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Abstract

Background 
Cognitive deficits are common in multiple sclerosis (MS). Most previous studies investigating 
the imaging substrate of cognitive deficits in MS included patients with relatively short disease 
durations and were limited to one modality/brain region. 

Objective 
To identify the strongest neuroimaging predictors for cognitive dysfunction in a large cohort 
of patients with long-standing MS.

Methods 
Extensive neuropsychological testing and multimodal 3.0 Tesla MRI was performed in 202 
MS patients and 52 controls. Cognitive scores were compared between groups using Z-scores. 
Whole-brain, white matter (WM), gray matter (GM), deep GM (DGMV) and lesion volumes; 
cortical thickness, (juxta)cortical and cerebellar lesions; and extent and severity of diffuse 
WM damage were measured. Stepwise linear regression was used to identify the strongest 
predictors for cognitive dysfunction. 

Results 
All cognitive domains were affected in patients. Patients showed extensive atrophy, focal 
pathology, and damage in up to 75% of the investigated WM. Associations between imaging 
markers and average cognition were two times stronger in cognitively impaired patients than 
in preserved patients. The final model for average cognition consisted of DGMV and FA 
severity (adjusted R² = 0.490; p < 0.001).

Conclusion 
From all imaging markers, DGM atrophy and diffuse WM damage emerged as the strongest 
predictors for cognitive dysfunction in long-standing MS.
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Introduction

Cognitive deficits occur in up to 65% of patients with multiple sclerosis (MS) and greatly 
influence daily functioning (1). They occur early in the disease course (2) and are more 
pronounced in progressive clinical subtypes (3). However, the large variety of cognitive 
deficits in MS is poorly understood. 

Magnetic resonance imaging (MRI) studies investigating the imaging substrate of cognitive 
dysfunction showed associations with various markers, including white matter (WM) (2,4) 
and cortical lesions (5,6); whole-brain (4,7), cerebellar (8), deep gray matter (DGM) (9,10) 
and cortical atrophy (11,12); and normal-appearing WM (NAWM) damage (13,14). Most of 
these studies were limited to a single modality or brain region, and investigated patients with a 
relatively short disease duration, which makes it hard to discern the importance of individual 
measures. Only a few studies took a more multi-parametric approach and investigated the 
relationship with multiple imaging markers (5,11,15). These studies underlined the complex 
substrate of cognitive dysfunction in MS and emphasized the need for more comprehensive 
approaches, investigating a wide spectrum of different and complementary imaging 
markers. 

Therefore, we aimed to identify the strongest predictors from a large set of imaging markers 
known to be associated with cognitive dysfunction in MS. Imaging markers included measures 
of global and regional atrophy, focal pathology and WM integrity. We addressed this question 
in a large, well-described sample of long-standing MS patients to maximize contrast and 
generalizability of the results.

Materials and methods

Subjects

The study was approved by the institutional medical ethics committee and all subjects gave 
written informed consent. Patients were diagnosed with clinically definite MS(16) and 
recruited from our clinical MS database if they had a minimum disease duration of 10 years 
from onset. On the day of the MRI and neuropsychological examination, physical disability 
was assessed using the Expanded Disability Status Scale (EDSS) (17), and disease course was 
confirmed as being either relapsing-remitting (RR), secondary-progressive (SP) or primary-
progressive (PP) (18). Fifty patients (24.8%) used disease-modifying therapy (DMT), 
including beta-interferon (n = 33), glatiramer (n = 8) and fingolimod (n = 9). Healthy controls 
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were recruited to compare cognitive and imaging measures. A full description of the cohort, 
recruitment and eligibility procedure can be found elsewhere (19). Subjects were excluded if 
no neuropsychological evaluation was available or received steroid treatment in the six weeks 
prior to participation. As potential confounders for cognitive functioning, depression, anxiety 
and fatigue were assessed using the Hospital Anxiety and Depression Scale (HADS-A and 
HADS-D) (20), and the Checklist of Individual Strength (CIS–20) questionnaire (21).

Neuropsychological evaluation

Cognitive performance was assessed using a comprehensive set of neuropsychological tests, 
including the Brief Repeatable Battery of Neuropsychological tests (BRB-N) (22), concept 
shifting test (CST), Stroop color-word test and the memory comparison test (MCT), except 
the PASAT that was excluded due to its known learning effects. Seven cognitive domains were 
evaluated, including executive functioning (CST and Word List Generation test (WLG)), 
verbal memory (Selective Reminding Test (SRT)), information processing speed (Symbol 
Digit Modalities test (SDMT)), visuospatial memory (Spatial Recall Test (SPART)), working 
memory (MCT), attention (Stroop) and psychomotor speed (CST; SDMT). For each of 
the domains, the raw test scores were converted into Z-scores based on the control scores. 
Subsequently, a subject-wise average cognition score was calculated by averaging the Z-scores 
of the cognitive domains (10). Patients scoring at least 2 standard deviations below the average 
of controls in two or more domains were classified as cognitively impaired (CI). The other 
patients were classified as cognitively preserved (CP).

MR Imaging

Imaging was performed on a 3.0 Tesla whole body system (GE Signa HDxt, Milwaukee, WI, 
USA) using an eight-channel phased array head coil. The MRI protocol included a 3D T1-
weighted fast spoiled gradient recalled echo (FSPGR) sequence (repetition time (TR) 7.8 ms, 
echo time (TE) 3 ms, inversion time (TI) 450 ms, 12° flip angle (FA), sagittal 1.0 mm slices, 
0.94 × 0.94 mm2 in-plane resolution) for volumetric measurements, a 3D fluid attenuated 
inversion recovery image (FLAIR; TR 8000 ms, TE 125 ms, TI 2350 ms, sagittal 1.2 mm 
slices, 0.98 × 0.98 mm2 in-plane resolution) for WM lesion detection and a 3D Double 
Inversion Recovery (DIR; TR 8000 ms, TE 125 ms, TI 498/2100 ms, sagittal 1.2 mm slices, 
1.12 × 1.12 mm2 in-plane resolution) sequence for (juxta)cortical and cerebellar lesion 
detection. Lastly, 2D echo-planar diffusion tensor images (DTI; TR 13000 ms, TE 86 ms, 
2.4 mm slices, 2.0 × 2.0 mm2 in-plane resolution) were acquired, including 30 volumes with 
non-collinear diffusion gradient directions (b-value 900 s/mm2) and 5 volumes without 
diffusion weighting. 
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Lesion detection and structural segmentation

A description of WM lesion and atrophy measurements was published previously (19). In 
short, WM lesions were automatically segmented, quantified and normalized for head size 
resulting in normalized lesion volume (NLV). Normalized whole-brain (NBV), GM (NGMV) 
and WM (NWMV) volumes were computed using the T1-weighted image and SIENAX (part 
of FSL 5.0.4, http://www.fmrib.ox.ac.uk/fsl) after lesion filling (23). 

Deep GM volumes were quantified using FIRST (also part of FSL), providing segmentations 
of the nucleus accumbens, amygdala, caudate, hippocampus, globus pallidus, putamen and 
thalamus. The bilateral volumes were measured and normalized for differences in head 
size. Cortical thickness (CTh) and cerebellar volumes were measured using the FreeSurfer 
5.1 processing stream. Cortical segmentations were manually checked and re-run if errors 
occurred. Cerebellar volumes were normalized for head size, resulting in normalized 
cerebellar volume (NCbV). 

The number of (juxta)cortical and cerebellar lesions was obtained from the DIR images which 
were reformatted to axial 3 mm thick slices. Two raters (MD and MDS) scored the lesions in 
consensus according to recently published guidelines (24).

Analysis of diffuse white matter tissue damage

Tract-based spatial statistics (TBSS; also part of FSL) was employed to quantify the extent 
and severity of diffuse WM damage (25). In short, DTI images were corrected for head 
movement and eddy current distortions using FMRIB’s Diffusion Toolbox (FDT; part of FSL), 
the diffusion tensors were fitted, and fractional anisotropy (FA), mean (MD), axial (AD) and 
radial diffusivity (RD) were calculated. Then, TBSS was performed to align the FA data of all 
subjects into a common space. The mean FA image was thresholded at 0.2 and skeletonized. 
Each subjects’ FA, MD, AD and RD maps were projected onto this skeleton, and analyzed to 
obtain extent and severity of damage for each diffusion metric as follows: 

The extent of damage was initially calculated per group, after investigating group 1. 
differences in the diffusion metrics of the mean WM skeleton using randomise (part of 
FSL; using 500 permutations, threshold-free cluster enhancement, and a family wise error 
corrected threshold of p < 0.05, correcting for age, gender and educational level). For 
each diffusion metric, the extent of damage was defined as the percentage of abnormal 
voxels in the WM skeleton compared to controls. 

The severity of damage was calculated per subject, by converting the voxel-wise diffusion 2. 
metrics in the skeleton to Z-scores based on controls. For each subject and diffusion 
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metric separately, the Z-scores in the skeleton were averaged, indicating the severity of 
WM damage. 

The extent of relatively severe damage per subject was quantified by counting the 3. 
individual voxelwise Z-scores exceeding the threshold of p < 0.001 (Z ≤ –3.1 for FA 
and Z ≥ 3.1 for MD, AD and RD) compared to controls. The number of voxels was log-
transformed for further analysis. 

Statistical analysis

SPSS 20.0 (Chicago, IL, USA) was used for statistical analyses. Kolmogorov–Smirnov tests 
and visual histogram inspection were used to assess normality of the variables. A general 
linear model was used to assess group differences when variables were normally distributed, 
and the Mann–Whitney or Kruskal–Wallis test was used otherwise. Bonferroni-correction 
was applied where applicable and p-values  < 0.05 were considered statistically significant. 

To screen for correlates of cognitive functioning, Pearson partial correlations were calculated 
in patients between average cognition and imaging markers. Significant correlates of average 
cognition were subsequently used as candidate predictors in a stepwise linear regression analysis. 
Age, gender and educational level were entered as covariates in all analyses. Educational level 
(range 1–7) was binarized using a median split. We did not statistically correct for disability as 
we aimed to identify the strongest MRI predictors for cognitive dysfunction, and correcting 
might remove factors that are important for cognitive dysfunction. 

Results

Demographic, clinical and MRI characteristics

A total of 202 (67.8% female) patients and 52 (57.7% female) controls were included. Table 1 
summarizes the demographic, clinical and MRI data. Patients were on average 53.63 ± 9.70 
years old and had a disease duration of 20.14 ± 6.99 years. Educational level and gender were 
comparable between groups, but patients were slightly older than controls. The patient group 
consisted of 127 RRMS, 51 SPMS and 24 PPMS patients. Seventy-eight (38.6%) patients were 
classified as CI, of which 49 female (35.8% of all women) and 29 male (44.6% of all men). The 
CI MS patients were older than the healthy controls and the CP MS patients. 

Compared to controls, patients had significantly higher scores on measures of anxiety, 
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Table 1. Demographic, clinical and MRI measures of healthy controls, MS patients and the 
cognitively preserved and impaired patient group.a

HC 
(n = 52)

MS  
(n = 202)

Cognitively 
preserved 
(n = 124)

Cognitively 
impaired  
(n = 78)

Age, y 50.63 ± 7.03 53.63 ± 9.70* 51.30 ± 9.78 57.22 ± 8.45***|||

Gender, F/M 30/22 137/65 88/36 49/29

Disease duration, y - 20.14 ± 6.99 19.14 ± 6.29 21.73 ± 7.80|

Education, 1–7 5.0 ± 1.8 4.7 ± 1.7 4.8 ± 1.7 4.5 ± 1.8

EDSS score - 4.0 (3.0–6.0) 3 (2.5–4.5) 4 (3.5–6.5)|||

HADS-A 3 (2–5) 4 (3–6)*  4 (3–6) 4 (3–7)

HADS-D 1 (0–2) 3 (1–6)*** 2.5 (1–5)*** 3 (1–7)***

CIS–20 34 (27.5–48.0) 78 (57.0–91.5)*** 73 (50.0–88.0)*** 83 (69.0–99.0)***||

NBV, L 1.49 ± 0.07 1.42 ± 0.09*** 1.45 ± 0.75* 1.37 ± 1.00***|||

NGMV, L 0.79 ± 0.05 0.76 ± 0.06*** 0.78 ± 0.49 0.73 ± 0.61***|||

NWMV, L 0.70 ± 0.03 0.66 ± 0.05*** 0.67 ± 0.40** 0.65 ± 0.49***|||

NLV, mL - 18.09  
(9.94–28.88)

14.92  
(8.55–23.77)

24.49  
(13.85–43.32)|||

NCbV, L 0.18 ± 0.02 0.17 ± 0.02*** 0.17 ± 0.01 0.16 ± 0.02***|||

NDGMV, mL
  Accumbens
  Amygdala
  Caudate
  Hippocampus
  Pallidum
  Putamen
  Thalamus

63.18 ± 4.68
1.30 ± 0.20
3.92 ± 0.56
9.23 ± 1.05
10.26 ± 1.06
4.73 ± 0.54
12.95 ±  1.10
20.78 ± 1.60

57.46 ± 6.70***
1.11 ± 0.29***
3.65 ± 0.54**
8.36 ± 1.13***
9.40 ± 1.34***
4.37 ± 0.64***
12.07 ± 1.59***
18.50 ± 2.41***

59.53 ± 5.86**
1.19 ± 0.25*
3.75 ± 0.55
8.70 ± 1.03**
9.76 ± 1.26*
4.55 ± 0.54
12.53 ± 1.44
19.06 ± 2.03***

54.25 ± 6.78***|||

0.99 ± 0.30***|||

3.51 ± 0.50***||

7.84 ± 1.11***|||

8.85 ± 1.29***|||

4.09 ± 0.69***|||

11.35 ± 1.60***|||

17.62 ± 2.70***|||

No. of cortical lesions - 9 (3–21) 6 (2–17) 12 (5–28)||

No. of cerebellar lesions - 1 (0–3) 1 (0–3) 1 (0–4)

Cortical thickness, mm 2.56 ± 0.10 2.47 ± 0.10*** 2.49 ± 0.10*** 2.42 ± 0.10***|||

Severity 
  FA 
  MD 
  AD 
  RD

0.00 ± 0.30
0.00 ± 0.32
0.00 ± 0.20
0.00 ± 0.33

–0.43 ± 0.45***
0.48 ± 0.55***
0.16 ± 0.26***
0.56 ± 0.62***

–0.31 ± 0.35***
0.38 ± 0.46***
0.15 ± 0.24**
0.42 ± 0.49***

–0.61 ± 0.52***|||

0.66 ± 0.64***|||

0.19 ± 0.28***
0.80 ± 0.74***|||

Extent 
  FA 
  MD 
  AD 
  RD

1.53 ± 0.45 
2.51 ± 0.37 
2.34 ± 0.35 
2.48 ± 0.33

2.89 ± 0.69*** 
3.42 ± 0.53*** 
3.16 ± 0.48*** 
3.42 ± 0.55***

2.70 ± 0.57*** 
3.28 ± 0.48***
3.04 ± 0.42***
3.27 ± 0.50***

3.19 ± 0.76***|||

3.63 ± 0.53***|||

3.35 ± 0.51***|||

3.65 ± 0.56***|||

Abbreviations: HC = healthy control; MS = multiple sclerosis; EDSS = Expanded Disability Status Scale; 

(continued)
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depression and fatigue. Compared to the CP MS patients, only fatigue was more severe in the 
CI MS patients (see Table 1). 

Cognition

Compared to controls, patients showed worse performance on all cognitive domains (see 
Table 2 and Figure 1). Information processing speed, working memory and psychomotor 
speed were the most impaired domains. Compared to RRMS, the progressive patient groups 

HADS = Hospital Anxiety and Depression Scale (A; anxiety; D: depression); CIS–20 = checklist individual 
strength (fatigue) questionnaire; NBV = normalized brain volume; NGMV = normalized gray matter volume; 
NWMV = normalized white matter volume; NLV = normalized brain lesion volume; NCbV = normalized cerebellar 
volume; NDGMV = normalized deep gray matter volume; FA = fractional anisotropy; MD = mean diffusivity; 
AD = axial diffusivity; RD = radial diffusivity.

a Value of mean ± standard deviation or median (inter quartile range)

*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 cognitively preserved patients)

Table 2. Cognitive scores for controls and patients.a

HC 
(n = 52)

MS patients 
(n = 202)

RRMS 
 (n = 127)

SPMS  
(n = 51)

PPMS  
(n = 24)

Exec. functioning 0.00 ± 0.73 –1.11 ± 1.74*** –0.92 ± 1.94** –1.39 ± 1.31*** –1.55 ± 1.16**

Verbal memory 0.00 ± 0.90 –0.55 ± 1.17** –0.38 ± 1.17 –0.93 ± 1.16***| –0.72 ± 1.05

Inform. processing 0.00 ± 1.01 –1.49 ± 1.42*** –1.21 ± 1.45*** –1.94 ± 1.32***|| –2.08 ± 1.04***|

Visuospatial memory 0.01 ± 1.01 –0.55 ± 1.19** –0.47 ± 1.23 –0.78 ± 1.15** –0.48 ± 1.10

Working memory 0.00 ± 0.81 –1.42 ± 1.80*** –1.16 ± 1.90*** –2.01 ± 1.61***| –1.65 ± 1.16**

Attention –0.01 ± 0.68 –0.71 ± 1.15*** –0.67 ± 1.15** –0.72 ± 1.21** –0.88 ± 1.06*

Psychomotor speed 0.00 ± 0.76 –1.39 ± 1.62*** –1.11 ± 1.73*** –1.83 ± 1.58***| –1.96 ± 1.13***

Average cognition 0.00 ± 0.51 –1.04 ± 1.14*** –0.86 ± 1.20*** –1.38 ± 0.97***| –1.35 ± 0.85***

Cognitive scores of healthy controls, patients and the different clinical subtypes corrected for age, gender and 
educational level. 

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

a Values are mean ± standard deviation

*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)

(caption Table 1 continued)



221

Multi-parametric MRI and cognitive dysfunction in MS

4
showed more pronounced cognitive dysfunction, however this was only significant in the 
SPMS patients.

Lower average cognition was found in male patients compared to male controls (–1.25 ± 0.13 
vs –0.10 ± 0.09, respectively; p < 0.001) and female patients compared to female controls 
(–0.99 ± 0.10 vs 0.08 ± 0.10, respectively; p < 0.001). Within patients, men had lower verbal 
memory Z-scores (covariate gender; p = 0.048). Within controls, men tended to have worse 
executive functioning (p = 0.056). Within the CP MS patients, men had lower Z-scores on 
executive functioning (p = 0.004), information processing speed (p = 0.043), working memory 
(p = 0.003), psychomotor speed (p = 0.017) and average cognition (p = 0.004) than females. 
No gender differences were found in the CI MS patients. 

Brain atrophy and lesions

An extensive description on the whole-brain findings in the total patient group was published 
before (19,26). In short, compared to controls, patients displayed significantly lower NBV, 
NGMV, NWMV, NDGMV, CTh and NCbV (see Table 1). Compared to the CP MS patients, 
the CI MS patients showed significantly lower NBV, NGMV, NWMV, NDGMV, CTh and 
NCbV. In addition, the CI MS patients displayed significantly higher NLV, more (juxta)
cortical lesions and lower cortical thickness compared to the CP MS patients.

Figure 1. Differences between patients and healthy controls on all cognitive domains. 
Corrected for gender, age and educational level.
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Figure 2. Group-wise extent of white matter damage: healthy controls (HC) vs patients 
with multiple sclerosis (MS). Compared to controls, patients showed reduced fractional 
anisotropy (FA), and increased mean (MD), axial (AD) and radial diffusivity (RD) in 
respectively 74%, 67%, 34% and 75% of the investigated white matter.



223

Multi-parametric MRI and cognitive dysfunction in MS

4

Diffusion changes

Group-wise extent of WM damage
Compared to controls, patients showed significantly reduced FA, and increased MD, AD and 
RD in respectively 74%, 67%, 34% and 75% of the investigated WM (see Figure 2). The CI MS 
patients showed most pronounced WM damage (79%, 63%, 32% and 79% of the investigated 
WM respectively), but damage was also present in the CP MS patients (62%, 56%, 29% and 
65% of the investigated WM). In a direct comparison with the CP MS patients, the CI MS 
patients showed significantly reduced FA, and increased MD, AD and RD in respectively 
60%, 35%, 10% and 48% of the investigated WM (see Figure 3). These differences were mostly 
located in the corpus callosum, anterior thalamic radiations and juxtacortical brain regions. 

Subject-wise severity and extent of WM damage
Compared to controls, patients showed abnormal severity for all diffusion metrics (see 
Table 1). These abnormalities were also present when comparing the cognitive phenotypes to 
controls. Compared to the CP MS patients, the CI MS patients displayed significantly more 
severe damage in FA, MD and RD, but not AD. 

Compared to controls, patients showed abnormal extent for all diffusion metrics. These 
abnormalities were also present when comparing the cognitive phenotypes to controls. 
Compared to the CP MS patients, the CI MS patients showed a significantly larger extent of 
damage of all diffusion metrics.

Relation between cognitive functioning and brain pathology in MS patients

Average cognition showed significant partial correlations with all imaging markers. The 
strongest correlations were observed with NDGMV (see Figure 4) and FA severity (see 
Table 3). In addition, correlations were found with FA extent, NBV, NLV, (juxta)cortical 
lesions, CTh, NCbV and cerebellar lesions. 

In general, the CI MS patients showed two-fold stronger correlations between average 
cognition and imaging markers than the CP MS patients (see Table 3). Correlations between 
average cognition and NCbV and CTh were only significant within the CI MS patients. In both 
groups, the thalamus showed most prominent associations with average cognition compared 
to the other DGM structures. 

Within the individual domains, imaging markers showed the strongest correlations with 
information processing speed, executive functioning and working memory. A weak correlation 
was observed with visuospatial memory (see Supplementary Table 1).
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Figure 3. Group-wise extent of white matter damage: cognitively preserved (CP) vs 
cognitively impaired (CI) MS patient group. Compared to the cognitively preserved MS 
patients, the cognitively impaired MS patients showed reduced fractional anisotropy (FA), 
and increased mean (MD), axial (AD) and radial diffusivity (RD) in respectively 60%, 35%, 
10% and 48% of the investigated white matter. 
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Predicting cognitive function from brain pathology in MS patients

Based on the partial correlations, NLV, (juxta)cortical lesions, NDGMV, NCbV, CTh and 
WM damage (FA severity) were used as candidate predictors for the regression model. 

Table 3. Partial correlations between average cognition and MR variables in the total 
patient group, cognitively preserved and impaired patients (corrected for age, gender and 
educational level).

Total patient group Cognitively preserved 
patients

Cognitively impaired 
patients

NBV 0.548*** 0.284** 0.576***

NGMV 0.496*** 0.256** 0.514***

NWMV 0.507*** 0.237** 0.576***

NLV –0.499*** –0.278** –0.514*** 

NCbV 0.349*** ns 0.411***

NDGMV 
  Accumbens
  Amygdala
  Caudate 
  Hippocampus 
  Pallidum 
  Putamen 
  Thalamus

0.583***  
0.458*** 
0.376*** 
0.488*** 
0.497***
0.525*** 
0.502*** 
0.518***

0.326*** 
0.273** 
0.188* 
0.251** 
0.303** 
0.265** 
0.246** 
0.306** 

0.640*** 
0.472*** 
0.448***
0.527*** 
0.519*** 
0.537*** 
0.536*** 
0.564*** 

Cerebellar lesions –0.185* ns ns

Cortical lesions –0.403*** –0.228* –0.404*** 

Cortical thickness 0.365*** ns 0.415*** 

Severity
  FA
  MD
  AD
  RD

0.584***
–0.488***
–0.243**
–0.552***

0.337***
–0.284**
ns
–0.318***

0.619*** 
–0.534*** 
–0.298** 
–0.590***

Extent 
  FA
  MD
  AD
  RD

–0.561***
–0.484***
–0.493*** 
–0.514***

–0.284** 
–0.269** 
–0.279** 
–0.281** 

–0.628*** 
–0.547*** 
–0.543*** 
–0.580*** 

Abbreviations: NBV = normalized brain volume; NGMV = normalized gray matter volume; NWMV = normalized 
white matter volume; NLV = normalized brain lesion volume; NCbV = normalized cerebellar volume; 
NDGMV = normalized deep gray matter volume; FA = fractional anisotropy; MD = mean diffusivity; AD = axial 
diffusivity; RD = radial diffusivity; ns = not significant.

*p < 0.05, **p < 0.01 and ***p < 0.001
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The final model (adjusted R² = 0.490; F = 38.633; p < 0.001) consisted of FA severity 
(standardized β = 0.323; t = 4.476; p < 0.001) and NDGMV (standardized β = 0.317; t = 4.456; 
p < 0.001). The covariates also contributed to the model: older age (standardized β = –0.246, 
t = –4.769, p < 0.001), lower education (standardized β = 0.173, t = 3.332, p = 0.001) and 
male sex (standardized β = 0.158, t = 2.949, p = 0.004) were associated with worse cognition. 
Repeating the analysis while replacing FA severity with FA extent resulted in a similar model, 
but explained slightly less variance (adjusted R² = 0.461; F = 34.519; p < 0.001).

Discussion

This study aimed to investigate the individual contribution of a wide spectrum of imaging 
markers on cognitive dysfunction in a large cohort of long-standing MS patients. With this 
approach, we attempted to overcome limitations of previous studies investigating a limited 
number of imaging markers in relation to cognitive dysfunction. Studying this specific group 
of patients, we observed a broad distribution of cognitive scores, DGM volumes and WM 
integrity (also within the CI and CP groups). We therefore feel confident with generalizing 
our results. Our results showed that DGM atrophy and diffuse WM damage are the strongest 

Figure 4. Example of differences in deep gray matter volume between subjects. Example 
of A) an healthy control with a high (74.80 mL) normalized deep gray matter volume 
(NDGMV) and an average cognition score of 0.71, and B) an MS patient with a low 
(35.84 mL) NDGMV and an average cognition score of –4.48.
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predictors for cognitive dysfunction, whereas the role of conventional imaging measures was 
limited. 

Patients performed worse on all cognitive domains compared to controls. In line with 

Supplementary Table 1. Partial correlations between individual cognitive domains and 
MR variables in the total patient group (corrected for age, gender and educational level).

Executive 
function-
ing

Verbal 
memory

Informa-
tion pro-
cessing

Visu-
ospatial 
memory

Working 
memory

Atten-
tion

Psycho-
motor 
speed

NBV 0.440*** 0.346*** 0.477*** 0.273*** 0.443*** 0.364*** 0.395***

NGMV 0.394*** 0.301*** 0.455*** 0.265*** 0.398*** 0.304*** 0.367***

NWMV 0.414*** 0.335*** 0.414*** 0.233** 0.409*** 0.366*** 0.355***

NLV –0.412*** –0.389*** –0.383*** –0.228** –0.388*** –0.334*** –0.343***

NCbV 0.284*** 0.223** 0.320*** ns 0.290*** 0.236** 0.284***

NDGMV 
  Accumbens
  Amygdala
  Caudate 
  Hippocampus 
  Pallidum 
  Putamen 
  Thalamus

0.453***
0.326***
0.317***
0.393***
0.379***
0.408***
0.393***
0.395***

0.431***
0.361***
0.280***
0.330***
0.398***
0.363***
0.393***
0.371***

0.505***
0.400***
0.347***
0.425***
0.466***
0.466***
0.399***
0.443***

0.265***
0.194**
0.199**
0.230**
0.218**
0.162*
0.201**
0.269***

0.474***
0.379***
0.323***
0.382***
0.389***
0.451***
0.423***
0.415***

0.411***
0.334***
0.163*
0.323***
0.287***
0.411***
0.380***
0.402***

0.432***
0.322***
0.316***
0.349***
0.382***
0.399***
0.343***
0.391***

Cerebellar lesions –0.180* ns –0.157* ns ns –0.182* –0.189**

Cortical lesions –0.299*** –0.237** –0.406*** –0.146* –0.288*** –0.279*** –0.244**

Cortical thickness 0.292*** 0.261*** 0.320*** 0.181* 0.311*** 0.211** 0.256***

Severity
  FA
  MD
  AD
  RD

0.473***
–0.408***
–0.230**
–0.453***

0.407***
–0.337***
–0.170*
–0.381***

0.444***
–0.359***
–0.155*
–0.415***

0.234**
–0.174*
ns
–0.214**

0.510***
–0.451***
–0.233**
–0.504***

0.416***
–0.325***
ns
–0.376***

0.381***
–0.300***
ns
–0.346***

Extent
  FA
  MD
  AD
  RD

0.444*** 
–0.395***
–0.411** 
–0.413***

–0.472***
–0.423***
–0.421***
–0.444***

–0.466***
–0.400***
–0.410***
–0.426***

–0.216**
–0.146*
–0.144*
–0.176*

–0.439***
–0.375***
–0.398***
–0.395***

–0.392***
–0.341***
–0.330***
–0.365***

–0.403***
–0.343***
–0.358***
–0.365***

Abbreviations: NBV = normalized brain volume; NGMV = normalized gray matter volume; NWMV = normalized 
white matter volume; NLV = normalized brain lesion volume; NCbV = normalized cerebellar volume; 
NDGMV = normalized deep gray matter volume; FA = fractional anisotropy; MD = mean diffusivity; AD = axial 
diffusivity; RD = radial diffusivity; ns = not significant.

*p < 0.05, **p < 0.01 and ***p < 0.001
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previous studies, information processing speed was most severely affected (1,27) and cognitive 
dysfunction was more pronounced in men (10). An interesting aspect of this cohort is the long 
disease duration. The affected cognitive domains (i.e., executive functioning, information 
processing speed, working memory and psychomotor speed) were identical to those of a 
recently published study investigating patients with a shorter disease duration using similar 
neuropsychological tests (10). This is consistent with previous studies showing that especially 
severity of the impairment tends to increase over the disease course (2).

While previous studies have been inconclusive on the role of (juxta)cortical lesions in 
relation to cognitive impairment (5,28), our results display a stronger association of NLV 
with cognitive dysfunction than (juxta)cortical lesions. In addition, some studies suggest that 
cortical atrophy contributes more to cognitive deficits than whole-brain GM atrophy (29,30). 
Our results did not confirm this: whole-brain atrophy showed a stronger association with 
cognitive dysfunction than cortical atrophy. Our findings are in line with a previous study 
describing a stronger relationship between cognition and DGM structures than with cortical 
GM volume (10).

From the large set of investigated imaging markers, DGM atrophy and WM tissue damage 
were found to be the most important predictors for cognitive dysfunction. This is in line 
with recent studies reporting strong correlations of these markers with cognitive dysfunction 
(10,25). Interestingly, a previous study investigating associations between GM atrophy and 
WM pathology in the same study cohort did not reveal a strong association between DGM 
atrophy and WM integrity (19). Instead, strong relationships between DGM atrophy and WM 
lesion volume, and between cortical thinning and WM integrity were reported. This suggests 
that, despite the prominent association of both with respect to cognition, damage throughout 
the brain is responsible for cognitive dysfunction in MS. 

The pattern of decreased FA (indicating decreased microstructural integrity), and increased 
MD, AD and RD (indicating decreased membrane density, axonal damage and demyelination), 
was described earlier. Of all diffusion metrics, differences in severity of damage in RD were 
most pronounced and differences in extent of severity were comparable for MD and RD 
(31,32). Differences in AD, indicative of axonal loss, were less pronounced. As AD and RD 
are combined in FA, both the less pronounced differences (in AD) and more pronounced 
differences (in RD) are taken into account.

We were able to thoroughly investigate the independent contribution of the different MRI 
parameters on cognitive dysfunction in long-standing MS. More research is required to 
investigate the role of regional cortical atrophy, as whole-cortex measures used here appeared 
to be relatively insensitive. Studies on regional cortical atrophy have demonstrated stronger 
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associations with selective cognitive performance than whole-brain atrophy measures, 
highlighting regions such as the temporal and (pre)frontal cortex (29,33). Apart from cortical 
atrophy, future studies should investigate regional WM atrophy as well, as a previous study 
investigating GM and WM atrophy in relation to neuropsychological dysfunction showed 
an association between WM atrophy and impaired processing speed and working memory, 
while GM atrophy was related to impaired verbal memory (7). Also, earlier studies have 
demonstrated that damage to the corpus callosum results in cognitive impairment, even in 
benign MS (34). Apart from methodological choices, a limitation of our study is the fact that 
patients were slightly older than controls. Therefore, we accounted for the possible effect of 
age by adding age as a covariate in correlation and regression analyses. We did not correct for 
DMT usage because detailed information on DMT history was not available for a large part 
of the patients. Secondly, the CI MS patients showed more fatigue than the CP MS patients. 
Based on existing literature reporting that cognitive impairment also presents independently 
of these factors (35), we believe that a possible influence of fatigue on cognitive dysfunction 
will be limited. Indeed, fatigue did not contribute to the model, after entering fatigue into a 
post-hoc regression analysis. Lastly, due to the cross-sectional nature of our study, we are not 
able to predict which earlier brain changes might induce future cognitive decline. Therefore, 
future longitudinal studies are essential to unravel possible prognostic factors in developing 
cognitive impairment in MS. 

In conclusion, in this cohort of long-standing MS patients, pronounced cognitive dysfunction 
was found in similar domains as found in early MS. Amongst the wide spectrum of investigated 
imaging markers, deep GM atrophy and diffuse WM damage were found to be the strongest 
predictors for cognitive dysfunction. However, the role of conventional measures, such as 
WM lesions, was limited. 
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