09-2020   09:1017-09-2020   09:10



A
bs

tr
ac

t

Objective
To determine which pathological process could be responsible for the acceleration of 
cognitive decline during the course of multiple sclerosis (MS), using longitudinal structural 
MR imaging, which was related to cognitive decline in relapsing-remitting MS (RRMS) and 
progressive MS (PMS).

Methods
A prospective cohort of 230 patients with MS (179 RRMS and 51 PMS) and 59 healthy controls 
was evaluated twice with a five-year (mean=4.9, SD=0.94) interval during which 22 RRMS 
patients converted to PMS. Annual rates of cortical and deep grey matter atrophy as well 
as lesion volume increase were computed on longitudinal (3 Tesla) MR imaging data and 
correlated to the annual rate of cognitive decline as measured using an extensive cognitive 
evaluation at both time points.

Results
The deep grey matter atrophy rate did not differ between PMS and RRMS (-0.82%/year versus 
-0.71%/year, p=0.11), while faster cortical atrophy was observed in PMS (-0.87%/year versus 
-0.48%/year, p<0.01). Similarly, faster cognitive decline was observed in PMS compared to 
RRMS (p<0.01). Annual cognitive decline was related to the rate of annual lesion volume 
increase in stable RRMS (r=-0.17, p=0.03), to the rate of annual deep grey matter atrophy in 
converting RRMS (r=0.50, p=0.02) and annual cortical atrophy in PMS (r=0.35, p=0.01).

Conclusions
These results indicate that cortical atrophy and cognitive decline accelerate together during 
the course of MS. Substrates of cognitive decline shifted from worsening lesional pathology 
in stable RRMS, to deep grey matter atrophy in converting RRMS and to the accelerated 
cortical atrophy in PMS only.
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INTRODUCTION

Multiple sclerosis (MS) is a chronic demyelinating and neurodegenerative disease of 
the central nervous system and the primary cause of disability in young adults in 
developed countries.1,2 Relapsing-remitting MS (RRMS) is characterized by (partially) 
reversible episodes of neurological disability, while progressive MS (PMS) is better 
characterized by continuous and irreversible neurological decline.3 Cognitive 
deficits also tend to be more frequent and severe in PMS patients,4,5 likely due to 
a convolutional effect of longer disease duration and an accelerated annual rate of 
cognitive decline, as was shown in our recent study.6 Which specific pathological 
processes could underlie this accelerated cognitive decline in PMS, however, remains 
unknown.

Of the different types of pathology, grey matter atrophy tends to be most strongly 
associated with cognitive impairment in MS,7 but whether the grey matter atrophy 
rate also accelerates in PMS is a matter of debate.8,9 Two recent studies have separately 
investigated deep grey matter atrophy rates and reported stable thalamic10 and deep 
grey matter atrophy rates11 in PMS compared to RRMS. In contrast, a higher rate of 
temporal and parietal lobe atrophy was observed in PMS, suggesting a possible 
acceleration of cortical atrophy.11 None of these studies, however, investigated atrophy 
rates in relation to cognitive decline. In our recent publication6 we demonstrated the 
prognostic value of cross-sectional MR imaging measures for future cognitive decline, 
while in the current study, we longitudinally acquired 3-Tesla MR images to evaluate 
lesion accumulation and atrophy rates and related these to the rate of cognitive 
decline.

METHODS

Participants
For this prospective study, a total of 230 patients with clinically definite MS12 (32% 
men, mean age at baseline 47.7 ± 11.1 years, mean symptom duration at baseline 14.8 
± 8.5 years), part of the Amsterdam MS Cohort13,14 and 59 HC (47% men, age 46.0 ± 
9.9 years) were included. Participants were consecutively recruited in the Amsterdam 
MS center and received MR imaging and cognitive evaluations at two time points, 
with data for the first time point acquired between 2008 and 2012 and for the second 
time point between 2014 and 2017. The mean interval duration between first and 
second time points was 4.8 years (SD±=0.8, range=2.87-8.24) for patients with MS 
and 5.5 years (SD±=1.1, range=3.84-7.23) for HC. The patient group at the first time 
point included 179 patients with RRMS, 32 with SPMS and 19 with primary progressive 
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MS (PPMS). Disease modifying treatments at baseline included β-interferons (n=57), 
glatiramer acetate (n=13), natalizumab (n=12) or other immunosuppressive therapy 
(n=4). The highest level of education attained was assessed using a scale between one 
(did not finish primary school) and seven (acquired university degree or higher). Overall 
disability of patients with MS was assessed using the Expanded Disability Status Scale 
(EDSS). Disability progression was computed for descriptive purposes and defined as 
an increase in EDSS score of 1.5 in case of a baseline EDSS score of 0, an increase in EDSS 
score of 1.0 in case of a baseline EDSS score of 1.0–5.5 and an increase in EDSS score 
of 0.5 in case of a baseline EDSS score of ≥6.15 Patients were relapse-free and without 
steroid treatment for at least two months prior to both baseline and follow-up visits.

Standard protocol approvals, registrations and patient consents.
The study was approved by the institutional ethics review board of the Amsterdam 
UMC (location VUmc) and participants gave written informed consent prior to 
participation.

Magnetic resonance imaging
All subjects were scanned on a 3-Tesla whole-body magnetic resonance system 
(General Electric, Milwaukee, WI, USA), which received a hardware upgrade (gradient 
system amongst others) between baseline and follow-up measurements (see below 
for method to account for upgrade effects. At both time points, the same eight-
channel phased-array head coil was used. The protocol included a three-dimensional 
T1-weighted fast spoiled gradient echo sequence for volumetric measurements 
(repetition time 8 ms, echo time 3 ms, inversion time 450 ms, flip angle 12 degrees, 
1.0 mm sagittal slices, 0.9 x 0.9 mm in-plane resolution) and a three-dimensional T2-
weighted fluid attenuated inversion recovery (FLAIR) sequence for white matter lesion 
segmentation (repetition time 8000 ms, echo time 125 ms, inversion time 2350 ms, 1.2 
mm sagittal slices, 1.0 x 1.0 mm in-plane resolution).

Image processing
White matter lesions were automatically segmented on the FLAIR images using 
k-nearest neighbor classification with tissue type priors16 and used to compute 
whole-brain lesion volume at both time points. Before tissue segmentation, white 
matter lesion masks were linearly registered to the three-dimensional T1-weighted 
images to enable lesion filling using LEsion Automated Pre-processing (LEAP).17 To 
enable correction for the effects of the scanner upgrade (explained below), grey 
and white matter volumes were calculated on the lesion-filled images for both 
time points separately using SIENAX (part of FSL 5), with previously recommended 
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settings for non-brain tissue removal.18 Volumes of individual deep grey matter regions 
were obtained at both time points using FIRST (part of FSL 5). Given the notorious 
segmentation difficulties for the nucleus accumbens, amygdala and cerebellum due to 
small size and limited grey/white matter contrast, these regions were not considered 
individually for the current study.19,20 Cortical grey matter volume was derived by 
masking the FIRST-based deep grey matter segmentation from the SIENAX-based 
grey matter segmentation image as described previously.6 To assess lobar volumes, the 
MNI structural atlas21 was nonlinearly registered to the three-dimensional T1-weighted 
image in subject space and overlaid on the grey matter segmentation image (left and 
right volumes were summed). In order to normalize brain and lesion volumes for head 
size, the V-scaling factor was initially computed by SIENAX at both time points, then 
averaged to form a single individual correction factor, and multiplied with the volumes 
at each time point. All reported volumes are normalized for head size.

Annual atrophy rates
The scanner upgrade mentioned above is known to have effects on volumetric 
measurements.22 To be able to compute regional annualized atrophy rates and correct 
for the scanner upgrade effect, which occurred between baseline and follow-up for 
all, we employed a novel approach in which we modelled the upgrade effect based 
on the volumetric changes observed in the HC group data. Normal aging-related 
atrophy was modelled using both the cross sectional volumes at each time point and 
volumetric changes during follow-up in the HC group assuming a non-linear and sex 
dependent relationship between age and volume.23-25 In short, the volumetric data of 
the HC group was simultaneously fed in the following two models:

Model 1.

VBL-model = b0 + b1 * ageBL + b2 * ageBL̂ 2 + b3 * sex
VFU-model = (b0 + b1 * ageFU + b2 * ageFU^2 + b3 * sex) * b4

Model 2.

Δmodel = VFU-model - VBL-model

In these models, VBL-model and VFU-model denote the expected whole-brain and regional 
volumes at baseline and follow-up respectively, b0 the model constant, b1 the linear 
age term, b2 the quadratic age term, b3 the sex term, b4 the scanner term, ageBL the 
age at baseline and ageFU the age at follow-up. Subsequently, the following sum-of-
squares residuals were calculated:

 3.2
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In these formulas, Res1 and Res2 denote the sum-of-squares residuals of model 1 and 
2 respectively, VBL-measured and VFU-measured the expected volumes at baseline and follow-
up visits, VBL-measured and VFU-measured the observed volumes at baseline and follow-up 
visits, ∆model the difference between the modelled volumes and ∆measured the difference 
between the measured volumes. The sum-of-squares residuals of model 1 and 
2 were simultaneously minimized by using a balanced cost-function and iterative 
minimization approach (fminsearch) in MATLAB (MATLAB 2012, The MathWorks, Natick, 
2012). The procedure resulted in whole-brain and regional scanner upgrade correction 
factors that were used to correct follow-up volumes. The individual, interval duration 
adjusted differences between volumes at baseline and corrected follow-up volumes 
were then used to derive annual atrophy rates in both the HC subjects and patients 
with MS.

Neuropsychological evaluation
Participants underwent extensive neuropsychological evaluation at both time 
points directly before MR imaging using an expanded Brief Repeatable Battery of 
Neuropsychological tests (BRB-N)26 as previously described.6 A total of seven cognitive 
domains were measured: executive functioning (concept shifting test), verbal memory 
(selective reminding test), verbal fluency (word list generation), information processing 
speed (symbol digit modalities test), visuospatial memory (spatial recall test), attention 
(stroop color-word test) and working memory (memory comparison test). The 
cognitive scores of all subjects were corrected for effects of sex, age and education 
observed in the HC group, using a previously published method.27 To obtain a measure 
of cognitive function at baseline, corrected scores were converted into Z-scores relative 
to the HC groups at baseline. To assess the rate of cognitive decline in patients with 
MS during the follow-up period, the modified practice adjusted reliable change index 
(RCI)28 was computed for each cognitive domain, as previously described,6 resulting 
in a correction for practice effects based on the HC group. Next, RCI scores for each 
cognitive domain were divided by each individual subject’s time interval between 
baseline and follow-up, obtaining an annual rate of cognitive domain decline. These 
decline rates were then averaged across domains to obtain a mean annual rate of 
cognitive decline for each patient. For descriptive purposes, cognitive impairment at 
baseline was also assessed using the criterion of a performance below Z = -2.0 on two 
or more cognitive domains.
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Statistical analysis
Statistical analyses of the demographic, clinical and whole-brain MR imaging variables 
were performed in Statistical Package for the Social Sciences (SPSS) version 22 (Armonk, 
NY, USA). All demographic, clinical and volumetric MR imaging variables were checked 
for normality using the Kolmogorov-Smirnov test and histogram inspection; lesion 
volumes were log-transformed. Multivariate general linear model (GLM) analyses were 
performed to assess differences in normally distributed demographic, whole-brain MR 
imaging and cognitive variables at baseline as well as differences in annual rates of 
atrophy, lesion volume increase and cognitive decline between patients with MS and 
HC, with sex and education entered as covariates. Variables with a significant main 
effect of MS were compared post-hoc between patients with RRMS and PMS. For 
longitudinal analyses, the RRMS group was subdivided into patients that transitioned 
from RRMS to PMS during follow-up, the ‘converting’ RRMS patients, and patients 
that maintained an RRMS diagnose during follow-up, the ‘stable’ RRMS patients. All 
analyses included sex and education as covariates, where applicable. Nonparametric 
testing was used to assess differences in non-normally distributed demographic 
variables and EDSS between patients with RRMS and PMS. Pearson’s correlation 
coefficients were computed to assess the relation between annual rates of pathology 
increase and annual cognitive decline in the different clinical phenotypes separately. 
A Wilcoxon signed rank test was used to assess longitudinal changes in EDSS. Group 
comparison p-values <0.05 were considered statistically significant after Bonferroni 
correction for multiple comparisons; corrected p-values are reported.

Data availability statement
Anonymized data, not published in the article, will be shared on reasonable request 
from a qualified investigator.

RESULTS

Demographic and clinical characteristics at baseline and follow-up visit
The demographic, clinical and MR imaging characteristics for patients with MS and 
HC at baseline and follow-up visits are shown in Table 1. As expected, compared to 
patients with RRMS, patients with PMS had a longer disease duration at baseline (21.59 
versus 12.90 years, p<0.01), as well as a higher EDSS (median: 5.5 versus 2.5, p<0.01). 
During the follow-up period, median EDSS in patients with RRMS increased from 2.5 
to 3.0 (p<0.01) and 56/179 (31%) demonstrated disability progression. Median EDSS in 
patients with PMS increased from 5.5 to 6.0 (p<0.01) and 23/51 (45%) demonstrated 
disability progression. A total of 22/179 patients with RRMS (12%) converted to SPMS 

 3.2
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during follow-up, the remaining RRMS patients were classified as ‘stable’ RRMS. EDSS 
progression was similar between stable and converting RRMS subgroups (32% and 
27% respectively).

MR imaging measures at baseline
An initial cross-sectional GLM analysis was applied to identify main effects of MS, after 
which significant variables were explored further. These variables included whole-
brain (p<0.01), deep grey (p<0.01), cortical grey (p<0.01) and white matter volume 
(p<0.01) as shown in Table 1. Post-hoc comparisons between clinical phenotypes 
showed lower volumes in patients with PMS compared to RRMS, for whole-brain (1.41L 
versus 1.48L, p<0.01), deep grey matter (54.11mL versus 57.97mL, p<0.01, Figure 1A), 
cortical grey matter (0.71L versus 0.77L, p<0.01, Figure 1B), but not white matter (0.67L 
versus 0.67L, p=0.19). Five patients with MS were excluded for deep and cortical grey 
matter analyses due to segmentation errors. Patients with PMS also demonstrated a 
larger median lesion volume compared to patients with RRMS at baseline (21.54mL 
versus 10.62mL, p<0.01).

Table 1. Demographics, clinical and MR imaging characteristics

HC (N=59) MS (N=230)

Demographics at baseline

Male, n (%) 28 (47%) 74 (32%)*

Age (yr) 46.00 (9.92) 47.66 (11.07)

Level of educationa 6 (1-7) 5 (1-7)*

Disease characteristics at baseline

Symptom duration (yr) 14.83 (8.48)

Disease phenotype at baseline (RRMS/SPMS/PPMS) 179/32/19

Disease phenotype at follow-up (RRMS/SPMS/PPMS) 157/54/19

White matter lesion volumec

Lesion volume at baseline (mL)b 11.75 (6.59-23.12)

Annual lesion volume change (mL/yr)b 1.12 (0.59-1.77)

Brain volumesc

Brain volume at baseline (L) 1.52 (0.06) 1.46 (0.08)*

Annual brain volume change (%/yr) -0.25 (0.26) -0.37 (0.42)

White matter volume at baseline (L) 0.70 (0.03) 0.67 (0.04)*

Annual white matter volume change (%/yr) -0.09 (0.56) -0.12 (0.74)

Cortical grey matter volume at baseline (L) 0.78 (0.05) 0.76 (0.05)*

Annual cortical grey matter volume change (%/yr) -0.41 (0.40) -0.61 (0.70)*
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Table 1. Demographics, clinical and MR imaging characteristics (continued)

HC (N=59) MS (N=230)

Deep grey matter volume at baseline (mL) 63.02 (3.31) 57.13 (6.13)*

Annual deep grey matter volume change (%/yr) -0.31 (0.37) -0.76 (0.64)*

Clinical and cognitive function

EDSS at baselinea 3.0 (0.0-8.0)

EDSS at follow-up visita 3.5 (0.0-8.5)

Mean cognitive function at baseline (Z-scores vs HC) 0.01 (0.49) -0.83 (0.88)*

Mean annual cognitive change (RCI/yr) 0.00 (0.06) -0.05 (0.10)*

Table 1 shows the demographic, clinical and MR imaging characteristics at baseline and follow-
up visit, as well as annual rates of change, were compared between patients with MS and HC. 
All values represent means and standard deviations, unless otherwise denoted. a Median and 
range, bMedian and interquartile range, c Reported brain and lesion volumes are normalized for 
head size. Abbreviations: HC = healthy controls, MS = multiple sclerosis, yr = year, mL = millilitre, 
L = litre, RRMS = relapsing-remitting MS, SPMS = secondary progressive MS, PPMS = primary 
progressive MS, RCI = reliable change index, EDSS = expanded disability status scale. 
*Significantly different between patients with MS and HC.

MR imaging progression during follow-up
A subsequent GLM analysis on longitudinally measured atrophy rates identified main 
effects of MS for the deep (p<0.01) and cortical grey matter (p=0.03) atrophy rates, 
but not whole-brain (p=0.06) and white matter (p=0.95) atrophy rates (Table 1). Post 
hoc comparisons between clinical phenotypes showed no differences between 
stable RRMS, converting RRMS and PMS patients for the deep grey matter atrophy 
rate (-0.71%/yr versus -1.00%/yr and -0.82%/yr respectively, group p=0.11, Fig. 1C). 
Cortical atrophy, however, was faster in PMS (-0.87%/yr) and converting RRMS (-0.94%/
yr) compared to stable RRMS patients (-0.48%/yr, p<0.01 and p=0.01 respectively, 
Fig. 1D). Lesion volumes increased by 1.65mL/yr in converting RRMS patients and by 
1.61mL/yr in PMS patients, with this latter rate significantly faster compared to the rate 
in patients with stable RRMS (1.17mL/yr, p=0.01).

 3.2
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Figure 1. Deep and cortical grey matter atrophy in clinical phenotypes.

A. Comparison of deep grey matter volumes at baseline between RRMS and PMS. B. Comparison 
of cortical grey matter volumes at baseline between RRMS and PMS. C. Comparison of annual 
deep grey matter atrophy rates between patients with stable RRMS and PMS. D. Comparison of 
annual cortical grey matter rates between patients with stable RRMS and PMS. Abbreviations: 
HC = healthy controls, MS = multiple sclerosis, RRMS = relapsing-remitting MS, PMS = progressive 
MS, mL = milliliter, L = liter, yr = year. Note: reported brain volumes are normalized for head size. 
Bars reflect means and whiskers reflect standard errors of the mean. *Significantly different 
between groups.

Regional MR imaging progression during follow-up
Regional deep grey matter atrophy rates did not differ between clinical phenotypes 
for any of the regions examined, except for a faster caudate atrophy in converting 
RRMS (-1.38%/yr) compared to both stable RRMS (-0.73%/yr, p<0.01) and PMS patients 
(-0.80%/yr, p=0.04, Table 2 and Fig. 2A). In contrast, lobar cortical atrophy was faster 
in PMS and converting RRMS compared to stable RRMS patients for all cortical lobes, 
except for the temporal lobe in PMS patients and the occipital lobe in converting RRMS 
patients as shown in Table 2 and Fig. 2B.
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Table 2. Demographics, clinical characteristics and atrophy in clinical phenotypes

RRMS
(N=157)

RRMS -> PMS 
(N=22)

PMS
(N=51)

Demographics at baseline

Male, n (%) 47 (30%) 5 (23%) 22 (43%)

Age (yr) 44.07 (10.02) 48.57 (8.41) 58.31 (7.89)*

Level of educationa 5 (1-7) 6 (2-7) 4 (1-7)

Disease characteristics at baseline

Symptom duration (yr) 12.20 (7.03) 17.91 (8.27)* 21.59 (8.63)*

Clinical and cognitive function

EDSS baselinea 2.5 (0.0-7.5) 4.0 (1.5-6.5)* 5.5 (2.5-8.0)*

EDSS progression, n (%) 50 (32%) 6 (27%) 23 (45%)

Average cognition at baseline (Z-scores vs HC) -0.69 (0.83) -0.96 (0.97) -1.24 (0.86)

Average yearly cognitive change (RCI/yr) -0.03 (0.09) -0.05 (0.11) -0.10 (0.13)

Regional deep grey matter atrophy rates (%/yr)

Annual total deep grey matter atrophy -0.71 (0.61) -1.00 (0.93) -0.82 (0.57)

Annual thalamic atrophy -0.85 (0.71) -0.80 (1.00) -0.82 (0.66)

Annual caudate atrophy -0.73 (0.84) -1.38 (1.51)* -0.80 (0.96)

Annual putamen atrophy -0.28 (0.91) -0.61 (1.22) -0.44 (0.81)

Annual pallidum atrophy -0.67 (1.27) -0.76 (1.44) -0.53 (1.36)

Annual hippocampus atrophy -0.90 (1.18) -1.15 (1.31) -1.22 (1.57)

Regional cortical grey matter atrophy rates (%/yr)

Annual total cortical atrophy -0.48 (0.62) -0.94 (0.78)* -0.87 (0.81)*

Annual frontal lobe atrophy -0.52 (0.67) -1.02 (0.96)* -0.80 (0.93)*

Annual parietal lobe atrophy -0.25 (0.73) -0.73 (0.85)* -0.64 (0.99)*

Annual temporal lobe atrophy -0.35 (0.58) -0.93 (0.93)* -0.61 (0.86)

Annual occipital lobe atrophy -0.54 (0.68) -0.81 (0.89) -0.93 (0.68)*

Table 2 shows the demographics, clinical information and annual rates of grey matter atrophy in 
patients with stable RRMS, converting RRMS and PMS. All values represent means and standard 
deviations unless otherwise denoted. a Median and range. Abbreviations: EDSS = expanded 
disability status scale, RCI = reliable change index, HC = healthy controls, RRMS = relapsing-
remitting MS, PMS = progressive MS, yr = year, MS = multiple sclerosis. *Significantly different 
from stable RRMS.

 3.2
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Figure 2. Regional deep and cortical grey matter atrophy rates in clinical phenotypes.

A. Comparison of regional deep grey matter atrophy rates between stable RRMS, converting 
RRMS and PMS. B. Comparison of regional cortical grey matter atrophy rates between 
stable RRMS, converting RRMS and PMS. Abbreviations: RRMS = relapsing-remitting MS, 
PMS = progressive MS, CGM = cortical grey matter, DGM = deep grey matter. Bars reflect means 
and whiskers reflect standard errors of the mean. * Significantly different between groups.

Cognitive functioning at baseline and cognitive decline during follow-up
The GLM analysis identified a main MS effect for cognitive function at baseline (p<0.01), 
with further comparison between clinical phenotypes showing worse cognitive 
function in patients with PMS compared to RRMS (Z = -1.24 versus Z = -0.72, p<0.01, 

Voorbereid document - Iris - nieuw.indd   164Voorbereid document - Iris - nieuw.indd   164 17-09-2020   09:1017-09-2020   09:10



165

Cortical atrophy and cognitive decline

as shown in Fig. 3A). Similarly, a total of 46/179 (26%) RRMS patients were classified 
as cognitively impaired at baseline and 26/51 (51%) of patients with PMS. The initial 
GLM analysis on longitudinally measured annual rates of cognitive decline identified a 
main MS effect for the annual rate of cognitive decline during follow-up (p<0.01) (Fig. 
3B) as was published previously.6 Further comparison between clinical phenotypes 
showed that patients with PMS demonstrated an about three times higher annual 
rate of cognitive decline compared to stable RRMS patients (-0.10/yr versus -0.03/yr, 
p<0.01). Converting RRMS patients demonstrated an annual rate of cognitive decline 
of -0.05/yr, which did not significantly differ from the rates in the other two groups.

Figure 3. Cognitive function at baseline and annual cognitive decline in clinical pheno-
types.

A. Comparison of mean cognitive function at baseline between patients with MS and HC, as well 
as between RRMS and PMS. B. Comparison of annual rate of cognitive change between stable 
RRMS, converting RRMS and PMS. Abbreviations: HC = healthy controls, MS = multiple sclerosis, 
RRMS = relapsing-remitting MS, PMS = progressive MS, conv. = converted, RCI = reliable change 
index, yr = year. *Significantly different between groups. Bars reflect means and whiskers reflect 
standard errors of the mean.

Longitudinal MR imaging correlates of cognitive decline in clinical pheno-
types
Cognitive decline in stable RRMS patients was only correlated to the annual lesion 
volume increase (r=-0.17, p=0.03), but not to rates of the deep nor cortical grey matter 
atrophy (Table 3). Cognitive decline in converting RRMS patients only correlated to the 
rate of annual deep grey matter atrophy (r=0.50, p=0.02), but not to the annual lesion 
volume increase nor to the cortical atrophy rate. Finally, cognitive decline in patients 
with PMS was only correlated to the annual cortical atrophy rate (r=0.35, p=0.01), but 
not to the annual lesion volume increase nor to the deep grey matter atrophy rate.
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As a post-hoc analysis, these clinical phenotype specific structural damage associations 
were correlated to individual cognitive domains to unravel whether the lesion 
accumulation and deep grey matter atrophy in relapsing-remitting disease could 
preferentially impact different cognitive domains compared to the cortical atrophy 
in progressive disease. While neither the rate of deep grey matter atrophy nor the 
rate of new lesion accumulation in relapsing-remitting patients was associated with 
decline on any of the individual cognitive domains after Bonferroni correction, the 
yearly cortical atrophy rate in progressive patients was selectively associated with a 
yearly decline on verbal memory (r=0.47, p<0.01) and verbal fluency (r=0.42, p=0.03).

Table 3. Correlations between cognitive decline and structural pathology accumulation

Annual lesion 
volume increase

Annual deep grey 
matter atrophy

Annual cortical 
atrophy

RRMS r = -0.17,
p=0.03

r = 0.06,
p = 0.46

r = -0.11,
p = 0.19

RRMS -> PMS r = -0.21,
p=0.34

r = 0.50,
p = 0.02

r = 0.42,
p = 0.06

PMS r = -0.02,
p = 0.89

r = 0.25,
p = 0.09

r = 0.35,
p = 0.01

Table 3 shows the Pearson’s correlation coefficients between the annual rate of cognitive decline 
(RCI/yr) and annual rates of grey matter atrophy as well as lesion volume increase in patients 
with stable RRMS, converting RRMS and PMS. Abbreviations: RRMS = relapsing-remitting MS, 
PMS = progressive MS, RCI = reliable change index.

DISCUSSION

Summary
In this longitudinal study, we investigated how grey matter atrophy and lesion volumes 
evolve over time in patients with PMS compared to RRMS and whether these patterns 
could explain the observed accelerated rate of cognitive decline in PMS. This was 
studied using a large cohort of patients with MS and HC that received MR imaging 
and extensive cognitive evaluation at two time points with a five year interval. The 
investigation of grey matter atrophy rates demonstrated a relatively stable rate 
of deep grey matter atrophy across clinical phenotypes, while the rate of cortical 
grey matter atrophy was higher in PMS compared to RRMS. Different longitudinal 
MR imaging substrates of cognitive decline where observed across the spectrum 
of clinical phenotypes, as cognitive decline was associated with the rate of lesion 

Voorbereid document - Iris - nieuw.indd   166Voorbereid document - Iris - nieuw.indd   166 17-09-2020   09:1017-09-2020   09:10



167

Cortical atrophy and cognitive decline

volume increases in stable RRMS patients, with the rate of deep grey matter atrophy 
in converting RRMS patients, and with the rate of cortical atrophy in PMS patients.

Stable deep and accelerating cortical atrophy in progressive MS
Our data specifically showed an about 1.8 times faster cortical atrophy in PMS 
compared to RRMS, which was not present for deep grey matter atrophy. This confirms 
a recent study11 that suggested a similar pattern of higher cortical atrophy rates in 
secondary progressive (-1.11%/yr) compared to RRMS (-0.67%/yr). These rates were, 
however, only significantly different for the temporal lobes in secondary progressive 
compared to RRMS and for the parietal lobes in secondary progressive compared to 
clinically isolated syndrome patients, respectively.11 Our regional analysis showed a 
significantly higher atrophy rate in PMS compared to RRMS patients for the parietal, 
occipital and frontal lobes. A higher temporal lobe atrophy rate was only observed in 
converting compared to stable RRMS patients, which could suggest an earlier onset of 
temporal lobe atrophy as was suggested previously,29 although another study using 
event-based modelling reported late stage temporal lobe atrophy onset,30 perhaps 
due to the application of different methods. The finding in the current study that 
the rate of deep grey matter atrophy remains stable across disease stages confirms 
recent studies that did not show significant differences in deep grey matter11 and 
thalamic10 atrophy rates between clinical phenotypes. The analysis that evaluated 
individual deep grey matter atrophy rates further underscored this by showing that 
the atrophy rates in none of the deep grey matter regions differed between patients 
with PMS and stable RRMS. Although overall deep grey matter atrophy remained 
stable, the caudate showed a higher rate during the converting phase. Combined 
with the temporal acceleration during this specific disease phase, this may indicate 
a specific pattern of change during the conversion towards PMS, which needs to be 
confirmed in future studies.

Mechanisms behind stable deep and accelerating cortical atrophy during 
disease progression
It has been hypothesized that the central position of deep grey matter structures 
and close proximity to the lesion-prone periventricular white matter, would result in 
a higher chance of white matter lesions impacting these deep grey matter structures, 
through axonal damage and Wallerian or dying-back degeneration.10,31 As such, the 
early atrophy observed in deep grey matter regions in RRMS could be explained 
by the repetitive bouts of inflammation and concomitant axonal demyelination 
and transection typical for the relapsing-remitting stage of the disease.32 Such 
processes could also impact cortical neurodegeneration and a previous study already 
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demonstrated increased numbers of neurons with signs of retrograde degeneration 
in cortical areas adjacent to subcortical white matter lesions.33 Future in vivo studies 
at high field could perhaps investigate the atrophy patterns within specific cortical 
layers. From such studies, it could be expected that the high rate of white matter 
lesion accumulation in early MS would first ‘hit’ the deep cortical layers that connect 
the cortex to regions such as the thalamus. To what degree remains to be evaluated, 
as does the question whether any such process would be sufficiently homogeneous 
to be picked up by conventional MR imaging.

However, this hypothesis would not explain the acceleration of cortical atrophy 
during the less inflammatory and more neurodegenerative progressive phase of the 
disease.34 One explanation could be that pathological processes within the (cortical) 
grey matter itself are primarily responsible for the acceleration in cortical atrophy.32 
These processes have been shown to be more pronounced in PMS32,34 and include 
local microglial activation,35 the presence of B cell follicles in the inner meningeal 
layer covering the cortical surface,36 the formation of cortical lesions,37 as well as 
oxidative stress and the accumulation of mitochondrial damage.32 This is supported 
by a previous histopathology study that demonstrated a gradient of neuronal loss, 
with largest neuronal loss in outer cortical layers in SPMS patients with B-cell follicle-
like structures in their meninges.38 An alternative explanation could be that initial white 
matter tract damage and neuroaxonal loss in deep grey matter regions could lead to 
a ‘second-order network-mediated effect’ on the connected cortical regions.39,40 As 
we did not have information on cortical lesions, the controversial relation between 
cortical lesions and cortical thinning should be explored in future studies using high 
resolution imaging.

Substrates of cognitive decline in clinical phenotypes
Previous studies that have investigated longitudinal MR imaging correlates of cognitive 
decline are sparse, with one study reporting that cognitive decline was related to 
lesion accumulation, grey and white matter atrophy41 and another study showing 
more significant grey matter atrophy in several cortical and deep grey matter regions 
in patients with worsened cognitive functioning over five years.42 Those studies did 
not investigate patients with RRMS and PMS separately, however. In our previous 
study in the same cohort,6 we already demonstrated that the severity of white matter 
integrity damage and deep grey matter atrophy at baseline (cross-sectional) primarily 
predicted future cognitive decline in early RRMS and the severity of cortical atrophy at 
baseline primarily predicted future cognitive decline in late RRMS and PMS. As such, 
we expand upon those findings by longitudinally analyzing changes in MR imaging 
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measures and portraying a progressive shift in the underlying pathological substrate 
of cognitive decline. This shift seems to move from white matter lesions and deep 
grey matter atrophy in the inflammatory RRMS stage towards cortical atrophy in the 
more neurodegenerative progressive stage of the disease. Although cognitive decline 
during each disease stage showed only a single significant pathological correlate, 
a gradual shift in underlying pathology seems a more likely explanation. The shift 
in underlying substrate could also have implications for the cognitive domains that 
are vulnerable for decline during the course of multiple sclerosis. While a reduced 
information processing speed is commonly observed in early multiple sclerosis,43 
more cortically oriented cognitive domains could be especially vulnerable during the 
progressive phase of MS and the selective correlation between cortical atrophy and 
decline on verbal memory and verbal fluency in progressive patients in the current 
study could be an illustration of this.

Although the current results highlight the relevance of accelerating cortical atrophy 
for the accelerated cognitive decline in PMS, it is unclear whether additional factors 
could contribute to this acceleration. Previous research in both MS as well as other 
neurodegenerative diseases has shown that the amount of structural pathology 
necessary to initiate cognitive decline is, on average, higher in more highly educated 
and intellectually enriched individuals.44,45 This higher cognitive reserve45 is thought 
to reflect cognitive resilience against accumulating pathology, and has been 
hypothesized to result from a more efficient brain network.46 In a recent study,47 
we showed that the protective effect of cognitive reserve is largely depleted in 
the presence of widespread grey matter atrophy and this depleted reserve could 
potentially exacerbate the effect of cortical atrophy on cognitive decline, with these 
effects together potentially explaining the high rate of cognitive decline in PMS.

Limitations and future perspectives
Longitudinal MR imaging studies are frequently confronted with scanner upgrades 
which can influence longitudinal measurements.22,48 To effectively deal with this 
challenge, we developed a method to correct for scanner upgrade effects based on 
volumetric changes observed in the HC group. Although not without limitations, such 
as the use of a single correction factor, we think this innovative approach could provide 
a means of effectively dealing with such challenges, enabling the longitudinal study 
of additional existing datasets. This is further underlined by our observed whole-brain 
atrophy rate in HC of -0.25% per year which is comparable to the whole-brain atrophy 
rates of -0.2% to -0.5% per year reported for healthy individuals at age 35 to age 60 
respectively.23 The slightly higher atrophy rate of -0.37% per year in patients with MS 
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is also comparable to the rates of -0.30% per year8 and -0.51% per year49 reported 
previously.

Another limitation is the difficulty to longitudinally assess cognitive change, 
characterized by relatively mild changes over time in a slowly evolving disease 
such as MS and high within subject variability between measurements as well as 
practice effects.50 To address these issues, we focused mostly on the average rate of 
cognitive decline (averaged across cognitive domains) instead of evaluating decline 
on individual domains, thereby markedly reducing the within subject variability as 
illustrated previously.6 Finally, the current study included measures of atrophy and 
lesions only, based on T1-weighted and FLAIR images. To be able to better distinguish 
between network-mediated neurodegenerative processes and pathological processes 
occurring within the cortex itself, future longitudinal studies should also acquire more 
advanced MR imaging sequences. Such acquisitions could include diffusion tensor 
imaging to assess the integrity of white matter tracts, double/phase-sensitive inversion 
recovery imaging to evaluate cortical lesions and the addition of gadolinium to assess 
leptomeningeal enhancement. In addition, the acquisition of MR images at higher 
spatial resolution, for example using higher field strength MR imaging, could improve 
atrophy assessment in individual cortical layers as well as improve segmentation of 
notoriously hard to segment regions such as the nucleus accumbens and cerebellum.

CONCLUSIONS

To conclude, in a large longitudinally followed cohort of patients with MS, we 
showed that the annual rate of deep grey matter atrophy was stable between 
clinical phenotypes, while a marked acceleration in the annual rate of cortical 
atrophy occurred in progressive compared to relapsing-remitting MS. Importantly, 
this accelerating cortical degeneration was also related to an accelerating cognitive 
decline in progressive MS. In contrast, cognitive decline in relapsing-remitting patients 
and in patients that converted to progressive MS during follow-up was related to an 
increase in lesion volume and deep grey matter atrophy respectively. Future studies 
should further investigate whether network-guided or local pathological processes 
primarily drive the acceleration of cortical neurodegeneration in progressive MS and 
delineate neuroprotective treatment targets that could slow or even halt this process 
to preserve cognitive function.
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