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Highlights

Six out of ten cortical thickness patterns had significantly lower loadings in •	
patients with MS than in healthy controls. The largest loading differences 
corresponded to patterns involving the bilateral temporal pole and 
bilateral posterior cingulate cortex. 

Several patterns showed stronger correlations with clinical disability •	
than global atrophy. The pattern involving the posterior cingulate cortex 
showed strong correlations with cognitive dysfunction. 

The results of this study suggest that cortical atrophy in MS largely occurs •	
in a non-random manner and develops (at least partly) according to 
distinct anatomical patterns. 
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Abstract

Introduction
Grey matter atrophy is common in multiple sclerosis. However, in contrast with other 
neurodegenerative diseases, it is unclear whether grey matter atrophy in multiple sclerosis 
is a diffuse ‘global’ process or develops, instead, according to distinct anatomical patterns. 
Using source-based morphometry we searched for anatomical patterns of co-varying cortical 
thickness and assessed their relationships with white matter pathology, physical disability and 
cognitive functioning. 

Methods
MRI was performed at 3 Tesla in 208 patients with long-standing multiple sclerosis (141 
females; age = 53.7 ± 9.6 years; disease duration = 20.2 ± 7.1 years) and 60 age and sex matched 
healthy controls. Spatial independent component analysis was performed on cortical thickness 
maps derived from 3D T1-weighted images across all subjects to identify co-varying patterns. 
The loadings, which reflect the presence of each cortical thickness pattern in a subject, were 
compared between patients with multiple sclerosis and healthy controls with generalized 
linear models. Stepwise linear regression analyses were used to assess whether white matter 
pathology was associated with these loadings and to identify the cortical thickness patterns 
that predict measures of physical and cognitive dysfunction. 

Results
Ten cortical thickness patterns were identified, of which six had significantly lower loadings in 
patients with multiple sclerosis than in controls: the largest loading differences corresponded 
to the pattern predominantly involving the bilateral temporal pole and entorhinal cortex, 
and the pattern involving the bilateral posterior cingulate cortex. In patients with multiple 
sclerosis, overall white matter lesion load was negatively associated with the loadings of these 
two patterns. The final model for physical dysfunction as measured with Expanded Disability 
Status Scale (EDSS) score (adjusted R2 = 0.297; p < 0.001) included the predictors age, overall 
white matter lesion load, the loadings of two cortical thickness patterns (bilateral sensorimotor 
cortex and bilateral insula) and global cortical thickness. The final model predicting average 
cognition (adjusted R2 = 0.469; p < 0.001) consisted of age, the loadings of two cortical 
thickness patterns (bilateral posterior cingulate cortex and bilateral temporal pole), overall 
white matter lesion load and normal-appearing white matter integrity. Although white matter 
pathology measures were part of the final clinical regression models, they explained limited 
incremental variance (to a maximum of 4%). 

Conclusion
Several cortical atrophy patterns relevant for multiple sclerosis were found. This suggests that 
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Introduction 

In the past years, grey matter atrophy in multiple sclerosis has been recognized as a crucial 
component of the disease (1,2). Grey matter atrophy is present early in the disease (3,4), differs 
across clinical subtypes (5,6), is more pronounced in men (7), and shows stronger associations 
with clinical (especially cognitive) dysfunction than the well-known white matter pathology 
(8–12). 

Despite the recognition of multiple sclerosis being (partly) a neurodegenerative disease, 
the underlying mechanisms largely remain to be elucidated (13). A first attempt to unravel 
the pathological substrate of grey matter atrophy was made by a recent post-mortem study, 
showing that MRI-measured grey matter atrophy in multiple sclerosis in particular consists 
of neuronal and axonal loss (14). Whether this is driven by primary grey matter damage, 
or is secondary to white matter pathology as suggested by several MRI-studies (15–18), is 
unknown. Furthermore, in contrast with other neurodegenerative diseases, it is not known 
whether grey matter atrophy in multiple sclerosis is a more diffuse ‘global’ process or develops, 
instead, according to distinct anatomical patterns. Some studies have attempted to address this 
question by investigating the temporal and spatial evolution of grey matter atrophy in multiple 
sclerosis using longitudinal voxel-based morphometry, but the results were inconsistent and 
the studies were often limited by relatively small sample sizes (19–22). 

Therefore, in this study, we aimed to investigate whether grey matter atrophy in multiple 
sclerosis follows specific patterns. We addressed this question using source-based morphometry 
(23), a rather novel method that has the unique capability to decompose grey matter maps 
into separate distinct co-varying grey matter atrophy patterns. Furthermore, we investigated 
whether these patterns were associated with demographic, imaging and clinical measures. 

Methods and materials

Subjects

The institutional ethics review board approved the study protocol and subjects gave written 

cortical atrophy in multiple sclerosis occurs largely in a non-random manner and develops 
(at least partly) according to distinct anatomical patterns. In addition, these cortical atrophy 
patterns showed stronger associations with clinical (especially cognitive) dysfunction than 
global cortical atrophy.



130

Chapter 3.3

informed consent prior to participation. The patients had been diagnosed with clinically 
definite multiple sclerosis (24), and were recruited if they had a disease duration of at least 
10 years. Included patients had a known disease course, which was confirmed on the day of 
scanning (25) and disease severity was measured using the Expanded Disability Status Scale 
(EDSS) (26). Healthy control subjects were included to allow for comparison of the imaging 
measures in the patients with multiple sclerosis with control values. A full description of 
the cohort, recruitment and eligibility procedure can be found elsewhere (10,27,28). The 
subjects and imaging data used in the current work were all taken from the cohort described 
in those previous studies. Source-based morphometry was not used in those previous studies 
which investigated more conventional measures of grey matter atrophy and white matter 
pathology. 

Neuropsychological evaluation 

The majority of the subjects received extensive neuropsychological evaluation to assess 
cognitive performance. As described previously the examination consisted of the Brief 
Repeatable Battery of Neuropsychological tests (29), the concept shifting test (CST), the 
Stroop color-word test and the memory comparison test (MCT) (10). Based on the scores of 
the healthy controls, Z-scores were computed and combined into seven cognitive domains: 
attention (Stroop), executive functioning (CST and Word List Generation test), information 
processing speed (Symbol Digit Modalities test (SDMT)), psychomotor speed (CST and 
SDMT), visuospatial memory (Spatial Recal Test), verbal memory (Selective Reminding Test) 
and working memory (MCT). Finally, a single subject-wise measure for average cognition 
was calculated by averaging the Z-scores of the individual domains.

Magnetic resonance imaging

Scanning was performed on a 3 Tesla whole body scanner (General Electric Signa HDxt, 
Milwaukee, WI, USA) using an eight-channel phased-array head coil. The protocol included 
a 3D T1-weighted fast spoiled gradient recalled echo sequence (repetition time 7.8 ms, echo 
time 3 ms, inversion time 450 ms, flip angle 12º, sagittal 1.0 mm slices, 0.94 × 0.94 mm2 in-
plane resolution) for volumetric measurements and a 3D fluid attenuated inversion recovery 
sequence (repetition time 8000 ms, echo time 125 ms, inversion time 2350 ms, sagittal 1.2 mm 
slices, 0.98 × 0.98 mm2 in-plane resolution) for lesion detection. Furthermore, 2D echo-
planar diffusion tensor images (repetition time 13000 ms, echo time 86 ms, 2.4 mm slices, 
2.0 × 2.0 mm2 in-plane resolution) were acquired, including 30 volumes with noncollinear 
diffusion gradients (b-value 900 s/mm2) and 5 volumes without diffusion weighting. 
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Whole brain MRI measures

A description on white matter lesion segmentation and quantification of whole-brain 
measures was presented previously (27,28). In short, white matter lesions were automatically 
segmented using kNN-TTP (30), white matter lesion volume was measured and normalized 
for head size resulting in normalized lesion volume (NLV). LEAP was used to minimize 
the impact of hypointense lesions on atrophy measurements (31). Normalized whole-brain 
(NBV), grey matter (NGMV) and white matter (NWMV) volumes were then computed using 
the filled T1-weighted image and SIENAX (part of FSL, http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/). 
The FMRIB Diffusion Toolbox (part of FSL) was used to fit the diffusion tensor and compute 
the fractional anisotropy (FA) map for each subject. The white matter and lesion masks were 
co-registered to diffusion tensor imaging space using boundary based registration (part of 
FSL) in order to compute the average FA in the normal-appearing white matter (FANAWM) as a 
measure of white matter integrity.

Analysis of cortical thickness patterns: source-based morphometry

Source-based morphometry uses spatial independent component analysis to decompose local 
grey matter variation across subjects into sources of common variance (23). This technique 
has previously been used to study co-varying grey matter patterns in various neuro(psycho)-
logical disciplines, for instance related to normal ageing (32), schizophrenia (33) and 
Parkinson’s disease (34). 

Source-based morphometry requires that the individual subject data are normalized into 
a common spatial template. Previous studies employed voxel-based spatial normalization 
methods for this purpose; however, it is important to note that these studies were performed 
in subjects that have limited global atrophy. In the presence of severe co-occurring white 
matter atrophy, such as in long-standing multiple sclerosis, voxel-based spatial normalization 
methods were found to perform suboptimal: even after nonlinear spatial normalization the 
data were frequently misaligned with the template (details not shown). Therefore, a vertex-wise 
approach was employed that solved the alignment problem because the spatial normalization 
was forced to follow the shape of the cortex. For this purpose, each subject’s lesion-filled T1-
weighted image was processed using the FreeSurfer 5.3 processing stream to determine the 
cortical thickness (35,36) as discussed in previous work (28). The cortical thickness maps 
of each subject were registered to the FreeSurfer ‘fsaverage’-template and smoothed using a 
Gaussian kernel with a FWHM of 10 mm prior to further analysis. 

Source-based morphometry was then performed on the spatially normalized and smoothed 
cortical thickness maps. For each subject, the vertex-wise cortical thickness values of both 
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hemispheres were concatenated into a single row vector and the vectors of all subjects were 
concatenated into a 2D matrix (size: number of subjects * number of vertices). The average 
subject-wise cortical thickness was removed from the data by demeaning the rows of this 
matrix: the vector that was used for demeaning (i.e., the vector that contained subject-
wise average cortical thickness values) was stored as a measure of global cortical atrophy. 
Spatial independent component analysis was then performed on this 2D matrix containing 
the vertices of all subjects. This approach enables post-hoc statistical comparison of the 
subject-wise loadings between patients and controls corresponding to the co-varying cortical 
thickness patterns. Because of its superior performance in structural imaging applications 
(37), the Infomax algorithm (38) was selected to perform spatial independent component 
analysis. Before decomposition, principal component analysis was performed to reduce 
dimensionality of the data. In this study, the number of dimensions was set to 10 after 
exploratory analyses. Then, the reduced matrix was fed into the independent component 
analysis algorithm that decomposed the data into a mixing matrix (size: number of subjects * 
number of components) and a source matrix (size: number of components * number of vertices). 
The values in the columns of the mixing matrix represent the subject-wise loadings (or 
weights) of the corresponding cortical thickness patterns (i.e., sources), and can be seen as 
the degree to which a pattern is present in an individual subject. The values in the rows of the 
source matrix represent the corresponding co-varying cortical thickness patterns, which were 
transferred back to the FreeSurfer ‘fsaverage’-template and normalized to have unit variance 
for visualization purposes. 

From the previous description, it can be inferred that a larger loading for an individual or 
group indicates a stronger representation of the corresponding cortical thickness pattern in 
that individual or group. However, the interpretation of a loading difference depends upon the 
predominant sign of the corresponding cortical thickness pattern. In the current study, the sign 
of each loading and corresponding cortical thickness pattern was inverted when the average 
loading of patients with multiple sclerosis was higher than the average loading of healthy 
controls. This convention implicates that a predominant positive cortical thickness pattern 
with lower loadings in patients with multiple sclerosis than in controls can be interpreted as 
a region that is ‘relatively atrophied’ in patients with multiple sclerosis compared to global 
cortical atrophy, whereas a predominant negative cortical thickness pattern with lower 
loadings in patients with multiple sclerosis can be interpreted as a region that is ‘relatively 
preserved’ in patients with multiple sclerosis. 

Statistical analysis

Statistical analyses of the demographic, clinical and global MRI variables were performed in 
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SPSS 20 (Chicago, IL, USA). Kolmogorov–Smirnov tests and visual inspection of the histogram 
were used to assess normality of the variables. When the variables were normally distributed, 
a multivariate generalized linear model was used to assess group differences. When variables 
were not normally distributed, the Kruskal–Wallis test was used. Results were Bonferroni-
corrected if applicable. P-values < 0.05 were considered statistically significant.

To explore possible associations of white matter pathology with patterns of cortical thickness 
in the patients with multiple sclerosis, partial correlations were computed between NLV and 
FANAWM, and the loadings of each cortical thickness pattern, using age and gender as covariates. 
In addition, stepwise linear regression analyses were performed using the loadings of each 
cortical thickness pattern as dependent variables, NLV and FANAWM as candidate predictors, 
and age and gender as covariates. The regression analyses were repeated in the individual 
clinical subgroups to identify possible differences. 

To explore whether cortical thickness patterns could explain variance in physical and cognitive 
dysfunction, partial correlations were computed between the loadings of each cortical 
thickness pattern and both EDSS and average cognition. Moreover, stepwise linear regression 
analyses were performed using EDSS score and average cognition as dependent variables, the 
loadings as candidate predictors, and age and gender as covariates. To investigate the added 
value of white matter pathology in explaining clinical dysfunction, the regression analyses 
were repeated with NLV and FANAWM as additional candidate predictors.

Results

Demographic, clinical and MRI characteristics

A total of 208 (67% female) patients with multiple sclerosis and 60 (62% female) healthy 
controls were included. Table 1 summarizes the demographic, clinical and descriptive MRI 
data per group. The multiple sclerosis group was relatively old (53.7 ± 9.6 years), had an 
average disease duration of 20.2 (±7.1) years and consisted of 130 patients with relapsing-
remitting, 53 patients with secondary-progressive and 25 patients with primary-progressive 
multiple sclerosis. The patients as a group were older than controls, but relapsing-remitting 
patients were not. Primary- and secondary-progressive patients had higher EDSS scores than 
relapsing-remitting patients. Neuropsychological evaluation was available in 196 patients and 
52 controls. Compared to controls, average cognition was reduced in all clinical subgroups. 
Secondary-progressive patients were found to have worse cognition than those with relapsing-
remitting multiple sclerosis. A detailed discussion on the imaging findings in the current 
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cohort was published previously (10,27,28). In short, compared to controls, patients with 
multiple sclerosis showed decreased NBV, NGMV and NWMV. Grey matter atrophy was 
more pronounced in the progressive groups. Secondary-progressive patients displayed highest 
NLV, while no NLV difference could be detected between relapsing-remitting and primary-
progressive patients. Compared to healthy controls, patients showed decreased white matter 
integrity as measured by FANAWM. 

Cortical thickness patterns

One patient with primary-progressive multiple sclerosis was excluded from the analysis, 
because the average cortical thickness of this subject was much lower than that of the other 
patients and therefore its corresponding (atypical) grey matter pattern highly skewed the 

Table 1. Demographic, clinical and MRI measures.a

HC 
(n = 60)

MS  
(n = 208)

RRMS  
(n = 130)

SPMS  
(n = 53)

PPMS  
(n = 25)

Age, y 50.33 ± 7.08 53.70 ± 9.62** 50.68 ± 9.53 57.00 ± 6.76***||| 62.40 ± 7.66***|||

F/M 37/23 141/67 97/33 34/19 10/15||

Disease duration, y - 20.20 ± 7.08 19.03 ± 6.23 23.05 ± 8.50|| 20.22 ± 6.44

EDSSb - 4.0 (3.0 - 6.0) 3.0 (2.5 - 4.0) 6.0 (4.0 - 7.0) ||| 6.0 (4.5 - 6.5) |||

Average cognition 0.00 ± 0.51 –1.07 ± 1.16*** –0.89 ± 1.21*** –1.41 ± 1.00***| –1.38 ± 0.94***

NBV, L 1.49 ± 0.07 1.41 ± 0.09*** 1.43 ±.0.10*** 1.39 ± 0.08***| 1.41 ± 0.10***

NGMV, L 0.80 ± 0.05 0.75 ± 0.06*** 0.76 ± 0.06* 0.73 ± 0.05***|| 0.74 ± 0.07***|

NWMV, L 0.70 ± 0.03 0.66 ± 0.05*** 0.66 ± 0.05*** 0.66 ± 0.05*** 0.67 ± 0.04

LV, mL - 11.24  
(3.92–20.5)

9.70  
(3.86–19.26)

13.93  
(3.76–25.56)

12.49  
(6.03–16.06)

NLV, mLb - 18.09  
(9.93 - 29.67)

16.80  
(8.58 - 26.81)

24.65  
(15.92 - 41.50) ||

15.24  
(9.35 - 28.50)

FANAWM 0.39 ± 0.02 0.37 ± 0.03*** 0.37 ± 0.03*** 0.36 ± 0.02***|| 0.37 ± 0.02**

Abbreviations: MS = multiple sclerosis; RRMS = relapsing-remitting multiple sclerosis; SPMS = secondary-
progressive multiple sclerosis; PPMS = primary-progressive multiple sclerosis; EDSS = Expanded Disability Status 
Scale; NBV = normalized brain volume; NGMV = normalized grey matter volume; NWMV = normalized white 
matter volume; LV = lesion volume; NLV = normalized lesion volume; FA = fractional anisotropy; NAWM = normal-
appearing white matter. 

a Values listed are mean ± standard deviation for normally distributed variables, p-values were Bonferroni-
corrected where applicable.  
b Variables were not normally distributed and therefore median (inter quartile range) is provided. 

*p < 0.05, **p < 0.01 and ***p < 0.001 (compared with healthy controls) 

|p < 0.05, ||p < 0.01 and |||p < 0.001 (compared with RRMS )
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analysis. Ten cortical thickness patterns were identified from the spatially normalized and 
smoothed cortical thickness maps. Most patterns showed a distinct, non-random, and 
symmetric localization, ranging from patterns associated with sensorimotor areas (pattern 
6) to patterns that overlap with regions associated with the default mode network (pattern 
5) and limbic system (patterns 4, 7 and 8). When comparing the loadings of these cortical 
thickness patterns, 6 out of 10 were significantly decreased in patients with multiple sclerosis 
compared to controls. The cortical thickness patterns and a comparison of their loadings are 
presented in Figure 1 and Table 2. 

Compared with healthy controls, patients showed the largest decreases in terms of t-statistic 
in the loadings of patterns 4, 10 and 5 (see Table 2). Additionally, patients with multiple 
sclerosis showed a decrease of global cortical thickness. In a direct comparison with relapsing-
remitting patients, secondary-progressive patients displayed decreased loadings of pattern 4 
(p = 0.005), and a trend to decreased loadings of patterns 2 and 6 (p = 0.077 and p = 0.055, 
respectively). Primary-progressive patients showed decreased loadings of pattern 6 compared 
with relapsing-remitting patients (p = 0.020).

Associations between white matter pathology and cortical thickness patterns

Table 3 displays the stepwise linear regression results of white matter pathology measures 
predicting the loadings of each cortical thickness pattern in patients with multiple sclerosis. 
When comparing with those in healthy controls (for whom the regression analysis was 
performed only based on FANAWM, due to the absence of white matter lesions), the models 
in patients with multiple sclerosis showed clear differences in terms of selected white matter 
predictors and amount of explained variance for global cortical thickness and patterns 2, 4 
and 5. Notably, only in two patterns (4 and 5, respectively) NLV showed a clear contribution 
to the model. 

We repeated these stepwise linear regression analyses for the clinical subgroups (see 
Supplementary Table 1). Clear differences between clinical subgroups were observed in the 
models for global cortical thickness and patterns 4 and 5: 1) as opposed to relapsing-remitting 
and primary-progressive patients, white matter pathology measures did not contribute 
to the model for global cortical thickness in patients with secondary-progressive multiple 
sclerosis; 2) as opposed to relapsing-remitting and primary-progressive patients, NLV did 
not contribute to the model for pattern 4 in patients with secondary-progressive multiple 
sclerosis; and 3) in the progressive subgroups, NLV had a notably stronger contribution 
to the models for pattern 5 (standardized β = –0.464, p = 0.003 in secondary-progressive 
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Figure 1. Vertex-wise cortical thickness patterns identified by source-based morphometry. 
Each row displays the loadings and the corresponding co-varying cortical thickness 
pattern with |Z|>2.5: red-yellow colors correspond to regions that show pronounced 
cortical atrophy when compared to the amount of global atrophy (i.e., these vertices have 
a positive value in the source matrix), while blue-light blue colors correspond to regions 

(continued)
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that are ‘relatively preserved’ compared to the amount of global atrophy (i.e., these vertices 
have a negative value in the source matrix). The asterisks indicate the significance of the 
difference between patients with multiple sclerosis and healthy controls, where *p < 0.05, 
**p < 0.01 and ***p < 0.001.

Table 2. Vertex-wise cortical thickness patterns identified by independent component 
analysis and group-wise comparisons of the corresponding loadings.a

Summary of clusters according to the Desikan-Killiany atlas
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Global Global cortical atrophy 6.115 *** *** *** ***

Pattern 1 Atrophy of the bilateral superior frontal gyrus, medial side 
▼ L Superior frontal gyrus, medial side, extending into the paracentral 
gyrus (Z = 3.441, 592 mm2)
▼ R Insula (Z = 3.972, 142 mm2)
▼ R Superior frontal gyrus, medial side (Z = 3.625, 1443 mm2)
▼ R Paracentral gyrus (Z = 2.903, 111 mm2)

1.466

Pattern 2 Atrophy of the bilateral supramarginal cortex, extending into the 
inferior division of the postcentral gyrus and atrophy of the left 
middle temporal gyrus
▼ L Supramarginal cortex, extending into the inferior division of the 
postcentral gyrus (Z = 4.375, 1120 mm2)
▼ L Middle temporal gyrus (Z = 3.665, 555 mm2)
▼ L Superior temporal gyrus, posterior division (Z = 3.359, 197 mm2)
▼ R Insula (Z = 3.738, 125 mm2)
▼ R Inferior parietal gyrus (Z = 3.261, 113 mm2)
▼ R Supramarginal gyrus (Z = 3.222, 392 mm2)
▼ R Postcentral gyrus, inferior division (Z = 3.195, 123 mm2)

2.642 ** ** *

Pattern 3 Relative preservation of the bilateral insula
▲ L Insula (Z = –7.075, 1264 mm2)
▲ L Medial orbitofrontal gyrus (Z = –3.971, 122 mm2)
▲ R Insula (Z = –6.952, 1011 mm2)

1.620

Pattern 4 Atrophy of the bilateral temporal pole and entorhinal cortex
▼ L Temporal pole, extending into the entorhinal cortex (Z = 11.115, 
1685 mm2)
▼ R Entorhinal cortex, extending into the temporal pole (Z = 10.051, 
1398 mm2)

6.316 *** ** *** **

(caption Figure 1 continued)

(continued)
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Pattern 5 Atrophy of the bilateral posterior cingulate, extending into 
isthmus cingulate and lingual cortex
▼ L posterior cingulate, extending into the isthmus cingulate and 
lingual cortex (Z = 9.784, 1153 mm2)
▲ L Insula (Z = –4.290, 121 mm2)
▼ L Lingual cortex (Z = 3.832, 151 mm2)
▼ R posterior cingulate, extending into the isthmus cingulate, lingual 
and parahippocampal cortex (Z = 8.653, 1008 mm2)
▲ R Temporal pole (Z = –4.130, 221 mm2)
▼ R Parahippocampal cortex, anterior division (Z = 3.449, 168 mm2)

4.552 *** ** *** **

Pattern 6 Atrophy of the sensorimotor cortex
▼ L Precentral gyrus, laterosuperior division (Z = 6.200, 1129 mm2)
▼ L Postcentral gyrus (Z = 4.129, 779 mm2)
▼ L Precentral gyrus, inferior division (Z = 3.165, 120 mm2)
▼ R Precentral gyrus, laterosuperior division, extending into the 
paracentral gyrus (Z = 5.214, 1001 mm2)
▼ R Postcentral gyrus (Z = 4.041, 529 mm2)
▲ R Middle temporal gyrus (Z = –3.107, 120 mm2)
▲ R Inferior temporal gyrus (Z = –2.847, 107 mm2)

0.329

Pattern 7 Atrophy of the bilateral parahippocampal gyrus
▼ L Parahippocampal gyrus (Z = 9.800, 1119 mm2)
▲ L Inferiortemporal (and fusiform) gyrus, anterior division 
(Z = –5.121, 331 mm2)
▼ R Parahippocampal gyrus (Z = 8.354, 1627 mm2)
▼ R Lateral orbitofrontal cortex, extending into the insula (Z = 3.416, 
118 mm2)

0.196

Pattern 8 Relative preservation of the bilateral frontal pole extending into 
the medial orbitofrontal gyrus 
▲ L Insula, extending into the inferior division of the lateral 
orbitofrontal gyrus (Z = –5.232, 200 mm2)
▲ L Frontal pole, extending into the medial orbitofrontal gyrus 
(Z = –4.679, 2579 mm2)
▲ R Frontal pole, extending into the medial orbitofrontal gyrus 
(Z = –5.040, 2832 mm2)
▲ R Lateral orbitofrontal gyrus, inferior division, extending into the 
insula (Z = –4.112, 232 mm2)

2.599 * *

Pattern 9 Relative preservation of the right anterior cingulate
▲ L Lateral oribitofrontal gyrus (Z = –3.925, 129 mm2)
▼ L Superior temporal gyrus, anterior division (Z = 3.540, 199 mm2)
▲ R Caudal anterior cingulate, extending into the rostral anterior 
cingulate (Z = –9.988, 1672 mm2)
▼ R Superior temporal gyrus, anterior division (Z = 4.848, 485 mm2)
▲ R Insula (Z = –2.873, 108 mm2)

2.387 *

(Table 2 continued)

(continued)
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patients and standardized β = –0.605, p = 0.001 in primary-progressive patients versus 
standardized β = 0.290, p = 0.001 in relapsing-remitting patients). 

Associations between cortical thickness patterns and measures of white matter pathology 
with clinical dysfunction 

Table 4 displays the stepwise linear regression results of cortical thickness patterns predicting 
measures of physical and cognitive dysfunction. Higher EDSS scores were associated with 
older age, reduced global cortical thickness, reduced loadings of patterns 6, 4 and 7, and 
increased loadings of pattern 3, explaining 28.6% of the variance. After adding NLV and 
FANAWM as candidate predictors, higher EDSS scores were predicted by older age, higher NLV, 
reduced loadings of pattern 6, increased loadings of pattern 3 and reduced global cortical 
thickness, only explaining 1.1% additional variance. Reduced average cognition was predicted 
by reduced loadings of patterns 5, 4, 1 and 9, older age and reduced global cortical thickness, 
explaining 42.8% of the variance (see Table 4). An exploratory analysis revealed that in general 
the same patterns were selected as predictors for reduced performance of individual cognitive 
domains, explaining 42.1% of the variance in information processing speed, and around 25% 
of the variance in the other cognitive domains, except working memory (11.3%). Both NLV 
and FANAWM were added to the model after adding them as candidate predictors for average 
cognition, but global cortical thickness was removed. This model explained 4.1% additional 
variance. 

Pattern 10 Relative preservation of the left anterior cingulate
▲ L Caudal anterior cingulate, extending into the rostral anterior 
cingulate (Z = –18.639, 1593 mm2)
▼ L Entorhinal cortex (Z = 4.896, 150 mm2)
▼ R Entorhinal cortex (Z = 4.277, 120 mm2)

4.902 *** *** ***

Abbreviations: MS = multiple sclerosis; RRMS = relapsing-remitting multiple sclerosis; SPMS = secondary-
progressive multiple sclerosis; PPMS = primary-progressive multiple sclerosis.

a The first line of each row summarizes the corresponding pattern. Then clusters with |Z|>2.5 and size > 100 mm2 
are listed, ordered by hemisphere and maximum Z-value. ▼ indicates regions with atrophy (i.e., loading < 
0, Z>0), ▲ indicates regions that are relatively preserved (i.e., loading < 0, Z < 0). The indicated Z-values are 
absolute maximum Z-values of the clusters. 

*p < 0.05, **p < 0.01 and ***p < 0.001 (compared with healthy controls)

(Table 2 continued)
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Table 3. Stepwise linear regression of white matter pathology measures predicting the 
loadings of cortical thickness patterns in healthy controls and patients with multiple 
sclerosis.a

Adjusted R2 P-value NLV FANAWM Age Gender

Global 
   HC 
   MS

0.080
0.294

0.035
 < 0.001

-
–0.172***

-
0.328***

–0.197
–0.239***

0.244
0.157*

Pattern 1
  HC
  MS

0.108
0.092

0.014
 < 0.001

-
-

-
0.288***

0.103
0.027

0.372**
0.220**

Pattern 2
  HC
  MS

0.087
0.187

0.028
 < 0.001

-
-

-
0.287***

–0.202
–0.301***

0.252*
0.122

Pattern 3
  HC
  MS

0.081
0.097

0.028
 < 0.001

-
-

-
0.205**

–0.170
0.029

0.266*
0.306***

Pattern 4
  HC
  MS

0.099
0.199

0.032
 < 0.001

-
–0.442***

–0.364**
-

–0.065
–0.073

0.097
0.061

Pattern 5
  HC
  MS

0.060
0.134

0.065
 < 0.001

-
–0.366***

-
-

–0.230
–0.028

0.192
0.110

Pattern 6
  HC
  MS

0.031
0.038

0.154
0.013

-
0.152*

-
-

–0.218
–0.156*

0.101
0.092

Pattern 7
  HC
  MS

0.149
0.082

0.004
 < 0.001

-
-

-
-

0.348**
0.212**

0.288*
0.218**

Pattern 8
  HC
  MS

0.215
0.159

0.001
 < 0.001

-
-

0.295*
0.333***

–0.098
0.004

–0.338**
–0.191**

Pattern 9
  HC
  MS

0.149
0.088

0.007
 < 0.001

-
-

0.340*
0.287***

0.137
–0.059

–0.232
–0.064

Pattern 10
  HC
  MS

0.149
0.160

0.007
 < 0.001

-
-

0.340*
0.406***

0.137
0.057

–0.232
–0.048

Abbreviations: HC = healthy controls; MS = multiple sclerosis; NLV = normalized lesion volume; FA = fractional 
anisotropy; NAWM = normal-appearing white matter.

a The first column displays the adjusted R2 of the model, the second column displays the significance of the 
F-statistic, and the other columns display the standardized betas of the predictors included in the respective 

(continued)



141

Cortical atrophy patterns in MS

3

models, where *p < 0.05, **p < 0.01 and ***p < 0.001. Highlighted rows display patterns with remarkable 
differences between patients with MS and healthy controls in terms of explained variance and selected 
predictors. 

Supplementary Table 1. Stepwise linear regression of white matter pathology measures 
predicting the loadings of cortical thickness patterns in healthy controls and clinical 
subgroups.a

Adjusted R2 P-value NLV FANAWM Age Gender

Global
  HC 
  RRMS 
  SPMS 
  PPMS 

0.080
0.393
0.082
0.244

0.035
 < 0.001
0.044
0.035

-
–0.319**
-
–0.425*

-
0.308**
-
-

–0.197
–0.278***
–0.166
–0.289

0.244
0.094
0.319*
0.257

Pattern 1
  HC 
  RRMS 
  SPMS 
  PPMS 

0.108
0.074
0.237
–0.024

0.014
0.005
0.001
0.495

-
-
-
-

-
0.305***
0.377**
-

0.103
–0.044
0.324*
–0.003

0.372**
0.172
0.266*
0.256

Pattern 2
  HC 
  RRMS 
  SPMS 
  PPMS 

0.087
0.160
0.208
0.313

0.028
 < 0.001
0.002
0.014

-
-
–0.455***
-

-
0.206*
-
0.117**

–0.202
–0.359***
–0.156
–0.096

0.252*
0.060
0.081
0.193

Pattern 3
  HC 
  RRMS 
  SPMS 
  PPMS 

0.081
0.119
0.019
0.170

0.034
 < 0.001
0.230
0.055

-
-
-
-

-
0.243**
-
-

–0.170
–0.081
0.090
0.014

0.266*
0.353***
0.212
0.488*

Pattern 4
  HC 
  RRMS 
  SPMS 
  PPMS 

0.099
0.212
0.070
0.256

0.032
 < 0.001
0.088
0.030

-
–0.478***
–0.319*
–0.455*

–0.364**
-
-
-

–0.065
–0.041
–0.112
0.273

0.097
0.007
0.035
0.156

Pattern 5
  HC 
  RRMS 
  SPMS 
  PPMS 

0.060
0.063
0.194
0.275

0.065
0.010
0.003
0.024

-
–0.290**
–0.464**
–0.605**

-
-
-
-

–0.230
–0.005
–0.022
–0.049

0.192
0.103
0.145
–0.096

(caption Table 1 continued)

(continued)
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Discussion

In this work, a rather novel method was applied to detect co-varying anatomical patterns 
of vertex-wise cortical thickness in long-standing patients with multiple sclerosis. Several 
cortical thickness patterns were differently loaded in patients with multiple sclerosis compared 
with healthy controls. The patterns relevant for multiple sclerosis were largely symmetric 
and the degree to which they occurred in patients correlated with clinical (especially 
cognitive) dysfunction. Our results suggest that cortical atrophy patterns in long-standing 

Pattern 6
  HC 
  RRMS 
  SPMS 
  PPMS 

0.031
0.038
0.062
–0.074

0.154
0.031
0.076
0.810

-
-
-
-

-
-
-
-

–0.218
–0.151
0.272*
0.052

0.101
0.184*
–0.189
–0.148

Pattern 7
  HC 
  RRMS 
  SPMS 
  PPMS 

0.149
0.097
0.040
0.092

0.004
0.001
0.135
0.139

-
-
-
-

-
-
-
-

0.348**
0.286***
0.129
0.265

0.288*
0.156
0.232
0.248

Pattern 8
  HC 
  RRMS 
  SPMS 
  PPMS 

0.215
0.142
0.145
0.241

0.001
<.001
0.013
0.021

-
-
-
-

0.295*
0.365***
0.365**
-

–0.098
–0.032
0.027
–0.185

–0.338**
–0.083
–0.204
–0.470*

Pattern 9
  HC 
  RRMS 
  SPMS 
  PPMS 

0.149
0.062
0.079
–0.011

0.007
0.012
0.072
0.430

-
-
-
-

0.340*
0.241**
0.341*
-

0.137
–0.023
–0.107
–0.252

–0.232
–0.098
0.032
0.064

Pattern 10
  HC 
  RRMS 
  SPMS 
  PPMS 

0.149
0.072
0.287
0.347

0.007
0.006
 < 0.001
 < 0.001

-
-
-
-

0.340*
0.282**
0.518***
0.563**

0.137
0.022
0.164
–0.120

–0.232
–0.063
–0.171
0.259

Abbreviations: HC = healthy controls; RRMS = relapsing-remitting multiple sclerosis; SPMS = secondary-
progressive multiple sclerosis; PPMS = primary-progressive multiple sclerosis; NLV = normalized lesion volume; 
FA = fractional anisotropy; NAWM = normal-appearing white matter.

a The first column displays the adjusted R2 of the model, the second column displays the significance of the 
F-statistic, and the other columns display the standardized betas of the predictors included in the respective 
models, where *p < 0.05, **p < 0.01 and ***p < 0.001. 

(Table 3 continued)
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multiple sclerosis are largely non-random, which could guide emerging concepts of disease 
pathophysiology. 

Motivated by the observation that in multiple sclerosis, in contrast to other neurodegenerative 
diseases, the characteristics of grey matter atrophy are largely unknown, we investigated 
whether grey matter atrophy in multiple sclerosis is a more diffuse ‘global’ process or develops, 
instead, according to clearly distinct anatomical patterns. Source-based morphometry was 
used to decompose cortical thickness maps of patients with long-standing multiple sclerosis 
in ten individual cortical thickness patterns. Most of these patterns showed a distinct, non-
random, and symmetric localization, ranging from patterns associated with sensorimotor 

Table 4. Stepwise linear regression of clinical and cognitive dysfunction in patients with 
multiple sclerosis.

Cortical thickness loadings Cortical thickness loadings and white matter 
pathology 

Model summary and 
selected predictors

Standardized β of 
selected predictors

Model summary and 
selected predictors

Standardized β of 
selected predictors

ED
SS

 s
co

re

Adj. R2 = 0.286, p < 0.001
   Global thickness
   Pattern 6
   Pattern 4
   Pattern 3
   Pattern 7

   Age
   Gender

–0.227***
–0.198**
–0.168**
 0.158*
–0.143*

 0.302***
–0.026

Adj. R2 = 0.297, p < 0.001
   NLV
   Pattern 6
   Pattern 3
   Global thickness

   Age
   Gender

 0.258***
–0.209***
 0.204**
–0.168*

 0.277***
–0.091

Av
er

ag
e 

co
gn

iti
on

Adj. R2 = 0.428, p < 0.001
   Pattern 5
   Pattern 4
   Pattern 1
   Global thickness
   Pattern 9

   Age
   Gender

 0.312***
 0.270***
 0.162**
 0.149*
 0.143*

–0.224***
0.044

Adj. R2 = 0.469, p < 0.001
   Pattern 5
   Pattern 4
   NLV
   FANAWM

   Pattern 1
   Pattern 9

   Age
   Gender

 0.235***
 0.207***
–0.166*
 0.159*
 0.140*
 0.112*

–0.251***
 0.108

Abbreviations: EDSS = Expanded Disability Status Scale; NLV = normalized lesion volume; FA = fractional 
anisotropy; NAWM = normal-appearing white matter.

*p < 0.05, **p < 0.01 and ***p < 0.001
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areas to patterns that overlap with regions associated with the limbic system and default mode 
network. Comparing the loadings of the patterns between patients with multiple sclerosis 
and healthy controls revealed several cortical atrophy patterns that were relevant for multiple 
sclerosis. Moreover, some of these patterns showed more clinical relevance than global cortical 
atrophy. 

The patterns that showed most pronounced cortical atrophy in patients with multiple sclerosis 
were located in the bilateral posterior cingulate cortex (pattern 5) and the bilateral temporal 
pole (pattern 4). Additionally, the latter pattern was the only that showed significantly more 
atrophy in secondary-progressive than in relapsing-remitting patients. These results are in 
line with previous findings in the same cohort that were obtained with vertex-wise group 
comparisons (28), and confirm several previously published studies reporting that multiple 
sclerosis grey matter atrophy occurs in regions associated with the limbic system and default 
mode network (12,39–41). Some patterns, particularly those located in the bilateral anterior 
cingulate cortex, highlighted cortical regions that were relatively preserved in patients with 
multiple sclerosis (i.e., pattern 9 and 10), suggesting that these regions show less atrophy than 
the global average. Although consistent with our previous results in the same cohort (28), the 
value of this finding remains to be elucidated because the literature on this point provides 
inconsistent results (39,40). 

Specific cortical atrophy patterns show a different relationship with white matter 
pathology

Consistent with recent literature (18), white matter integrity (as measured by FANAWM) evolved 
as the strongest white matter predictor for most cortical atrophy patterns in multiple sclerosis. 
A clearly different association was observed for the patterns that showed largest differences in 
patients with multiple sclerosis compared to controls: those located in the bilateral temporal 
pole and the bilateral posterior cingulate cortex (patterns 4 and 5, respectively) were strongly 
associated with overall white matter lesion load and not with white matter integrity. Moreover, 
for these patterns, the analysis of the clinical subgroups revealed remarkable additional 
differences. Firstly, the association between white matter pathology and cortical atrophy in 
the bilateral temporal pole was only significant in the patients with relapsing-remitting and 
primary-progressive multiple sclerosis, but not in the secondary-progressive patients. This 
is consistent with the literature suggesting that grey matter atrophy may be ‘driven’ by white 
matter pathology (15,17,18,42) and with our previously published work (in the same cohort) 
suggesting that grey matter atrophy occurs largely independent of white matter pathology in 
secondary-progressive patients (27,28). However, secondly, in contrast to these studies, the 
association between white matter pathology and cortical atrophy in the bilateral posterior 
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cingulate cortex was much stronger in patients with secondary-progressive and primary-
progressive multiple sclerosis than in relapsing-remitting patients. Although longitudinal 
studies are necessary to validate this finding, this suggests that the posterior cingulate cortex, 
in contrast to other cortical areas, remains sensitive to white matter pathology throughout the 
course of the disease.

Cortical atrophy patterns are clinically relevant

Lastly, we investigated the clinical relevance of the cortical thickness patterns. Linear regression 
analysis revealed that physical dysfunction, as measured by higher EDSS scores, was predicted 
by increased overall lesion load, atrophy of the bilateral sensorimotor cortex, atrophy of the 
insula and global atrophy. Given the sensitivity of EDSS to motor dysfunction, it is irrefutable 
that atrophy of the sensorimotor cortex was selected as the strongest cortical predictor, despite 
the absence of an absolute difference in loadings between patients with multiple sclerosis 
and controls. The association between physical dysfunction and atrophy in the sensorimotor 
cortex has been reported in various previous studies (12,17,39,43). Cognitive dysfunction (in 
particular information processing speed) was most strongly predicted by the cortical atrophy 
patterns corresponding to the bilateral posterior cingulate cortex and bilateral temporal pole 
(i.e., the patterns that showed largest group-wise differences). Both regions are known to play 
an important role in cognitive dysfunction in multiple sclerosis (44–46). Moreover, a recent 
study by Louapre et al. showed that atrophy of the posterior cingulate cortex was the strongest 
predictor for disconnection of specific links in the default mode network of cognitively 
impaired patients with multiple sclerosis. Based on these findings, the authors suggested that 
disconnection in the default mode network may deprive the compensatory mechanism that 
patients with multiple sclerosis use to face the widespread structural damage in the brain 
(47). Finally, it is important to note that, when including white matter pathology measures as 
candidate predictors, they were part of all final models, in particular at the expense of global 
cortical thickness (lower standardized β or elimination from the model). However, although 
white matter pathology measures became part of the final models, they explained limited 
incremental variance. It should be noted that only basic measures of white matter pathology 
were included to prevent additional complexity in this study which focussed on cortical 
thickness patterns. Future studies may include more advanced and/or regional measures 
of white matter pathology, such as damage in white matter tracts connected to the cortical 
patterns.

Potential role of network hubs in grey matter atrophy

The current study does not explain why non-random cortical atrophy patterns were observed 



146

Chapter 3.3

in multiple sclerosis. Based on our results, we hypothesize that, after white matter lesions 
have initially ‘driven’ local grey matter atrophy in anatomically connected regions (15–18,28), 
atrophy in these primary affected regions may lead to a ‘second-order effect’ that causes atrophy 
in other anatomically connected grey matter areas. This would explain why the cortical atrophy 
patterns were mostly located in cortical regions known as ‘network hubs’ in the brain (e.g., 
posterior cingulate, temporal and limbic areas): due to their central position in the structural 
network these regions are particularly sensitive to atrophy and pathology elsewhere in the 
brain (48,49). Moreover, such a model could also explain the nonlinear development of grey 
matter atrophy that is observed in multiple sclerosis (6) and the much weaker relationship 
between grey matter atrophy and white matter pathology that was previously observed in the 
patients with progressive multiple sclerosis (27,28). 

Some limitations apply to this work. Although the relapsing-remitting patients were well 
matched on age, the whole patient group was older than the control group. To prevent 
an unwanted influence of age on the study outcomes, we included age as covariate in the 
regression analyses. A second limitation is the exclusion of subcortical and cerebellar grey 
matter from the current work. Indeed, it is not unlikely that certain specific cortical atrophy 
patterns are related to (or even driven by) early atrophy in specific subcortical and cerebellar 
areas. Moreover, from previous studies in this cohort it is known that atrophy in these areas 
(also including the cervical cord) are strong predictors for clinical dysfunction (10,50). 
Therefore, future studies should incorporate these areas provided that the registration to the 
common spatial template can be ascertained and is not affected by co-occurring white matter 
atrophy. Third, despite the vertex-wise analysis, we cannot rule out that white matter atrophy 
might have had an influence on our results. Although all FreeSurfer segmentations were 
checked for errors, there may still be differences between subjects with or without widened 
sulci due to white matter atrophy. We do not know whether this preferentially affects the 
results of certain cortical regions. Regional inaccuracies in cortical thickness measurements 
could be investigated and possibly be incorporated in the analysis. Fourth, although the effect 
of (juxta)cortical lesions on cortical atrophy is limited (51–53), it cannot be ruled out that 
(juxta)cortical lesions have had some influence on the results (54).

In conclusion, several cortical atrophy patterns relevant for multiple sclerosis were found. This 
suggests that cortical atrophy in multiple sclerosis occurs largely in a non-random manner 
and develops (at least partly) according to distinct anatomical patterns. In addition, these 
cortical atrophy patterns showed stronger associations with clinical (especially cognitive) 
dysfunction than global cortical atrophy. 
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