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Abstract 

Background: Processing speed (PS) decline is the most commonly observed cognitive deficit in 

people with multiple sclerosis (MS) resulting in a significant impact on quality of life. Despite its 

importance, knowledge of the underlying neural substrates is lacking. 

Objective: As MS is increasingly recognised as a disconnection syndrome, our aim was to carry out a 

systematic literature review to clarify the relationship between PS performance and MRI measures of 

structural and functional brain connectivity in people with MS. 

Search methods: A literature search was carried out on PubMed and Web of Science that included 

publications predating September 2017. Additional articles were added after inspection of the 

reference lists of all selected papers. 

Data extraction: All selected papers were categorised in three sections according to the MRI 

measures investigated, independently or both. Quality assessment was carried out using a 

customised set of criteria. 

Results: Thirty-two articles met the inclusion criteria and were included in the review. Microstructural 

integrity of the anterior corpus callosum and functional connectivity of frontal areas were more 

consistently found to correlate with PS performance, though high variability of findings was observed 

across studies. Several methodological flaws emerged from the reviewed literature. 

Conclusions: Despite the observed trends, no definite conclusions can be drawn on the relationship 

between brain connectivity and PS decline in MS given the limitations of the current literature. Future 

investigations may benefit from theoretical and methodological advances to clarify how MS-related 

brain damage affects patients’ cognition. 
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1. Introduction 

Multiple sclerosis (MS) is an immune mediated disease characterised by an abnormal immune 

response targeting the central nervous system and causing both axonal demyelination and neuronal 

loss. The clinical course is variable, but can be categorised based on the degree of disease activity 

and disability progression rate into relapsing-remitting (RRMS), primary progressive (PPMS) and 

secondary progressive (SPMS) [1]. About 40 to 70% of people with MS experience cognitive 

impairment that may significantly impact both their quality of life and employment [2-5]. The cognitive 

domain that is most consistently affected in MS is processing speed (PS) [6,7]. PS is usually 

assessed by measuring the amount of information processed in a unit of time or the time needed to 

process a given amount of information [8,9]. 

Deficits in PS may have a broad influence on cognitive performance in people with MS. Indeed, 

memory and learning impairment is associated with impaired PS function [10-12]. Similarly, working 

memory and attention functions were predicted by performance in PS tasks that were also observed 

to be the best measure to discriminate people with MS from healthy controls [13-17]. 

Deficits in executive functions [18] and, more specifically, in planning [19,20] and interference 

inhibition on the Stroop test [21,22] are associated with PS across the various clinical courses of MS. 

Several studies investigated the impact of PS decline on cognition in people with MS. It was observed 

that in tasks of working memory [14,23], response inhibition [21], planning [20], task switching [24], 

and attention [25], after statistically controlling for PS performance, the differences between people 

with MS and healthy controls disappeared. 

Despite extensive investigation into cognitive impairment in MS, its relationship with specific aspects 

of neural damage, especially in relation to PS function, is not clear yet. A meta-analysis of seven 

diffusion tensor imaging (DTI) studies found that cognitive decline in general was associated with 

lower fractional anisotropy, i.e. a measure of integrity of structural connectivity, in various tracts 

involved in different cognitive functions [26]. Another meta-analysis of thirty-nine studies [27] showed 

a strong correlation between measures of cognitive PS, namely the Paced Auditory Serial Addition 

Test (PASAT) and the Symbol-Digit Modalities Test (SDMT), and indices of white matter (WM) lesion 

volume and atrophy. However, most of the reviewed studies were carried out on samples of patients 

with mixed MS phenotypes using MRI measures that are global indicators of neurodegeneration and 

not linked to functionally defined brain regions. Only one study investigated the association between 
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MS lesion location and cognitive impairment and found that lesions occurred with greater frequency in 

the splenium and forceps major of the corpus callosum in cognitively impaired patients [28]. 

MS is increasingly recognised as a “disconnection syndrome” where widespread WM damage 

hampers communication between brain regions in a non-selective manner [29-35]. In line with this 

view the aim of the present review was to evaluate correlations between PS function in MS and 

measures of structural and functional connectivity. 

 

2. Methods 

A systematic review of neuroimaging studies investigating the relationship between indices of brain 

connectivity and performance on tasks of PS in MS was carried out. The specific aim was to 

summarise the current knowledge about the relationship between breakdown in brain connectivity and 

PS function in people with MS.  

A literature search was undertaken in two online databases: PubMed and Web of Science. Studies 

using DTI and resting-state functional MRI (RS-fMRI) in combination with cognitive PS measures 

were specifically targeted. The exact strings searched are reported in Appendix A – Table A.1. No 

time limits were set and all the papers published up to September 2017 were assessed following the 

steps highlighted in the PRISMA statement (Figure ) [36]. Additional papers from the reference lists of 

the selected articles that had not been identified in the literature searches were also included. After 

removal of duplicates, the full text of the remaining articles was inspected and paper selection was 

performed according to the following exclusion criteria: (1) review articles, (2) theoretical and/or 

modelling papers, (3) papers related to patients with pediatric-onset MS, (4) papers related to 

diseases different from MS, (5) animal studies, (6) biological studies, (7) pharmacological studies, (8) 

papers with no inclusion of PS measures, (9) papers with no use of either DTI or RS-fMRI techniques, 

(10) papers not in English. 
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Figure 1 | Flow chart outlining the study selection process 

 

Papers selected to be included in this review were assessed according to a customised set of criteria, 

adapted from those used by Welton and colleagues [26], that give an indication of their scientific 

quality and to ascertain possible sources of bias. A checklist of twelve questions was created and 

organised in five areas: methodology, clinical characteristics, MRI parameters, statistical analysis and 

results. Particular attention was given to the provision of details about the characterisation of the 

samples recruited and the analyses performed. A point was assigned for each quality criterion 

fulfilled. For the criterion assessing sample composition, 2 points were assigned to studies carried out 

on one or more groups of homogenous MS phenotypes, 1 to studies that included mixed phenotype 

samples, and no points to those reporting no information about phenotypes investigated. Therefore, 

the maximum score that could be achieved was 13 points. For more detailed information about quality 

assessment see Appendix B – Table B.1. 
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3. Results 

A total of 820 papers were identified through online search and review of all the available references. 

Three hundred and forty-two entries were duplicates and the remaining 478 records were fully 

screened for eligibility. Thirty-two papers, all published between 2008 and 2017, met the final 

selection criteria to undergo review. Twenty-three studies reported the use of DTI measures to 

investigate structural connectivity only, 4 studies used RS-fMRI only for functional connectivity, and 5 

studies combined DTI and RS-fMRI. 

A summary of the quality assessment of the reviewed articles is reported in Table 1. Differences in 

the overall quality of papers between the three MRI categories were analysed using the Kruskal-

Wallis test.  The analyses showed the differences to be significant Ȥ2(2) = 6.497, p = .039. After 

applying Dunn's multiple comparisons test, the only difference that remained significant was the one 

between studies using only DTI and those combining DTI with RS-fMRI (p = .035), with the latter 

showing higher scores (Figure 2). More detailed information on the evaluation of each quality criterion 

is reported in Appendix B – Tables B.2-B.4. 

 

Table 1 | Descriptive statistics for the overall study quality assessment, categorised by MRI technique 

MRI technique Median Interquartile 
range 

Minimum Maximum 

DTI 9 4 4 12 

RS-fMRI 10 6 6 12 

DTI and RS-fMRI 12 3 10 13 

 

 

Figure 2 | Differences in the overall quality of reviewed papers               
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These findings show a gap in the overall scientific quality between DTI studies and those combining 

DTI with RS-fMRI measures. Arguably, this may be driven by technological advances and indeed 

studies using RS-fMRI were in general more recent than the DTI ones. However, it is also possible 

that studies combining several MRI techniques might have been more thoroughly designed. It must 

be noted, however, that only a few studies have been carried out with combined methodologies, thus 

making any conclusions not definitive. 

 

3.1. Structural connectivity 

Moderate heterogeneity was seen across studies with respect to sample composition, clinical 

information, analysis techniques, and covariates of no interest (Table 2). In particular, despite the fact 

that the majority of the studies investigated RRMS, eight included patients with different MS clinical 

courses without specific sub-sample analysis [37-44]. Progressive MS was underrepresented, with a 

single study on patients with SPMS [45]. Two papers were published on so-called “benign MS” 

[46,47], while one did not report explicitly the type of MS investigated [48]. 

In general, information on relapses and medications taken at the time of data collection were reported 

by most studies, but comorbidities and the presence or absence of fatigue and depressive symptoms 

were scarcely documented. This, together with lack of clearly stated a priori hypotheses lowered the 

quality of studies using only DTI measures compared to the others reviewed. There was, however, a 

trend towards improvement with better quality studies found in the most recent investigations of 

structural connectivity. 

Statistical analyses were carried out with different approaches, the most common being the 

investigation of one or more regions of interest that was used in fourteen out of twenty-three studies 

[37,38,40,42-44,46,47,49-54]. The definition of the regions of interest was mainly a priori, though 2 

studies defined them according to task-related functional activation [51] and differences in fractional 

anisotropy between MS patients and healthy controls [37]. Eleven out of twenty-three studies did not 

use multiple comparisons correction strategies [37,40,42,44,48-54] and twelve did not control for any 

covariate of no interest [38,39,42-44,48-54]. Among those publications that did, age was always 

included, followed by sex and premorbid cognitive status.
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Table 2. Characteristics of studies on structural connectivity 

Study Sample Age (years)* Duration 
(years)* 

EDSS* PS measure Covariates Analysis Results about correlations 

Lin et al. 2008 [49] 36 RRMS: 
9 CI 
27 CP 
13 HC 

 
37 (7.5) 
37.7 (7.2) 
34 (29-40)† 

 
10 (4.5) 
7.2 (6.4) 

 
3.7 (1.5) 
2.7 (1.2) 

PASAT 3” None ROI of the 
CC 

PASAT 3” negatively correlated with 
apparent diffusion coefficient in the CC 

Roca et al., 2008 
[50] 

12 RRMS 
12 HC 

32.5 (8.0) 
31 (8.5) 

N.R. < 2 PASAT 3” None ROIs: FL, 
FM, OF, 
cingulate  

PASAT 3” positively correlated with FA 
only in the FL region 

Bonzano et al., 
2009 [51] 

23 RRMS 
18 HC 

32.5 (4.2) 
n.r. 

6.9 (3.2) 1.6 (0.8) PVSAT-100 None ROI of the left 
SLF 

PVSAT-100 positively correlated with 
mean FA in the left SLF 

Dineen et al., 2009 
[29] 

41 RRMS 
27 HC 

43.5 (31-56)† 

36.4 (28-55)† 
10.5 (3-28)† 3 (1.5-6.5)† PASAT 3” Age, IQ, 

EDSS 
TBSS PASAT 3” positively correlated with FA in 

the CC, left SLF and cingulum, right ILF, 
and bilateral AF and optic radiations 

Mesaros et al., 
2009 [47] 

54 BMS 
21 HC 

46.4 (35-63)‡ 

45.7 (25-66)‡ 
22.5 (15-39)‡ 1.5 (0-3)‡ PASAT 3” Age, sex ROI of the 

CC 
PASAT 3” positively correlated with 
mean FA and negatively with mean MD 
in the CC 

Roosendaal et al., 
2009 [37] 

30 MS: 
5 CIS 
21 RRMS 
4 SPMS 
31 HC 

40.6 (9.1) 
 
 
 
40.6 (9.9) 

3.6 (3.5) 3 (0-6.5)† LDST Age ROI of 
clusters of 
lower FA:  

MS < HC 

LDST positively correlated with mean FA 
and negatively with mean RD in the left 
body of the CC 

Warlop et al., 2009 
[48] 

15 MS 37.6 (21-49) ‡ 5.1 (3.4) 2.5 (2.2) PASAT 3” 
SDMT 

None Whole brain PASAT 3” not correlated with any 
measure; SDMT negatively correlated 
only with global RD 

Ozturk et al., 2010 
[38] 

69 MS: 
35 RRMS 
20 SPMS 
14 PPMS 
29 HC 

45 (22-66)‡ 

40 (22-58)‡ 
51 (40-66)‡ 
50 (29-66)‡ 
34 (22-63)‡ 

10 (0-42)‡ 

6 (0-22)‡ 
19 (4-37)‡ 
8 (1-42)‡ 

3.5 (0-7)‡ 
3 (0-6)‡ 
6.5 (3.5-7)‡ 
3.5 (1.5-6.5) ‡ 

PASAT 3” None ROI of the 
CC 

PASAT 3” positively correlated with 
mean FA in the CC, especially anterior 
body, in all MS phenotypes 

Van Hecke 
 et al., 2010 [39] 

20 MS: 
10 LD 
10 HD 
10 HC 

 
43 (9) 
41 (7) 
42 (10) 

 
12 (7) 
11 (5) 

 
2 (1) 
6 (1) 

PASAT 3” None Voxel-wise PASAT 3” correlated with FA, MD and 
RD in: left cingulum and ILF, bilateral 
CR, FMI, genu of the CC, SLF, interna 
and esterna capsulae  
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Table 2  (continued) 

Study Sample Age (years)* Duration 
(years)* 

EDSS* PS measure Covariates Analysis Results about correlations 

Rimkus et al., 
2011 [52] 

23 RRMS 
13 HC 

31.9 (9.2) 
27.7 (5.4) 

2.4 (1.4) 1.4 (1.2) SDMT 
TMT 

None ROI of the 
CC 

SDMT negatively correlated with mean 
FA of the CC; TMT not correlated with 
any measure 

Llufriu et al., 2012 
[53] 

21 RRMS 
12 HC 

37.2 (6.9) 
35.2 (7.4) 

9.5 (5.4) 2 (0-6)† PASAT 3” 
SDMT 

None ROI of the 
CC 

PASAT 3” and SDMT not correlated with 
any measure 

Yu et al., 2012 
[55] 

37 RRMS 
20 HC 

40.9 (10.1) 
34 (10.3) 

9.3 (9.5) 2.2 (0-4)† PASAT 3” 
SDMT 

Age TBSS PASAT 3” positively correlated with FA 
in: right PTR, right SS and CC; SDMT 
positively correlated with FA in: CC, right 
CR and cingulum, left external capsule, 
bilateral PTR, SS and UF  

Benedict et al., 
2013 [40] 

75 MS: 
50 RRMS 
24 SPMS 
18 HC 

46.4 (9) 
 
 
42.1 (11.5) 

11. (7.5) 3.5 (0-6.5)† PASAT 3” 
SDMT 

Age, 
education 

TBSS and 
ROI of the 
thalamus 

Mean thalamic MD was third predictor, 
after age/education and thalamic volume, 
of scores on PASAT 3” and SDMT 

Bester et al., 2013 
[46] 

26 BMS 
24 HC 

53.4 (7.1) 
51.6 (11.2) 

25.8 (9.6) 1.5 (0-3)† PASAT 3” 
SDMT 

Age, sex ROIs: CC and 
ATR 

PASAT 3” and SDMT not correlated with 
FA and MD either in the CC and the ATR 
bilaterally 

Bozzali et al., 
2013 [56] 

25 RRMS 
25 HC 

34.5 (8.6) 
31.8 (8.1) 

7 (2-16)† 2 (0-4.5)† PASAT 3” Age, sex, 
T2-LL, n. of 
voxels 

TBSS and 
ACM 

PASAT 3” positively correlated with ACM 
in: anterior CC, IX cerebellar lobule 
bilaterally, and right hippocampus 

Genova et al., 
2013 [41] 

25 MS: 
22 RRMS 
2 SPMS 
1 PPMS 
15 HC 

44 (7.9) 

 

 

36.3 (10.3) 

9.6 (7) N.R. TMT-A 
CWIT 

Age TBSS TMT-A positively correlated with FA in: 
left body and splenium of the CC, left 
IFOF, right FMI and PTR, bilateral CR, 
FMA and SLF; 

CWIT positively correlated with FA in: left 
body of CC, right ATR, PTR, splenium 
and FMI, bilateral fornix and SLF 

Mazerolle et al., 
2013 [57] 

20 RRMS 
20 HC 

42.4 (6.3) 
42.5 (7.8) 

8.1 (6.9) 2.2 (0-6)† SDMT Age 

 

TBSS SDMT correlated positively with FA and 
negatively with MD/RD in: body and genu 
of CC, PTR, SLF; no correlations with AD 

Sbardella et al., 
2013 [58] 

36 RRMS 
25 HC 

34 (8) 
31 (6) 

7.4 (6.1) 2.5 (1-4.5)† PASAT 2” 
PASAT 3” 

Age, sex, 
T2-LL 

TBSS PASAT 2” correlated positively with FA in 
widespread WM tracts and negatively 
with MD in right cerebral peduncle, right 
ILF, and left cingulum; PASAT 3” not 
correlated with any measure 
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Table 2  (continued) 

Study Sample Age (years)* Duration 
(years)* 

EDSS* PS measure Covariates Analysis Results about correlations 

Koenig et al., 2014 
[42] 

53 MS: 
45 RRMS 
7 SPMS 
20 HC 

44.3 (8.9) 
 
 
41.3 (9.7) 

8 (1-33)† 1.5 (1-6.5)† PASAT 3” 
SDMT 

None ROI of the 
fornix 

PASAT 3” not correlated with any 
measure; SDMT correlated with all 
diffusion measure of the fornix, more 
strongly on the left side 

Kern et al., 2015 
[54] 

27 RRMS 
20 HC 

37.9 (8.2) 
34.1 (9.4) 

N.R. 2.5 (1.1) PASAT and 
SDMT 
combined 

None ROIs: 
cingulum, 
fornix, UF 

Mean FA of bilateral UF significantly 
predicted PS performance; mean RD 
of bilateral UF correlated with PS 
scores 

Koenig et al., 2015 
[43] 

57 MS: 
44 RRMS 
13 SPMS 
17 HC 

44.6 (8.4) 
 
 
42.7 (10.1) 

11 (1-33)† 2.5 (1-6.5)† PASAT 3” 
SDMT 

None ROIs: 
posterior 
cingulum, 
PLIC 

PASAT 3” not correlated with any 
measure; SDMT negatively correlated 
with MD and RD (mean of left and 
right) in PLIC and posterior cingulum 

Meijer et al., 2016 
[45] 

30 SPMS: 
12 CI 
18 CP 
32 HC 

 
51.9 (8.1) 
55 (7.4) 
40.6 (12.9) 

 
19.3 (8-30)† 

25 (9-48)† 

 
6.5 (4-8.5)† 

6.2 (5.5-8.5)† 

PASAT 3” 
SDMT 
combined to 
assess CI 

Age, sex, 
IQ 

TBSS Global mean RD significantly 
predicted global cognitive impairment 

Moroso et al., 
2017 [44] 

37 CIS 
32 MS 
36 HC 

36 (19-59)† 
42 (29-59)† 
36 (21-60)† 

4.25 (1.98)# 
106.11 
(61.44)# 

1 (0-6)† 
3 (0-8)† 

SDMT None ROIs: 
cerebellar 
peduncoli, VI, 
VIIb, VIIIa, 
VIIIb, crus I, 
and crus II 
lobules 

SDMT correlated positively with FA in 
the left VI, the right VIIIa and VIIIb 
lobules, middle and inferior cerebellar 
peduncles; SDMT correlated 
negatively with MD in the vermis crus 
II, middle and left superior cerebellar 
peduncles 

ACM: anatomical connectivity maps, AD: axial diffusivity, AF: arcuate fasciculus, ATR: anterior thalamic radiations, CC: corpus callosum, CI: cognitively impaired, CP: 
cognitively preserved, CR: corona radiate, CWIT: Colour Word Inhibition Test, EDSS: Expanded Disability Status Scale, FA: fractional anisotropy, FL: fronto-lateral, FM: fronto-
medial, FMA: forceps major, FMI: forceps minor, HC: healthy controls, ILF: inferior longitudinal fasciculus, IFOF: inferior fronto-occipital fasciculus, IQ: intelligence quotient, 
LDST: Letter Digit Substitution Test, MD: mean diffusivity, OF: orbito-frontal, PASAT: Paced Auditory Serial Addition Test, PLIC: posterior limb of the internal capsule, PPMS: 
primary progressive multiple sclerosis, PTR: posterior thalamic radiations, PVSAT: Paced Visual Serial Addition Test, RD: radial diffusivity, ROI: region of interest, RRMS: 
relapsing-remitting multiple sclerosis, SDMT: Symbol-Digit Modalities Test, SLF: superior longitudinal fasciculus, SPMS: secondary progressive multiple sclerosis, SS: sagittal 
stratum, T2-LL: lesion load on T2 images, TBSS: tract-based spatial statistics, TMT: Trail Making Test, UF: uncinate fasciculus, WM: white matter 

N.R. = not reported 
* Mean (SD) 
† Median (Range) 
‡ Mean (Range) 
§ Mean only 
# Duration in months
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The most consistent difference observed between people with MS and healthy controls in DTI studies 

was the presence of abnormalities in the corpus callosum. This interhemispheric bundle of fibres 

appeared to be particularly affected by MS pathology. Additionally, other WM tracts also showed 

abnormalities including: the superior and inferior longitudinal fasciculus, the cingulum, and the fornix. 

Most of these are associative WM tracts that mainly support different cognitive functions. 

Weak or absent correlation between DTI indices and PS measures was reported in five papers using 

the PASAT, in particular the 3 sec version (PASAT 3”) [42,43,46,53,58]. This finding, in line with the 

aforementioned review on atrophy measures [27], may be due to a lower PS load of the 3 sec version 

compared to more challenging versions of the same test or to the SDMT. Indeed, Sbardella et al. [58] 

observed that the PASAT 2”, but not the PASAT 3”, significantly correlated with both fractional 

anisotropy and mean diffusivity in a widespread network of WM tracts centred on the right inferior 

longitudinal fasciculus and the left cingulum. While Sbardella and colleagues [58] used a tract-based 

spatial statistics approach to investigate voxel-wise associations within a skeleton of WM containing 

only the core of the tracts, lack of correlation between the PASAT 3” and DTI indices was otherwise 

observed in studies of patients with different MS phenotypes utilising either whole-brain global indices 

[48] or several regions of interest: anterior thalamic radiations [46], corpus callosum [46,53], fornix 

[42], posterior cingulum and posterior limb of the internal capsule [43]. 

In line with the findings from comparisons between people with MS and healthy controls, in studies 

with mixed MS phenotypes, the corpus callosum was the WM bundle most commonly reported to be 

correlated with the PASAT 3”, both in region-of-interest [38,47,49] and voxel-wise investigations 

[29,39,55,56]. However, performance on this test was also noted to correlate with the degree of 

microstructural integrity of other WM tracts, mainly: the left cingulum [29,39,58]; the superior 

longitudinal fasciculus, especially on the left side [29,39,51]; and the inferior longitudinal fasciculus 

bilaterally [29,39,58]. Moreover, less consistent associations with the PASAT were detected in the 

arcuate fasciculus [29], right posterior thalamic radiations and right sagittal stratum [55], hippocampal 

and cerebellar WM [56], the lateral portion of the frontal lobes [50], and with thalamic mean diffusivity 

[40]. Only one study found that microstructural integrity of the bilateral uncinate fasciculi predicted PS 

performance assessed combining the PASAT and the SDMT [54].  

The only study carried out on SPMS did not investigate PS as a distinct domain but divided the 

patients’ sample into cognitively impaired and preserved sub-samples, based on performance on 
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various tests, among which were the PASAT and the SDMT. Mean global radial diffusivity, among the 

different DTI measures, emerged as the only significant predictor of cognitive status. However, all DTI 

indices were found to be significantly different between cognitively impaired and cognitively preserved 

groups in: the fornix, the superior longitudinal fasciculus, and the forceps major [45]. 

In contrast, fewer studies investigated the association between structural connectivity measures and 

performance on the SDMT in people with MS. Among them, only two failed to report any significant 

correlation in two regions of interest, namely anterior thalamic radiations [46] and the corpus callosum 

[46,53]. Similar to the results on the PASAT, higher structural integrity of the corpus callosum, 

particularly in the body, also appears consistently linked to higher scores obtained on the SDMT 

[52,55,57] and a similar test of visual PS: the Letter Digit Substitution Test [37]. However, DTI indices 

were more often observed to be correlated with this test in other WM fibre bundles: the fornix, both 

left-lateralised [42] and bilaterally [55]; the cingulum, on the right side [55] and globally [43]; and the 

posterior thalamic radiations bilaterally [55,57]. Less commonly, significant correlations between the 

SDMT scores and DTI measures were additionally detected by region-of-interest and voxel-wise 

analyses in: the posterior limb of the internal capsule [43], thalamus [40], bilateral uncinate fasciculi, 

sagittal stratum [55], and the superior longitudinal fasciculus [57]. 

Only two DTI studies investigated the Trail Making Test: the first [52] reported no correlation in the 

region of interest of the corpus callosum, while a voxel-wise study found that performance on this test 

was correlated with fractional anisotropy in different parts of the corpus callosum, the left inferior 

fronto-occipital fasciculus, right posterior thalamic radiations, and bilateral superior longitudinal 

fasciculi [41]. This latter study also found that a PS index derived from the Stroop test correlated with 

structural connectivity integrity of the corpus callosum, bilateral fornix, and right-lateralised anterior 

and posterior thalamic radiations. 

 

3.2. Functional connectivity 

Four studies focussed solely on resting-state brain activity and its relation to PS ability in RRMS 

(Table 3). Patients’ age, duration and severity were quite similar across studies and, in general, the 

reported clinical data were more detailed than in DTI studies although details about relapses were 

missing [30,59]. While most studies investigated different cortical and subcortical regions of interest, 

one study analysed functional connectivity within the graph theory framework by dividing the brain into 
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116 grey matter (GM) areas, extracting the average resting-state signal from each area, and finally 

calculating linear correlation between signals from each pair of GM areas [30]. The majority of the 

studies did not use statistical correction for multiple comparisons [30,31,60] and only two controlled 

for possible confounding variables [31,60]. However, studies on functional connectivity were of a 

slightly higher, although not significant, quality compared to the structural connectivity studies, given 

that all were explicitly hypothesis-driven with just one exception [60] (Appendix B – Table B.3). The 

PASAT 3” was the most commonly used test of cognitive PS function, although mainly in combination 

with other tasks, which resulted in high variability of PS assessment across studies [30,59]. 

When functional connectivity was compared between people with MS and healthy controls, reductions 

were reported in the somatosensory network, medial and lateral visual networks [59], and between 

posterior and anterior cingulate cortex and right inferior frontal gyrus [60]. Consistently, graph-based 

analysis of functional connectivity revealed how the brains of people with MS tend to reorganise and 

become more modularised. This means that connectivity between brain areas that are functionally 

related to one another and form a module tends to increase in MS, while functional connectivity 

between areas belonging to different brain modules becomes weaker [30]; (see Fleisher et al. [61] for 

a recent review of graph theory and brain networks in MS). These findings support the view of MS as 

a disconnection syndrome due to different functionally related areas becoming more independent 

from one another and, in turn, hampering information integration across the brain. 

Accuracy in a dual-task PASAT 3” was reported to be negatively associated with the general level of 

network modularity (i.e. reduced between-network connectivity) characterising brains affected by MS: 

the higher the brain modularisation the worse the PS performance [30]. Wojtowicz et al. [60] also 

found that the higher the intra-individual variability in the semantic search reaction time task of the 

Computerised Test of Information Processing, the lower the functional connectivity between ventro-

medial prefrontal cortex and the left frontal pole. No alterations in connectivity of the ventro-medial 

prefrontal cortex were reported between people with MS and healthy controls, however. 
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Table 3.  Characteristics of studies on functional connectivity 

Study Sample Age (years)* Duration 
(years)* 

EDSS* PS measure Covariates Analysis Results about correlations 

Janssen et al., 
2013 [59] 

28 RRMS 
28 HC 

46.4 (8.8) 
45.6 (9.2) 

10.6 (5) 3.9 (1.2) Composite 
score: PASAT 
2”, PASAT 3”, 
LCT, PCT 

None ROIs: 6 RS 
networks 

Composite score not correlated 
with FC of any of the 6 networks 

Gamboa et al., 
2014 [30] 

16 MS: 
8 CIS 
8RRMS 
20 HC 

35.3 (8.3) 
 
 
29.9 (7) 

N.R. ≤ 2.5 Dual task 
PASAT 3” 

None Modularity of 
the global FC 
network 

Accuracy in the dual task PASAT 
3” correlated with global network 
modularity 

Wojtowicz 
et al. 2014 [60] 

18 RRMS 
16 HC 

42.1 (7.4) 
43.1 (7.8) 

7.5 (1-28)† 2.2 (1-3.5)† CTIP ISD of RT ROI: DMN ISD on the SSRT negatively 
correlated with FC between 
vmPFC and left frontal pole 

Pravatà et al., 
2016 [31] 

22 RRMS: 
11 NF 
11 WF 
12 HC 

 
40 (5.8) 
46.6 (9.3) 
41.4 (8) 

 
6 (4.4) 
9.5 (3.8) 

 
1.4 (0-3)† 

2.5 (0-3.5)† 

PASAT 3” EDSS, 
duration 

ROIs: SFG, 
caudate, 
thalamus 

PASAT 3” not correlated with FC 
of the left SFG, but positively 
correlated with post-performance 
decrease in FC between the left 
SFG and the left thalamus 

CIS: clinically isolated syndrome, CTIP: Computerised Test of Information Processing, DMN: default mode network, FC: functional connectivity, ISD: individual standard 
deviation, LCT: letter comparison task, NF: not fatigued, PCT: pattern comparison task, ROI: region of interest, RRMS: relapsing-remitting multiple sclerosis, RS: resting state, 
RT: reaction time, SFG: superior frontal gyrus, SSRT: semantic search reaction time, vmPFC: ventro medial prefrontal cortex, WF: with fatigue 

N.R. = not reported 
* Mean (SD) 
† Median (Range) 
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Another region-of-interest study compared functional connectivity changes between a baseline scan 

acquired just before in-scanner performance of two consecutive blocks of the PASAT 3” and two 

subsequent scans: one acquired just after completion of the second block and one after 30 minutes. 

The scores on the PASAT 3” correlated with the decrease of connectivity occurring in the 30 minutes 

after task performance between the left superior frontal gyrus and the left thalamus [31]. However, PS 

function was not correlated with functional connectivity of the left superior frontal gyrus at baseline. 

Finally, Janssen and colleagues [59], instead, calculated a PS composite score comprehensive of 

both verbal and visuospatial components and including performance on the PASAT 2”, the PASAT 3”, 

the letter comparison and the pattern comparison tests. No associations were reported for the 

composite score with any of the 6 resting-state networks investigated: default-mode (DMN), executive 

control, left and right fronto-parietal, cerebellar, and sensorimotor networks. 

 

3.3. Combination of structural and functional connectivity 

Papers that combined DTI and resting-state analysis were characterised by greater homogeneity in 

sample composition: four out of five were carried out on RRMS while only one on a mixed sample of 

PPMS and SPMS [62]. Clinical information was in general extensively reported, apart from the 

presence of depression (Table 4). Moreover, all of the studies used the PASAT 3” as test of PS 

functionality apart from one which investigated also the PASAT 2” [63]. Most studies used statistical 

correction to account for multiple comparisons, namely Bonferroni and family wise error corrections. 

Apart from one [34], all studies included covariates of no interest in statistical models, especially age 

and sex. 

Compared to DTI studies, those that investigated both structural and functional connectivity, showed 

significantly higher quality with two out of five reaching the maximum quality score in our criteria 

[35,63]. However, the hypotheses underlying the aims of the studies were not always overtly reported 

in these papers [34,62,64]. 

In RRMS DTI findings confirmed those from studies focussing exclusively on this technique, showing 

lower fractional anisotropy and higher mean, radial, and axial diffusivity globally [63] and in the corpus 

callosum, the inferior and superior longitudinal fasciculi [64], thalamic tracts [35], and tracts 

connecting cortical areas of the DMN [34] compared to controls. Moreover, in SPMS more severe 

alterations of diffusivity indices were seen in the corpus callosum and the cingulum [62]. 
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Widespread correlations between scores on the PASAT 3” and fractional anisotropy mainly centred 

on the corpus callosum were found in one study that used tract-based spatial statistics analysis [64]. 

Furthermore, several regions of interest were investigated and were found to be associated with PS 

performance: the corpus callosum and the cingulum, but not the corticospinal tract and the optic 

radiations [62]; tracts connecting the posterior cingulate and the precuneus with the right inferior 

parietal lobule [34]; and the anterior thalamic radiations [35]. One further study reported no 

correlations between the two PASAT versions analysed (2” and 3”) and global fractional anisotropy 

and mean diffusivity [63]. 

Results of studies of functional connectivity in RRMS were more variable when compared to healthy 

controls: thalamic connectivity was increased with dorsal and lateral frontal areas, but decreased with 

medial frontal, medial temporal and occipito-parietal cortices [35,63]; increased connectivity was 

found between various pairs of areas part of the DMN [34]; and finally decreases in functional 

connectivity between the left fronto-parietal network and the executive control network were found 

[64].  

When functional connectivity was found to correlate with measures of PS, PASAT 3” score was 

positively associated with connectivity of the left medial prefrontal cortex and the anterior cingulate 

[62] and negatively with the posterior DMN on the left side [34], the ECN and the medial VN [64], and 

between the thalamus and distributed cortical and subcortical areas in both hemispheres [63]. Zhou et 

al. [35], instead, found no correlation between thalamic connectivity and performance on the PASAT 

3”. 

Reductions in functional connectivity were also reported in the progressive forms of MS, with slightly 

different patterns across phenotypes: in the medial prefrontal cortex and the precentral gyrus for 

SPMS; in the anterior cingulate cortex and the precentral gyrus in PPMS [62]. 

Finally, no correlations were observed between measures of structural and functional connectivity by 

studies that focused on the thalamus [35,63]. Mean and axial diffusivity in tracts connecting the 

anterior and posterior portions of the DMN were, however, found to be correlated with their functional 

connectivity [34], and fractional anisotropy in the corpus callosum and the cingulum correlated with 

functional connectivity of the anterior DMN [62]. 
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Table 4.  Characteristics of studies on both structural and functional connectivity 

Study Sample Age (years)* Duration 
(years)* 

EDSS* PS measure Covariates Analysis Results about correlations 

Rocca et al., 2010 
[62] 

75 MS: 
33 SPMS 
24 PPMS 
24 HC 

 
46.3 (24-65)† 
47.9 (29-64)† 
47.4 (26-65)† 

 
15.5 (4-32)† 
12.7 (3-39)† 

 
6 (4-9)‡ 
6 (3-8)‡ 

PASAT 3” DTI: none 

RS: age, 
head 
motion 

DTI-ROIs: CC, 
CST, OR, 
cingulum 

RS-ROI: DMN  

PASAT 3” positively correlated 
with mean FA and MD in the CC 
and the cingulum globally; and 
positively correlated with RS 
activity of the ACC and of the left 
medial PFC 

Tona et al., 2014 
[63] 

48 RRMS 
24 HC 

36.7 (8.1) 
31.1 (6.5) 

7.4 (6.1) 2 (1-4.5)‡ PASAT 2” 
PASAT 3” 

Both: age, 
thalamic 
volume 

DTI: whole 
brain 

RS-ROI: 
thalamus 

PASAT 2” and 3” not correlated 
with DTI measures; PASAT 2” and 
3” negatively correlated with FC 
between thalamus and several 
areas in both hemispheres 

Zhou et al., 2014 
[34] 

24 RRMS 
24 HC 

39.5 (20-56)† 
39.6 (21-56)† 

3 (1-16)† 1.6 (1-2.5)‡ PASAT 3” None DTI-ROIs: 
tracts linking 
DMN areas 

RS-ROI: DMN 

PASAT 3” positively correlated 
with FA in WM tract connecting 
the PCC/precuneus and the right 
IPL; and negatively correlated with 
increased FC between 
PCC/precuneus and left mTL 

Sbardella et al., 
2015 [64] 

30 RRMS 
24 HC 

35 (8) 
32 (6.1) 

10.1 (6.2) 2.5 (0-4)‡ PASAT 3” DTI: age, 
sex, PD-LV 

RS: age, 
sex, NGMV 

DTI: TBSS 

RS-ROIs: 11 
networks 

PASAT 3” correlated positively  
with FA and negatively with AD, 
MD and RD in widespread 
bilateral WM tracts; and negatively 
correlated with FC of the ECN and 
of the medial VN bilaterally 

Zhou et al., 2016 
[35] 

20 RRMS 
20 HC 

39.3 (20-57)† 

38.1 (22-51)† 
2 (1-3)† 1.6 (0-2.5)† PASAT 3” Both: age, 

sex, 
thalamic 
fraction 

DTI-ROIs: 
thalamic tracts 

RS-ROIs: 
thalamus and 7 
linked areas 

PASAT 3” negatively correlated 
with mean AD in the whole WM 
tracts between thalamus and 
PFC; PASAT 3” not correlated 
with thalamic FC 

ACC: anterior cingulate cortex, CC: corpus callosum, CST: corticospinal tract, DMN: default mode network, DTI: diffusion tensor imaging, ECN: executive control network, FC: 
functional connectivity, IPL: inferior parietal lobule, ISD: individual standard deviation, mTL: medial temporal lobe, NF: not fatigued, NGMV: normalised grey matter volume, 
OR: optic radiations, PCC: posterior cingulate cortex, PD-LV: lesion volume on proton density images, ROI: region of interest, RRMS: relapsing-remitting multiple sclerosis, RS: 
resting state, RT: reaction time, SFG: superior frontal gyrus, VN: visual network, WF: with fatigue 

* Mean (Standard deviation) 
† Mean (Range) 
‡ Median (Range)
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4. Conclusions and future directions 

The aim of this review was to summarise current knowledge on how brain connectivity measures in 

MS are associated with PS function, a cognitive domain known to be particularly affected, and to 

provide insight for future lines of research. 

The published literature shows contrasting results on correlations between PS function and measures 

of functional and structural connectivity. DTI studies have highlighted mainly vague and variable 

findings. Indeed, when voxel-wise analyses were carried out, multiple and widespread clusters of WM 

correlated with PS tasks [29,39,41,55,57,58] and the same was observed in the investigation of more 

specific regions of interest across a range of tests [42,43,50,51,54]. Lack of correlation with brain 

connectivity measures was noted more often for the PASAT (especially the 3” version) than the 

SDMT and various explanations may account for these differences. Firstly, the sensory modality used 

to present stimuli differs between the two tests: auditory for the PASAT and visual for the SDMT. The 

latter, in fact, has been reported to be more susceptible to impairment in MS than the former and may 

better evaluate PS deficits associated with this disease [65]. Secondly, the way stimuli are presented 

during test performance differs across tests: for the PASAT stimuli are presented one at a time in 

sequence, while all the stimuli are presented simultaneously on the same page for the SDMT, thus 

increasing the demands posed on inhibition of processing of possible distractors. For the PASAT, it 

has also been suggested that patients may put in place different solving strategies when facing 

different versions of the PASAT. In fact, Snyder et al. [66] reported that patients tend not to perform 

the task continuously but to skip every third item, thus reducing considerably the difficulty of the test 

and achieving a higher, though less reliable, score. Finally, we cannot ignore that the two tests, 

although both used as PS measures, require the engagement of different cognitive domains: verbal 

auditory working memory for the PASAT and visual attention for the SDMT. These cognitive functions 

are long known to rely on activity of different brain areas of both hemispheres [67], suggesting these 

tasks may assess different aspects of the PS function. 

Indeed, partially different WM tracts were observed to be related to the tests reviewed. Performance 

on the PASAT was more associated to the level of microstructural integrity of the left cingulum, the 

superior longitudinal fasciculus (especially left-lateralised), and the inferior longitudinal fasciculus. The 

SDMT, instead, seems to be more associated to DTI measures in bilateral tracts: the fornix, the 

cingulum and the posterior thalamic radiations. However, the corpus callosum emerged as the WM 
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tract that most consistently correlated with PS performance of people with MS across cognitive tasks. 

This suggests the importance of multiple WM tracts to support cognitive PS performance across 

cognitive domains through fast integration of information processed in distributed brain networks. 

Despite the variability of results, DTI indices seem to be more consistently correlated with different PS 

performance than measures of lesion load and parenchymal atrophy. This may result from the fact 

that microstructural WM damage can spread across fibre tracts [68], and can precede the detection of 

new macrostructural lesions [69]. Hence, diffusion indices may be more sensitive in detecting subtle 

MS pathology leading to decline in PS function than conventional MRI. In fact, apart from 

commissural fibres (i.e. the corpus callosum) associative WM tracts appear to be more critically 

involved in PS performance, namely the superior and inferior longitudinal fasciculi and the cingulum. 

Nevertheless, given the variability in PS tasks used, differential WM involvement may have been 

detected according to the specific measures used. 

In contrast, higher quality and more consistent results were observed in RS-fMRI studies. Functional 

neuroplasticity seems to be the underlying mechanism supporting cognitive changes, or stability, in 

the early phases of MS. In fact both people with clinically isolated syndrome and RRMS showed 

functional connectivity changes, both increases [34,35,63] and decreases [35,59,60,63,64], within 

various brain networks. Furthermore, PS performance correlated with functional connectivity 

alterations in frontal areas, such as the prefrontal and anterior cingulate cortices, and fronto-thalamic 

connections [31,35,60,62,64]. It is also worth noting that, in contrast to DTI studies, almost all those 

studies exploring functional connectivity used exclusively the PASAT to measure PS abilities. 

Even though a relationship between macrostructural damage and resting-state functional changes in 

MS appears likely [70], current findings are not consistent. In fact, while some studies observed 

correlations between total lesion volume and changes of resting-state activity [35] others reported no 

correlation [62,64]. The same discrepancy has been observed about the association between 

structural and functional connectivity measures, where significant correlations were found only in a 

small number of studies [34,62]. Indeed, the relationship between functional and structural brain 

changes may not be that straightforward in consideration of the fact that if structural connectivity 

between two areas predicts functional connectivity, the reverse is not necessarily the case, since 

functional connectivity can also depend on indirect connections to and from other brain areas [71]. 
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Current knowledge of how MS-related damage to both structural and functional connectivity affects 

PS function is incomplete and preliminary. This may be due to methodological shortcomings detected 

in the reviewed articles. Firstly, most studies, especially those on structural connectivity, were carried 

out on samples of mixed MS phenotypes. Such lack of differentiation may confound results, 

particularly since the neuropathology in progressive forms of MS is increasingly recognised to be 

mainly characterised more by neurodegenerative rather than inflammatory processes [72]. Secondly, 

to date many studies have been carried out using a more explorative approach, often without a clearly 

defined hypothesis to test, and have been based on a cross-sectional design that does not allow for 

the assessment of PS decline over time. Finally, a lack of theoretical background on PS decline in MS 

has emerged from the published literature. The majority of the studies focused mainly on the most 

common tests of PS that are intrinsically related to various cognitive domains (i.e. working memory for 

the PASAT and visuospatial attention for the SDMT), neglecting alternative strategies of investigation. 

These could include better characterisation of the neural correlates of PS deficits in MS considering 

sensory, cognitive, and motor contributions [9] or clarifying any possible influence of PS decline on 

other cognitive domains when assessing correlations with MRI measures [41]. 

PS performance has been repeatedly found to be impaired in people with MS and to correlate with 

both structural and functional brain reorganisation, in particular degeneration of the corpus callosum 

[37-39,41,46,47,49,52,56,57,62] and altered activity in frontal areas [31,60,62,64]. Nevertheless, the 

dynamic properties and topography of neural breakdown in MS have yet to be clarified. Recent meta-

analyses have been published with the aim of advancing our understanding of brain regions mostly 

affected by MS. Lansley et al. [73] showed that GM appears to degenerate especially in the thalamus, 

a crucial hub for information distribution across the brain, the basal ganglia, precentral and postcentral 

gyri, and the cingulate cortex, involved in complex cognitive functions. Furthermore, Welton at al. [26] 

highlighted how WM microstructural degeneration could be functionally related: physical disability was 

found to be mainly related to the posterior corpus callosum and right inferior fronto-occipital 

fasciculus, while cognitive decline was mainly linked to the anterior part of the corpus callosum, the 

thalamus, and the fornix. 

The published literature suggests that connectivity of the frontal cortices and between hemispheres is 

involved in PS function in MS. Interestingly, the cognitive efficiency theory [74] postulates that activity 

of the prefrontal cortex plays a pivotal role in PS performance as do dynamic interactions with parietal 
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cortices [75-77]. However, caution is needed when drawing conclusions based on current published 

evidence in light of the limitations we have identified. In fact, only a review by Lopes Costa et al. [9] 

has extensively explored the issue regarding a thorough definition of PS. Further theoretical 

discussion on MS-related cognitive impairment may aid the stimulation of a more hypothesis-driven 

approach to plan future investigations. 

This review has some limitations: studies carried out on mixed MS phenotypes were included and all 

articles written not in English, though very few, were excluded. Possible selection bias was minimised 

during the review process by carrying out a systematic search of the literature on the topic without 

setting strict limitations (e.g. narrow time windows). All papers investigating at least a measure of PS 

were included, though the possibility of having missed eligible records cannot be completely ruled out. 

No specific issues regarding publication bias were detected through quality assessment, since 

different studies also reported negative results and most studies discussed their own limitations. 

In conclusion, whilst reviewed studies have shown significant promise for the use of resting-state 

functional MRI and DTI to explore the neural substrates underpinning of PS in MS, results to date 

have not been consistent, and future investigations may benefit from considering the limitations 

identified in this review. Firstly, more detailed analysis of concepts related to PS function should be 

brought about in order to provide better theoretical frameworks to the neuroscientific investigation of 

this domain and its decline due to MS [9]. Secondly, the differential associations between different 

measures of PS ability, which may potentially capture different cognitive aspects of this function, and 

their neural correlates need further characterisation. Thirdly, the use of a longitudinal design, that so 

far has been largely neglected, is needed to clarify the interplay between neural and cognitive 

changes over time and potential maladaptive plasticity in MS. Indeed, Loitfelder et al. [78] observed 

that higher activity in the left inferior parietal lobule at 1-year follow-up was negatively correlated with 

SDMT performance in RRMS. Finally, considering the higher scientific quality observed in studies 

combining different connectivity measures we argue that the use of multimodal imaging with a focus 

on network and graph theory analyses [33,61] may prove to be particularly helpful in tracking PS 

decline in MS. Combined use of different MRI techniques might allow a more comprehensive 

approach to mapping connectivity that may help unravel the complexity that characterises MS 

symptoms. Furthermore, the integration of multimodal MRI and targeted neuropsychological 

assessment may provide more detailed outcome measures also in clinical trials, both for 
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pharmacological and non-pharmacological interventions, and highlight beneficial treatment effects 

that may go otherwise undetected. 

 

 

Conflicts of interest : none. 

 

Acknowledgments 

This is a summary of independent research carried out at the NIHR Sheffield Biomedical Research 

Centre (Translational Neuroscience).  The views expressed are those of the authors and not 

necessarily those of the NHS, the NIHR or the Department of Health. 

 

 



23 

 

References 

[1]  Lublin FD, Reingold SC, Cohen JA, Cutter GR, Sorensen PS, Thompson AJ, et al. Defining the 

clinical course of multiple sclerosis: the 2013 revisions. Neurology 2014;83(3):278-86. 

[2]  Chiaravalloti ND, DeLuca J. Cognitive impairment in multiple sclerosis. Lancet Neurol 

2008;7(12):1139-51. 

[3]  DeLuca GC, Yates RL, Beale H, Morrow SA. Cognitive impairment in multiple sclerosis: clinical, 

radiologic and pathologic insights. Brain Pathol 2015;25(1):79-98. 

[4]  Lovera J, Kovner B. Cognitive impairment in multiple sclerosis. Curr Neurol Neurosci Rep 

2012;12(5):618-27. 

[5]  Campbell J, Rashid W, Cercignani M, Langdon D. Cognitive impairment among patients with 

multiple sclerosis: associations with employment and quality of life. Postgrad Med J 2016. 

[6]  Hämäläinen P, Rosti-Otajärvi E. Is neuropsychological rehabilitation effective in multiple 

sclerosis? Neurodegener Dis Manag 2014;4(2):147-54. 

[7]  Van Schependom J, D'Hooghe M B, Cleynhens K, D'Hooge M, Haelewyck MC, De Keyser J, et al. 

Reduced information processing speed as primum movens for cognitive decline in MS. Mult Scler 

2015;21(1):83-91. 

[8]  DeLuca J, Kalmar JH. Information processing speed in clinical populations, Psychology Press, 

New York, 2007. 

[9]  Lopes Costa S, Genova HM, DeLuca J, Chiaravalloti ND. Information processing speed in 

multiple sclerosis: Past, present, and future. Mult Scler 2016. 

[10]  Chiaravalloti ND, Stojanovic-Radic J, DeLuca J. The role of speed versus working memory in 

predicting learning new information in multiple sclerosis. J Clin Exp Neuropsychol 2013;35(2):180-91. 

[11]  Denney DR, Hughes AJ, Elliott JK, Roth AK, Lynch SG. Incidental learning during rapid 

information processing on the symbol-digit modalities test. Arch Clin Neuropsychol 2015;30(4):322-8. 

[12]  Litvan I, Grafman J, Vendrell P, Martinez JM. Slowed information processing in multiple 

sclerosis. Arch Neurol 1988;45(3):281-5. 

[13]  Genova HM, Lengenfelder J, Chiaravalloti ND, Moore NB, DeLuca J. Processing speed versus 

working memory: contributions to an information-processing task in multiple sclerosis. Appl 

Neuropsychol Adult 2012;19(2):132-40. 



24 

 

[14]  Leavitt VM, Lengenfelder J, Moore NB, Chiaravalloti ND, DeLuca J. The relative contributions of 

processing speed and cognitive load to working memory accuracy in multiple sclerosis. J Clin Exp 

Neuropsychol 2011;33(5):580-6. 

[15]  Lengenfelder J, Bryant D, Diamond BJ, Kalmar JH, Moore NB, DeLuca J. Processing speed 

interacts with working memory efficiency in multiple sclerosis. Arch Clin Neuropsychol 

2006;21(3):229-38. 

[16]  Parmenter BA, Shucard JL, Shucard DW. Information processing deficits in multiple sclerosis: a 

matter of complexity. J Int Neuropsychol Soc 2007;13(3):417-23. 

[17]  Wojtowicz M, Omisade A, Fisk JD. Indices of cognitive dysfunction in relapsing-remitting multiple 

sclerosis: intra-individual variability, processing speed, and attention network efficiency. J Int 

Neuropsychol Soc 2013;19(5):551-8. 

[18]  Drew MA, Starkey NJ, Isler RB. Examining the link between information processing speed and 

executive functioning in multiple sclerosis. Arch Clin Neuropsychol 2009;24(1):47-58. 

[19]  Arnett PA, Rao SM, Grafman J, Bernardin L, Luchetta T, Binder JR, et al. Executive functions in 

multiple sclerosis: an analysis of temporal ordering, semantic encoding, and planning abilities. 

Neuropsychology 1997;11(4):535-44. 

[20]  Owens EM, Denney DR, Lynch SG. Difficulties in planning among patients with multiple 

sclerosis: a relative consequence of deficits in information processing speed. J Int Neuropsychol Soc 

2013;19(5):613-20. 

[21]  Denney DR, Lynch SG. The impact of multiple sclerosis on patients' performance on the Stroop 

Test: processing speed versus interference. J Int Neuropsychol Soc 2009;15(3):451-8. 

[22]  Macniven JA, Davis C, Ho MY, Bradshaw CM, Szabadi E, Constantinescu CS. Stroop 

performance in multiple sclerosis: information processing, selective attention, or executive 

functioning? J Int Neuropsychol Soc 2008;14(5):805-14. 

[23]  Demaree HA, DeLuca J, Gaudino EA, Diamond BJ. Speed of information processing as a key 

deficit in multiple sclerosis: implications for rehabilitation. J Neurol Neurosurg Psychiatry 

1999;67(5):661-3. 

[24]  Leavitt VM, Wylie G, Krch D, Chiaravalloti N, DeLuca J, Sumowski JF. Does slowed processing 

speed account for executive deficits in multiple sclerosis? Evidence from neuropsychological 

performance and structural neuroimaging. Rehabil Psychol 2014;59(4):422-8. 



25 

 

[25]  Roth AK, Denney DR, Lynch SG. Information processing speed and attention in multiple 

sclerosis: Reconsidering the Attention Network Test (ANT). J Clin Exp Neuropsychol 2015;37(5):518-

29. 

[26]  Welton T, Kent D, Constantinescu CS, Auer DP, Dineen RA. Functionally relevant white matter 

degradation in multiple sclerosis: a tract-based spatial meta-analysis. Radiology 2015;275(1):89-96. 

[27]  Rao SM, Martin AL, Huelin R, Wissinger E, Khankhel Z, Kim E, et al. Correlations between MRI 

and information processing speed in MS: A meta-analysis. Mult Scler Int 2014;2014. 

[28]  Rossi F, Giorgio A, Battaglini M, Stromillo ML, Portaccio E, Goretti B, et al. Relevance of brain 

lesion location to cognition in relapsing multiple sclerosis. PloS one 2012;7(11):e44826. 

[29]  Dineen RA, Vilisaar J, Hlinka J, Bradshaw CM, Morgan PS, Constantinescu CS, et al. 

Disconnection as a mechanism for cognitive dysfunction in multiple sclerosis. Brain 2009;132:239-49. 

[30]  Gamboa OL, Tagliazucchi E, von Wegner F, Jurcoane A, Wahl M, Laufs H, et al. Working 

memory performance of early MS patients correlates inversely with modularity increases in resting 

state functional connectivity networks. NeuroImage 2014;94:385-95. 

[31]  Pravatá E, Zecca C, Sestieri C, Caulo M, Riccitelli GC, Rocca MA, et al. Hyperconnectivity of the 

dorsolateral prefrontal cortex following mental effort in multiple sclerosis patients with cognitive 

fatigue. Mult Scler 2016. 

[32]  Sbardella E, Petsas N, Tona F, Pantano P. Resting-State fMRI in MS: General Concepts and 

Brief Overview of Its Application. Biomed Res Int 2015;2015:212693. 

[33]  Schoonheim MM, Meijer KA, Geurts JJ. Network collapse and cognitive impairment in multiple 

sclerosis. Front Neurol 2015;6:82. 

[34]  Zhou F, Zhuang Y, Gong H, Wang B, Wang X, Chen Q, et al. Altered inter-subregion 

connectivity of the default mode network in relapsing remitting multiple sclerosis: a functional and 

structural connectivity study. PloS one 2014;9(7):e101198. 

[35]  Zhou F, Gong H, Chen Q, Wang B, Peng Y, Zhuang Y, et al. Intrinsic Functional Plasticity of the 

Thalamocortical System in Minimally Disabled Patients with Relapsing-Remitting Multiple Sclerosis. 

Front Hum Neurosci 2016;10:2. 

[36]  Moher D, Liberati A, Tetzlaff J, Altman DG. Preferred reporting items for systematic reviews and 

meta-analyses: the PRISMA statement. PLoS Medicine 2009;6(7):e1000097. 



26 

 

[37]  Roosendaal SD, Geurts JJ, Vrenken H, Hulst HE, Cover KS, Castelijns JA, et al. Regional DTI 

differences in multiple sclerosis patients. NeuroImage 2009;44(4):1397-403. 

[38]  Ozturk A, Smith SA, Gordon-Lipkin EM, Harrison DM, Shiee N, Pham DL, et al. MRI of the 

corpus callosum in multiple sclerosis: association with disability. Mult Scler 2010;16(2):166-77. 

[39]  Van Hecke W, Nagels G, Leemans A, Vandervliet E, Sijbers J, Parizel PM. Correlation of 

cognitive dysfunction and diffusion tensor MRI measures in patients with mild and moderate multiple 

sclerosis. J Magn Reson Imaging 2010;31(6):1492-8. 

[40]  Benedict RH, Hulst HE, Bergsland N, Schoonheim MM, Dwyer MG, Weinstock-Guttman B, et al. 

Clinical significance of atrophy and white matter mean diffusivity within the thalamus of multiple 

sclerosis patients. Mult Scler 2013;19(11):1478-84. 

[41]  Genova HM, DeLuca J, Chiaravalloti N, Wylie G. The relationship between executive functioning, 

processing speed, and white matter integrity in multiple sclerosis. J Clin Exp Neuropsychol 

2013;35(6):631-41. 

[42]  Koenig KA, Sakaie KE, Lowe MJ, Lin J, Stone L, Bermel RA, et al. Hippocampal volume is 

related to cognitive decline and fornicial diffusion measures in multiple sclerosis. Magn Reson 

Imaging 2014;32(4):354-8. 

[43]  Koenig KA, Sakaie KE, Lowe MJ, Lin J, Stone L, Bermel RA, et al. The relationship between 

cognitive function and high-resolution diffusion tensor MRI of the cingulum bundle in multiple 

sclerosis. Mult Scler 2015;21(14):1794-801. 

[44]  Moroso A, Ruet A, Lamargue-Hamel D, Munsch F, Deloire M, Coupé P, et al. Microstructural 

analyses of the posterior cerebellar lobules in relapsing-onset multiple sclerosis and their implication 

in cognitive impairment. PloS one 2017;12(8):e0182479. 

[45]  Meijer KA, Muhlert N, Cercignani M, Sethi V, Ron MA, Thompson AJ, et al. White matter tract 

abnormalities are associated with cognitive dysfunction in secondary progressive multiple sclerosis. 

Mult Scler 2016. 

[46]  Bester M, Lazar M, Petracca M, Babb JS, Herbert J, Grossman RI, et al. Tract-specific white 

matter correlates of fatigue and cognitive impairment in benign multiple sclerosis. J Neurol Sci 

2013;330(1-2):61-6. 

[47]  Mesaros S, Rocca MA, Riccitelli G, Pagani E, Rovaris M, Caputo D, et al. Corpus callosum 

damage and cognitive dysfunction in benign MS. Hum Brain Mapp 2009;30(8):2656-66. 



27 

 

[48]  Warlop NP, Achten E, Fieremans E, Debruyne J, Vingerhoets G. Transverse diffusivity of 

cerebral parenchyma predicts visual tracking performance in relapsing-remitting multiple sclerosis. 

Brain Cogn 2009;71(3):410-5. 

[49]  Lin X, Tench CR, Morgan PS, Constantinescu CS. Use of combined conventional and 

quantitative MRI to quantify pathology related to cognitive impairment in multiple sclerosis. J Neurol 

Neurosurg Psychiatry 2008;79(4):437-41. 

[50]  Roca M, Torralva T, Meli F, Fiol M, Calcagno M, Carpintiero S, et al. Cognitive deficits in multiple 

sclerosis correlate with changes in fronto-subcortical tracts. Mult Scler 2008;14(3):364-9. 

[51]  Bonzano L, Pardini M, Mancardi GL, Pizzorno M, Roccatagliata L. Structural connectivity 

influences brain activation during PVSAT in Multiple Sclerosis. NeuroImage 2008;44(1):9-15. 

[52]  Rimkus CM, Junqueira FT, Lyra KP, Jackowski MP, Machado MAR, Miotto EC, et al. Corpus 

callosum microstructural changes correlate with cognitive Dysfunction in Early Stages of relapsing-

remitting multiple sclerosis: axial and radial diffusivities approach. Mult Scler Int 2011;2011. 

[53]  Llufriu S, Blanco Y, Martinez-Heras E, Casanova-Molla J, Gabilondo I, Sepulveda M, et al. 

Influence of corpus callosum damage on cognition and physical disability in multiple sclerosis: a 

multimodal study. PloS one 2012;7(5):e37167. 

[54]  Kern KC, Gold SM, Lee B, Montag M, Horsfall J, O'Connor MF, et al. Thalamic-hippocampal-

prefrontal disruption in relapsing-remitting multiple sclerosis. Neuroimage Clin 2015;8:440-7. 

[55]  Yu HJ, Christodoulou C, Bhise V, Greenblatt D, Patel Y, Serafin D, et al. Multiple white matter 

tract abnormalities underlie cognitive impairment in RRMS. NeuroImage 2012;59(4):3713-22. 

[56]  Bozzali M, Spano B, Parker GJ, Giulietti G, Castelli M, Basile B, et al. Anatomical brain 

connectivity can assess cognitive dysfunction in multiple sclerosis. Mult Scler 2013;19(9):1161-8. 

[57]  Mazerolle EL, Wojtowicz MA, Omisade A, Fisk JD. Intra-individual variability in information 

processing speed reflects white matter microstructure in multiple sclerosis. Neuroimage Clin 

2013;2:894-902. 

[58]  Sbardella E, Petsas N, Tona F, Prosperini L, Raz E, Pace G, et al. Assessing the correlation 

between grey and white matter damage with motor and cognitive impairment in multiple sclerosis 

patients. PloS one 2013;8(5):e63250. 



28 

 

[59]  Janssen AL, Boster A, Patterson BA, Abduljalil A, Prakash RS. Resting-state functional 

connectivity in multiple sclerosis: an examination of group differences and individual differences. 

Neuropsychologia 2013;51(13):2918-29. 

[60]  Wojtowicz M, Mazerolle EL, Bhan V, Fisk JD. Altered functional connectivity and performance 

variability in relapsing-remitting multiple sclerosis. Mult Scler 2014;20(11):1453-63. 

[61]  Fleischer V, Radetz A, Ciolac D, Muthuraman M, Gonzalez-Escamilla G, Zipp F, et al. Graph 

Theoretical Framework of Brain Networks in Multiple Sclerosis: A Review of Concepts. Neuroscience 

2017. 

[62]  Rocca MA, Valsasina P, Absinta M, Riccitelli G, Rodegher ME, Misci P, et al. Default-mode 

network dysfunction and cognitive impairment in progressive MS. Neurology 2010;74(16):1252-9. 

[63]  Tona F, Petsas N, Sbardella E, Prosperini L, Carmellini M, Pozzilli C, et al. Multiple sclerosis: 

altered thalamic resting-state functional connectivity and its effect on cognitive function. Radiology 

2014;271(3):814-21. 

[64]  Sbardella E, Tona F, Petsas N, Upadhyay N, Piattella MC, Filippini N, et al. Functional 

connectivity changes and their relationship with clinical disability and white matter integrity in patients 

with relapsing-remitting multiple sclerosis. Mult Scler 2015;21(13):1681-92. 

[65]  Lopes Costa S, Goncalves OF, DeLuca J, Chiaravalloti N, Chakravarthi R, Almeida J. The 

Temporal Dynamics of Visual Processing in Multiple Sclerosis. Appl Neuropsychol Adult 

2016;23(2):133-40. 

[66]  Snyder PJ, Cappelleri JC. Information processing speed deficits may be better correlated with 

the extent of white matter sclerotic lesions in multiple sclerosis than previously suspected. Brain Cogn 

2001;46(1-2):279-84. 

[67]  Smith EE, Jonides J. Storage and executive processes in the frontal lobes. Science (New York, 

NY) 1999;283(5408):1657-61. 

[68]  Chiang GC, Pinto S, Comunale JP, Gauthier SA. Gadolinium-Enhancing Lesions Lead to 

Decreases in White Matter Tract Fractional Anisotropy in Multiple Sclerosis. J Neuroimaging 

2015;26(3):289-95. 

[69]  Ontaneda D, Sakaie K, Lin J, Wang X, Lowe MJ, Phillips MD, et al. Identifying the start of 

multiple sclerosis injury: a serial DTI study. J Neuroimaging 2014;24(6):569-76. 



29 

 

[70]  Droby A, Yuen KS, Muthuraman M, Reitz SC, Fleischer V, Klein J, et al. Changes in brain 

functional connectivity patterns are driven by an individual lesion in MS: a resting-state fMRI study. 

Brain Imaging Behav 2015. 

[71]  Damoiseaux JS, Greicius MD. Greater than the sum of its parts: a review of studies combining 

structural connectivity and resting-state functional connectivity. Brain Struct Funct 2009;213(6):525-

33. 

[72]  Mahad DH, Trapp BD, Lassmann H. Pathological mechanisms in progressive multiple sclerosis. 

Lancet Neurol 2015;14(2):183-93. 

[73]  Lansley J, Mataix-Cols D, Grau M, Radua J, Sastre-Garriga J. Localized grey matter atrophy in 

multiple sclerosis: a meta-analysis of voxel-based morphometry studies and associations with 

functional disability. Neurosci Biobehav Rev 2013;37(5):819-30. 

[74]  Vernon PA. Speed of information processing and general intelligence. Intelligence 1983;7(1):53-

70. 

[75]  Rypma B, Berger JS, Prabhakaran V, Bly BM, Kimberg DY, Biswal BB, et al. Neural correlates of 

cognitive efficiency. NeuroImage 2006;33(3):969-79. 

[76]  Rypma B, Prabhakaran V. When less is more and when more is more: The mediating roles of 

capacity and speed in brain-behavior efficiency. Intelligence 2009;37(2):207-22. 

[77]  Rao NK, Motes MA, Rypma B. Investigating the neural bases for intra-subject cognitive 

efficiency changes using functional magnetic resonance imaging. Front Hum Neurosci 2014;8:840. 

[78]  Loitfelder M, Fazekas F, Koschutnig K, Fuchs S, Petrovic K, Ropele S, et al. Brain activity 

changes in cognitive networks in relapsing-remitting multiple sclerosis - insights from a longitudinal 

FMRI study. PloS one 2014;9(4):e93715. 

 
 

 

 

 

 

 



30 

 

Appendix A. Search strategy 

Table A.1 | Strings with keywords used in the literature search 

“multiple sclerosis” AND DTI AND “information processing” 

“multiple sclerosis” AND DTI AND “processing speed” 

“multiple sclerosis” AND DTI AND “speed of processing” 

“multiple sclerosis” AND DTI AND PASAT 

“multiple sclerosis” AND DTI AND SDMT 

“multiple sclerosis” AND “resting state” AND “information processing” 

“multiple sclerosis” AND “resting state” AND “processing speed” 

“multiple sclerosis” AND “resting state” AND “speed of processing” 

“multiple sclerosis” AND “resting state” AND PASAT 

“multiple sclerosis” AND “resting state” AND SDMT 

“multiple sclerosis” AND “functional connectivity”   

“multiple sclerosis” AND “structural connectivity”   
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Appendix B. 

Table B.1 | Quality assessment criteria 

Area Question Values 

Methodology 1. Were a priori hypotheses clearly stated? no = 0; yes = 1 

2. How large was the sample size? < 30 = 0; ≥ 30 = 1 

Clinical 
characteristics 

3. What MS phenotypes were included? not defined = 0; mixed = 1; 
one type only or distinct 
groups = 2 

4. Was information on history of comorbidities reported? no = 0; yes = 1 

5. Was information on pharmacological treatments 
reported? 

no = 0; yes = 1 

6. If RRMS was included, was information on relapses 
reported? 

no = 0; yes = 1 

MRI parameters 7. How strong was the MRI field used? 1.5 T = 0; ≥ 3 T = 1 

8. How many diffusion-weighted directions, for DTI, or 
slices, for resting-state fMRI, were acquired? 

< 30 or missing = 0; ≥ 30 = 1 

Statistical analysis 9. Was the imaging analysis coherent with the 
hypothesis? 

no = 0; yes = 1 

10. Was correction for multiple comparisons used? no = 0; yes = 1 

11. Were covariates of no interest included in the analysis 
or, if not, was their exclusion motivated? 

no = 0; yes = 1 

Results 12. Were limitations of the studies clearly stated? no = 0; yes = 1 
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Table B.2 | Quality assessment of DTI studies 

Study Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Q11 Q12 TOT 

Lin et al. 
2008 

0 1 2 1 1 0 0 0 1 0 0 0 6 

Roca et al., 
2008 

0 0 2 1 1 1 0 0 1 0 0 0 6 

Bonzano et 
al., 2009 

0 1 2 1 1 1 0 0 1 0 0 0 7 

Dineen et al., 
2009 

0 1 2 1 1 1 1 0 1 1 1 1 11 

Mesaros et 
al., 2009 

0 1 1 1 1 1 0 0 1 1 1 1 9 

Roosendaal 
et al., 2009 

0 1 1 0 0 0 0 0 1 0 1 0 4 

Warlop et al., 
2009 

1 0 0 0 0 0 1 0 1 0 0 1 4 

Ozturk et al., 
2010 

1 1 1 0 0 1 1 1 1 1 0 1 9 

Van Hecke 

 et al., 2010 
0 1 1 0 0 1 0 1 1 1 0 1 7 

Rimkus et 
al., 2011 

0 1 2 0 1 1 1 1 1 0 0 0 8 

Llufriu et al., 
2012 

1 1 2 0 1 1 0 1 1 0 0 1 10 

Yu et al., 
2012 

0 1 2 0 0 0 1 0 1 1 1 1 8 

Benedict et 
al., 2013 

0 1 1 1 1 1 1 0 1 0 1 1 9 

Bester et al., 
2013 

1 1 1 1 1 1 1 0 1 1 1 1 11 

Bozzali et al., 
2013 

0 1 2 0 1 1 1 1 1 1 1 1 11 

Genova et 
al., 2013 

1 1 1 0 0 0 1 0 1 1 1 1 8 

Mazerolle et 
al., 2013 

1 1 2 1 1 1 0 0 1 1 1 1 11 

Sbardella et 
al., 2013 

0 1 2 1 1 1 1 1 1 1 1 1 12 

Koenig et al., 
2014 

0 1 1 0 0 0 1 1 1 0 0 1 6 

Kern et al., 
2015 

1 1 2 1 1 1 1 1 1 0 0 1 11 

Koenig et al., 
2015 

0 1 1 0 0 0 1 1 1 1 0 1 7 

Meijer et al., 
2016 

1 1 2 1 0 1 1 0 1 1 1 1 11 

Moroso et 
al., 2017 

1 1 2 1 1 1 1 0 1 0 0 1 10 
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Table B.3 | Quality assessment of RS-fMRI studies 

Study Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Q11 Q12 TOT 

Janssen et 
al., 2013 

1 1 2 1 1 0 1 1 1 1 0 1 11 

Gamboa et 
al., 2014 

1 1 1 0 0 0 1 1 1 0 0 0 6 

Wojtowicz 

et al. 2014 
0 1 2 1 1 1 0 0 1 0 1 1 9 

Pravatà et 
al., 2016 

1 1 2 1 1 1 1 1 1 0 1 1 12 

 

 

Table B.4 | Quality assessment of studies combining DTI and RS-fMRI 

Study Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Q11 Q12 TOT 

Rocca et al., 
2010 

0 1 2 0 1 1 1 1 1 0 1 1 10 

Tona et al., 
2014 

1 1 2 1 1 1 1 1 1 1 1 1 13 

Zhou et al., 
2014 

0 1 2 0 1 1 1 1 1 1 0 1 10 

Sbardella et 
al., 2015 

0 1 2 1 1 1 1 1 1 1 1 1 12 

Zhou et al., 
2016 

1 1 2 1 1 1 1 1 1 1 1 1 13 

 

 

 


