ooooo

rijksuniversiteit
oy groningen

Fatigue in Relapsing Remitting and Secondary
Progressive Multiple Sclerosis: Relationship
with Information Processing Speed and

Executive Functioning

llse Huisman

Master Thesis — Klinische Neuropsychologie

54999096

June 2025

Department of Psychology

University of Groningen

Examiner/Daily supervisor:

Dr. S. E. (Sandra) Rakers/ Mw. A. (Anniek) Reinhardt



A thesis is an aptitude test for students. The approval of the thesis is proof that the student has
sufficient research and reporting skills to graduate, but does not guarantee the quality of the
research and the results of the research as such, and the thesis is therefore not necessarily
suitable to be used as an academic source to refer to. If you would like to know more about
the research discussed in this thesis and any publications based on it, to which you could
refer, please contact the supervisor mentioned.



Abstract

Introduction: Many people with multiple sclerosis (PwMS) experience fatigue as a
prominent symptom. Previous studies have examined the relationship between general fatigue
and cognitive functioning in multiple sclerosis (MS). However, it remains unclear how mental
and physical fatigue relate to impairments in information processing speed (IPS) and executive
functioning (EF) in PwMS, and how this manifests in the subtypes relapsing remitting multiple
sclerosis (RRMS) and secondary progressive multiple sclerosis (SPMS). Method: A total of
262 PwMS were included, categorized into RRMS (n = 164), SPMS (n = 59), primary
progressive multiple sclerosis (PPMS; n = 29) and an unknown subtype (n = 10), together with
90 healthy controls (HCs). Assessment included The Dutch Multifactor Fatigue Scale
(subscales mental and physical fatigue) for fatigue, IPS tests (The Symbol Digit Modalities Test
and Trail Making Test - A) and EF tests (The Dutch version of the Controlled Oral Word
Association Test and Trail Making Test - B). Results: PwMS had a significantly higher level of
both mental and physical fatigue and performed significantly lower on all measures for IPS and
EF (p < .001) than HCs. When comparing the subtypes, the SPMS group performed
significantly lower than the RRMS group on IPS and EF (p < .001), whereas no significant
differences were found for mental and physical fatigue. Furthermore, a small positive
relationship (r; = .17) was found between physical fatigue and the TMT A in the PWMS group,
but mental fatigue was not associated with any measure for IPS or EF in all groups. Conclusion:
Our findings suggest that PwWMS exhibit impairments on IPS and EF and experience excessive
mental and physical fatigue when compared to controls. Furthermore, the lack of correlation
between mental fatigue and IPS or EF performance suggests the need to explore other factors
underlying mental fatigue in PwMS.
Keywords: Multiple Sclerosis, Mental fatigue, Physical fatigue, Information Processing Speed,

Executive functioning



Fatigue in Relapsing Remitting and Secondary Progressive Multiple Sclerosis:

Relationship with Information Processing Speed and Executive Functioning

Multiple sclerosis (MS) is a chronic neurological disorder known for damage to the
central nervous system (CNS) (Dias et al., 2024). Demyelination, a typical process in MS, can
occur in several regions of the brain and can cause a wide variety of symptoms (Bellew et al.,
2022; Goldenberg, 2012). MS can be divided into different subtypes: relapsing remitting
multiple sclerosis (RRMS), secondary progressive multiple sclerosis (SPMS) and primary
progressive multiple sclerosis (PPMS) (Eshaghi et al., 2021; Locatelli et al., 2024). Each of
these subtypes has a different progression of symptoms which can flare or relapse over time
(Olek, 2021). MS is the most prevalent degenerative disease of the CNS in younger individuals
(Wallin et al., 2019).

Fatigue is a highly prevalent symptom among people with MS (PwMS), with nearly
70% reporting it as one of the most prominent symptoms (Smith & Hale, 2007). Different
definitions of fatigue are found in the literature and there are variations for the interpretation of
this concept. Fatigue can be described as a state of being in which a person suffers from
exhaustion and may experience difficulties with social interactions or performing daily tasks.
As a symptom, fatigue is characterized by its multifactorial nature. Mental fatigue occurs when
a person has difficulties with processing stimuli due to prolonged focus on a task and
maintaining sustained cognitive effort, leading to reduced mental capacity and a decreased drive
and motivation to continue with the task. This could possibly lead to a poorer task performance
(Bafna & Hansen, 2021). Physical fatigue occurs when a person has difficulties maintaining
sustained physical effort and can result in reduced energy and difficulty moving (Skau et al.,
2021). Both mental and physical fatigue are commonly reported symptoms by PwMS (Oliva

Ramirez et al., 2021).



Prior studies have investigated general fatigue in different subtypes of MS. Fatigue was
found to be more prevalent and severe in patients with SPMS than in those with RRMS (Maier
et al., 2023; Weiland, 2015), which could possibly be explained by an older age and a higher
level of impairment, as these factors are more commonly present in individuals with SPMS
(Maier et al., 2023). Overall, fatigue in MS is correlated with a poorer well-being and has a
negative impact on daily activities in PwMS, across all subtypes (Andreasen et al., 2019).
Although fatigue is a common complaint among PwMS and has a significant negative impact
on their lives, the precise underlying mechanisms contributing to fatigue in MS remain unclear.

In addition to fatigue, impairments in cognitive functioning are common in MS as well.
Prior research shows that up to 65% of PwWMS present with cognitive deficits (Patti et al., 2015).
Cognitive functions consist of a range of mental capacities, including learning, reasoning,
memory, problem-solving, decision-making, processing speed and attention. PwWMS show most
deficits in information processing speed (IPS), memory, attention, and executive functioning
(EF) (Chiaravalloti & DeLuca, 2008). These deficits can contribute to a decline in life
satisfaction and can limit the daily functioning of PWMS (Bellew et al., 2022).

Prior studies have investigated the severity of cognitive impairments in different
subtypes of MS. It is estimated that approximately a third of patients with RRMS exhibit
cognitive impairments, affecting domains such as motor performance, memory and learning,
attention, and EF (Prakash et al., 2008; Wu et al., 2024). Many RRMS patients develop SPMS
after several years, whereas the duration of this transition sometimes varies by decades (5-30
years) (Tremlett et al., 2008). Therefore, it is suggested that the same impairments are present
in SPMS patients, but more severe. Brochet & Ruet (2019) showed that, when comparing SPMS
patients with RRMS patients, SPMS patients had increased cognitive dysfunction in several

different domains. These domains included memory, IPS and EF.



To provide suitable care for PwWMS who experience fatigue, it is relevant to know what
processes underlie fatigue in MS. The cognitive coping hypothesis suggests that brain-injured
individuals might experience fatigue as a result of the increased demands on cognition which
i1s necessary to meet the requirements of completing daily tasks. It is assumed that these
individuals need to compensate for deficits in their information processing abilities (Van
Coevorden-van Loon et al., 2022; Zomeren, 1981), which could also be relevant for PwMS,
since impairments in [PS are common. Extended use of compensatory strategies requires more
cognitive resources, which could be an explanation for the experienced fatigue in PwMS. Prior
research has investigated this relationship and suggests an association between impaired IPS
and fatigue in MS. While some studies have demonstrated this association, others have failed
to find such a relationship. Therefore, further research is needed.

Additionally, in various neurological disorders, including MS, fatigue is suggested to be
associated with a dysfunction between the frontal brain areas and the basal ganglia (Chaudhuri
& Behan, 2004; Dobryakova et al., 2013). These brain regions are also strongly associated with
EF, a domain known to be affected in MS (Herd et al., 2014; Szczepanski & Knight, 2014).
Several studies have shown a relationship between reduced executive functioning performance
and fatigue in MS; however, previous studies have not been conclusive (Erani et al., 2022;
Holtzer & Foley, 2009).

Based on prior studies which investigated the relationship between cognitive
functioning and fatigue in other neurological patient groups, it is expected that impairments in
IPS and EF are particularly related to mental fatigue, rather than physical fatigue (Van
Coevorden-van Loon et al., 2022; Yigit et al., 2021). However, as far as we know, studies
specifically investigating the relationship of IPS and EF with both mental and physical fatigue
as separate constructs are scarce in MS. It is important to gain a better understanding of the

processes underlying mental and physical fatigue across different MS subtypes. This provides



us with valuable insights to optimize and personalize care for PwWMS experiencing mental and
physical fatigue in clinical practice.

The aim of this study therefore is to investigate how mental and physical fatigue in MS
relate to impairments in IPS and EF. In addition, it will be investigated how these constructs are
related to one another in different subtypes of MS, namely RRMS and SPMS. For the entire
PwMS group, as well as within the separate RRMS and SPMS groups, it is hypothesized that
higher mental fatigue is related to lower performance on tasks for IPS and EF, whereas physical
fatigue is not. Furthermore, it is hypothesized that a stronger relationship between mental
fatigue and IPS and EF will be found in the SPMS group compared to the RRMS group, given
the prolonged disease course in this former group, generally characterized by more
demyelination and neurodegeneration and therefore more cognitive impairments.

Method
Design and Setting

This study contains data from the observational, prospective, MS-CEBA study
(Reinhardt et al., 2024). The majority of participants have been recruited from the Neurology
department of the University Medical Center Groningen (UMCG), Martini Hospital Groningen
(MHG) and the Medical Center Leeuwarden (MCL). In addition, participants could sign up for
participation themselves. Furthermore, a dataset from the ICONS study (Khosdelazad et al.,
2022) was used for the inclusion of healthy controls (HCs). The data collection followed the
ethical protocols of the UMCG, and all patients and HCs signed an informed consent. After
informed consent was obtained, the researcher scheduled the neuropsychological assessment.
Participants and procedure

Between June 2023 and March 2025, 262 PwMS were included in the study. The 90
HCs from the ICONS study were included between 2019 and 2023. Inclusion criteria were an

age between 18 and 70 years, sufficient comprehension of the Dutch language and the absence



of other neurological and/or major psychiatric disorders. The data from the participants was
collected through a neuropsychological assessment, which was administered by a trained
assistant. After signing the informed consent, participants were contacted by the researcher to
schedule the neuropsychological assessment. All participants received a questionnaire assessing
mental and physical fatigue to complete at home prior to the neuropsychological assessment.
The questionnaire was delivered digitally using the secure platform, Research Electronic Data
Capture (REDCap) (Harris et al., 2009; Harris et al., 2019). During the neuropsychological
assessment, tests for EF and IPS were administered.
Measures
Fatigue questionnaire

The Dutch Multifactor Fatigue Scale (DMFS) is a questionnaire assessing different
aspects of fatigue in neurological patient groups. The DMFS includes 38 items on a 5-point
Likert scale ranging from 1 (strongly disagree) to 5 (strongly agree) and is categorized into 5
subscales (Dornonville de la Cour, 2023). For this study, the subscales for mental fatigue and
physical fatigue were used to assess mental and physical fatigue of PWMS, with scores ranging
from 7 to 35 for mental fatigue and 6 to 30 for physical fatigue. The DMFS has demonstrated
good construct validity and showed acceptable to good reliability for the mental (o = .86) and
physical subscales (o =.77; Visser-Keizer et al., 2015).
Neuropsychological tests for IPS

The Symbol Digit Modalities Test (SDMT) is a test for IPS. Participants are given
instructions to match the correct number with the corresponding symbol as fast as possible in
90 seconds (Benedict et al., 2017). The raw score consisted of the number of correct responses
within the time limit.

The Trail Making Test (TMT) condition A was used to measure IPS. Participants were

instructed to link the numbers from 1 to 25 in order by drawing a line as quickly as possible



(Arbuthnott & Frank, 2000). The raw score was the time in seconds required to complete this
task.
Neuropsychological tests for EF

The Trail Making Test (TMT) condition B was used for measuring EF. The duration
spent on condition B served as an indicator of cognitive flexibility, an important aspect of EF.
For this test, participants must connect circles with both letters and numbers alternately in an
ascending order as quickly as possible (Arbuthnott & Frank, 2000). The raw score was the time
in seconds required to complete this task.

The Dutch version of the Controlled Oral Word Association Test (COWAT) is a verbal
exercise assessing EF. Participants have 60 seconds to come up with as many words as possible,
starting with the letters D-A-T (Schmand et al., 2008). The raw score was the number of words
produced within the time limit.

Analysis

SPSS Statistics 28 was used to analyse data and to check the assumptions. Descriptive
statistics were used to examine the prevalence of mental fatigue and physical fatigue in PwWMS
and HCs. To examine differences in fatigue, IPS and EF between groups, independent t-tests
for parametric data and Mann Whitney U tests for non-parametric data were conducted. Finally,
associations between mental fatigue, physical fatigue, IPS and EF were tested with Spearman’s
rank correlations for nonparametric data. Bonferroni-Holm corrections were applied to correct
for multiple comparisons (Holm, 1979). Statistical significance was determined using a p-value
of less than 0.05, two-sized.

Research questions
la: Do PwMS and HCs differ in their levels of mental and physical fatigue?
Comparison between PWMS and HCs on variables mental and physical fatigue with

Mann Whitney U tests.
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Ho: PwMS and HCs do not differ in the level of mental and physical fatigue.
H1: PwWMS have a significantly higher level of mental and physical fatigue than HCs.
1b: How do PwMS perform on tasks for IPS and EF compared to HCs?
Comparison between PwMS and HCs on variables performance on IPS and EF tasks
with independent t-tests or Mann Whitney U tests.
Ho: PwMS and HCs do not differ on tasks for IPS and EF.
H1: PWMS score significantly lower on tasks for IPS and EF than HCs.
2a: Do people with RRMS and SPMS differ in their levels of mental and physical fatigue?
Comparison between the RRMS and SPMS group on variables mental and physical
fatigue with Mann Whitney U tests.
Ho: People with RRMS and people with SPMS do not differ in the level of mental and
physical fatigue.
H1: People with SPMS have a significantly higher level of mental and physical fatigue
than people with RRMS.
2b: How do people with RRMS perform on tasks for IPS and EF compared to people with
SPMS?
Comparison between the RRMS and SPMS group on variables performance on IPS and
EF tasks with Mann Whitney U tests.
Ho: People with RRMS and people with SPMS do not differ on tasks for IPS and EF.
Hi1: People with SPMS score significantly lower on tasks for IPS and EF than people
with RRMS.
3: How is the performance on tasks for IPS and EF related to mental and physical fatigue in

PwMS?
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Correlation analysis between the variables mental fatigue, physical fatigue, and
performance on IPS and EF tasks for the PWMS group using the Spearman’s rank
correlation.
Ho: There is no relationship between the performance on tasks for IPS, EF and mental
and physical fatigue in PwMS.
H1: Lower performance on tasks for IPS and EF are related to higher mental fatigue and
not to physical fatigue in PwWMS.
4: How is the performance on tasks for IPS and EF related to mental and physical fatigue in
the RRMS and SPMS subgroups?
Correlation analysis between the variables mental fatigue, physical fatigue, and
performance on IPS and EF tasks for the RRMS and SPMS group using the Spearman’s
rank correlation.
Ho: People with RRMS and people with SPMS do not differ in terms of the correlation
between the performance on tasks for IPS, EF and mental and physical fatigue.
H1: Within the SPMS group, performance on tasks for IPS and EF are related to mental
fatigue and not to physical fatigue. In people with RRMS, performance on tasks for IPS
and EF are also related to mental fatigue, but to a lesser extent than in the SPMS group.
Here, we also expect no relationship between IPS and EF with physical fatigue.
Results
Participants
A total of 262 PwMS were included, with 164 (62.6%) people with RRMS, 59 (22.5%)
people with SPMS, 29 (11.1%) people with PPMS and 10 (3.8%) people with an unknown
subtype. In addition, 90 HCs were included. The PwWMS and HC group did not differ on age
and gender. A difference between groups was found for educational level. Educational level

was slightly lower in the PWMS group compared to the HCs (Table 1).
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Table 1

Participant Characteristics, M (+SD), n (%)

Difference 1-2

1. HC 2. PwMS
Variable (n =90) (n =262) XU p
Age 51.7 (10.5) 50.3 (11.2) U=10792 .23
Gender, female (%) 62 (68.9%) 206 (78.6%) X?=3.5 .62
Education 5.7(7) 5.5(.8) U=10196 .04
EDSS 2.1(1.3)
Duration of diagnosis, years 13 (10.1)

Note. HC = healthy controls; PWMS = people with MS; Education = 7-point scale spanning
from 1 (primary-level schooling) to 7 (university degree); EDSS = Expanded Disability Status
Scale.
Prevalence of mental and physical fatigue

In the total PWMS group, 75.2% experienced high to very high levels of mental fatigue,
and 57.6% experienced high to very high levels of physical fatigue. In the RRMS group, 72%
experienced high to very high levels of mental fatigue, and 52.4% experienced high to very
high levels of physical fatigue. In the SPMS group, 79,7% experienced high to very high levels
of mental fatigue, and 71.1% experienced high to very high levels of physical fatigue.
Fatigue, IPS and EF measures

Table 2 shows the differences in prevalence of mental and physical fatigue, and
performance on measures for IPS and EF between HCs and PwMS. PwMS had a significantly
higher level of both mental and physical fatigue than HCs. Additionally, PWMS performed

significantly lower than HCs on all measures for IPS and EF.
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Table 2

Comparisons of fatigue, IPS and EF between HCs and PwMS, M (SD)

Difference 1-2

1. HC 2. PwMS
Variable (n=90) (n=1262) t/U p
Fatigue questionnaire
DMFS-M 17.4 (4.6) 25.3(5.7) U=2772.5 <.001*
DMEFS-P 13.1 (4.1) 19.1 (5.1) U =3530.5 <.001*
Neuropsychological tests for IPS
SDMT 60.6 (9.6)  52.1(13.2) t=53 <.001*
T™MT A 28.4(8.7) 37.5(37.2) U=9005.5 <.001*
Neuropsychological tests for EF
TMT B 59 (19) 75.7(43.8) U=288225 <.001*
COWAT 40.1 (11.3) 34.2(10.8) U=8236.5 <.001*

Note. HC = healthy controls; PwMS = people with MS; DMFS-M = Mental fatigue subscale
of The Dutch Multifactor Fatigue Scale (DMFS); DMFS-P = Physical fatigue subscale of the
DMEFS; SDMT = The Dutch Multifactor Fatigue Scale; TMT A = Trail Making Test A; TMT
B = Trail Making Test B; COWAT = The Dutch version of the Controlled Oral Word
Association Test.
*Significant after Bonferroni-Holm corrections for multiple comparisons.

Table 3 shows the differences in prevalence of mental fatigue, physical fatigue, and
performance on measures for IPS and EF between the RRMS group and SPMS group. No
significant differences were found for mental and physical fatigue between the groups.

Additionally, the SPMS group performed significantly lower than the RRMS group on both

measures for IPS and on one test for EF.
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Table 3

Comparisons of fatigue, IPS and EF between RRMS and SPMS, M (SD)

Difference 1-2

1. RRMS 2. SPMS
Variable (n=164) (n=159) U p
Fatigue questionnaire
DMFS-M 25.1(5.8) 25.6 (5.9) U =4636.5 .635
DMFS-P 18.7 (5) 20.3 (4.3) U=3912 .029
Neuropsychological tests for IPS
SDMT 55.7 (11.1) 44.6 (13.5) U=2533.5 <.001%*
T™MT A 31.2(13.2) 49.4 (64.7) U=32355 <.001*
Neuropsychological tests for EF
TMT B 65.6 (31) 92.8 (53.9) U =2840 <.001*
COWAT 35.8 (10.7) 32.1(9.3) U =3840.5 .019

Note. RRMS = RRMS group; SPMS = SPMS group; DMFS-M = Mental fatigue subscale of
The Dutch Multifactor Fatigue Scale (DMFS); DMFS-P = Physical fatigue subscale of the
DMEFS; SDMT = The Dutch Multifactor Fatigue Scale; TMT A = Trail Making Test A; TMT
B = Trail Making Test B; COWAT = The Dutch version of the Controlled Oral Word
Association Test.
*Significant after Bonferroni-Holm corrections for multiple comparisons.
Correlations between fatigue, IPS and EF

Table 4 presents the correlation coefficients between mental fatigue, physical fatigue
and performance on tasks for IPS and EF, in both the overall group of PWMS as well as
separately for both subtypes. When looking into the entire PWMS group, a weak positive
correlation was found between physical fatigue and performance on the TMT A. This suggests
that greater physical fatigue is associated with reduced IPS. Furthermore, no significant
correlations were found between mental fatigue and performance on all tasks for IPS and EF in
the entire PwWMS group. When examining the RRMS and SPMS groups separately, no

significant correlations were found between both mental and physical fatigue and performance

on all tasks for IPS and EF.
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Correlations between fatigue, IPS and EF
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1. PWMS 2. RRMS 3. SPMS
(n =262) (n =164) (n=59)
DMFS DMFS DMFS

Variable M P M P M P
Neuropsychological tests for IPS
SDMT -.074 -.066 -.073 -007  -.099  -.020
TMT A 126 170%* 141 118 .016 116
Neuropsychological tests for EF
TMT B 134 118 127 .030 131 127
COWAT -.128 -.085 -106  -.038  -.124  -.035

Note. PwMS = people with MS; RRMS = RRMS group; SPMS = SPMS group; DMFS-M =
Mental fatigue subscale of The Dutch Multifactor Fatigue Scale (DMFS); DMFS-P = Physical
fatigue subscale of the DMFS; SDMT = The Dutch Multifactor Fatigue Scale; TMT A = Trail
Making Test A; TMT B = Trail Making Test B; COWAT = The Dutch version of the Controlled
Oral Word Association Test.
*Significant after Bonferroni-Holm corrections for multiple comparisons.
Discussion

The aim of this study was to investigate how mental and physical fatigue that PwMS
experience relate to cognitive functioning in the domains of IPS and EF. Additionally, it was
investigated how these constructs are related to one another in different subtypes of MS, namely
RRMS and SPMS. First, this study showed that the PwWMS group experienced significantly
higher levels of mental and physical fatigue and performed significantly worse on all tasks
assessing IPS and EF compared to HCs. Furthermore, the results showed that only in the overall
PwMS group, a small association was found between physical fatigue and IPS. No associations
were found between mental fatigue and the performance on tests for IPS and EF, and neither
when looking into the overall group of PWMS nor within the separate subtypes.

In this study, PWMS reported significantly higher levels of mental and physical fatigue

than the HC group. These results are consistent with previous findings (Oliva Ramirez et al.,
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2021; Smith & Hale, 2007). Although the RRMS and SPMS groups did not differ significantly
in levels of mental and physical fatigue at the group level, prevalence data indicate a higher
level of 7.7% for mental fatigue and a higher level of 18.7% for physical fatigue in the
proportion of individuals within the SPMS group compared to the RRMS group. These results
are consistent with previous findings, which stated that fatigue was more prevalent in people
with SPMS (Maier et al., 2023; Weiland, 2015). In addition, the prevalence data revealed a
clear increase in physical fatigue when comparing individuals with RRMS and SPMS, whereas
mental fatigue showed a less pronounced difference. Mental fatigue was consistently high
across groups and exceeded levels of physical fatigue, regardless of disease subtype. The
consistent high level of mental fatigue could be attributed to the already disrupted brain tissue
and early neurodegenerative and microstructural disruptions during the early disease course, as
such changes have been associated with cognitive fatigue in other studies (Guillemin et al.,
2024). Furthermore, research demonstrates that cognitive and physical fatigue develop
independently, with physical fatigue being more likely to emerge in the presence of motor
function decline, which typically occurs in the later stages of the disease (Ellison et al., 2021;
Tarasiuk et al., 2021). It is therefore important to pay attention to mental fatigue in both groups,
as this symptom tends to appear early and is often pronounced.

Results from the neuropsychological tests for IPS and EF showed that the PwMS group
consistently scored lower than the HC group. This outcome supports previous results and can
be explained by structural brain damage, particularly in relation to the interaction between
multiple brain regions, which is relevant for IPS (Meijer et al., 2018). In addition, a decline in
EF may be attributable to structural decline in thalamic volume and reduced brain parenchymal
fraction (Mirmosayyeb et al., 2024). When comparing the RRMS and SPMS group, the SPMS
group showed lower performance on all tests for IPS compared to the RRMS group. These

findings suggest a decline in IPS in more progressive subtypes of MS, and these results are
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consistent with previous studies (Lynch et al., 2005). When comparing the two groups on tests
for EF, the SPMS group showed lower performance one test (TMT-B), which is in line with
previous studies (Brochet & Ruet, 2019). No significant difference was observed on the verbal
fluency test (COWAT) between the RRMS and SPMS groups. Previous research has found
inconsistent results when examining differences between these groups on verbal fluency. Some
studies reported significant differences, whereas others found no such effects (Delgado-Alvarez
et al., 2020; Huijbregts et al., 2004; Messinis et al., 2013). A possible explanation could be that
the sensitivity of the COWAT is sufficient to detect cognitive decline in the overall group of
PwMS when compared to HCs, but may be limited in its ability to identify more subtle
differences between disease subtypes.

When examining the relationship between performance on IPS and EF with physical
fatigue in the PwWMS group, the RRMS group and SPMS group, only a weak association was
observed between physical fatigue and IPS in the PWMS group. Similar findings have been
reported in other studies, which also demonstrated a comparable relationship between physical
fatigue and IPS (Andreasen et al., 2019; Bellew et al., 2022). It is important to consider that the
correlation found for the IPS measure reflects a construct that also involves a visuomotor search
component. An explanation from a neurobiological perspective could be the presence of brain
atrophy and dysfunction in cortico-subcortical pathways (Andreasen et al., 2010). More severe
disease progression generally leads to greater brain damage, which may contribute to both
physical symptoms/fatigue and cognitive impairments.

Finally, no relationship was found between mental fatigue and the performance on tasks
for IPS and EF, both for the entire group of PWMS as well as when looking into the different
subtypes. Previous studies have shown mixed results. Some studies found no significant link
between subjective fatigue and neuropsychological performance (Morrow et al., 2009;

Parmenter et al., 2003), whereas others reported associations between cognitive fatigue and IPS
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and EF (verbal learning) (Andreasen et al., 2010; Bellew et al., 2022; Diamond et al., 2008).
This study contributes to the existing literature suggesting that mental fatigue cannot be
explained by impairments in IPS and EF. These results indicate that additional factors are likely
involved in the experience of mental fatigue, highlighting the need for further research to clarify
these underlying mechanisms.

There are several limitations that should be acknowledged. First, the possibility of
healthy participant bias should be considered, as this is a phenomenon in general research and
has also been observed in studies involving PwMS (Duquin et al., 2008). The healthy
participant bias refers to the systematic tendency for individuals who participate in scientific
studies to be healthier than those who decline participation (Leening et al., 2014). This bias
may lead to an underestimation of symptoms, reducing the representativeness of the results and
limiting their generalizability. Although a small number of participants with the PPMS subtype
were included in the study, this number was insufficient to conduct meaningful analyses.
Therefore, people with PPMS were not part of the study. Furthermore, the DMFS questionnaire
was used to assess mental and physical fatigue. However, this questionnaire had only been
validated on patients with a brain injury (Visser et al., 2015). Therefore, the validity of the
questionnaire within the context of this study needs to be considered when generalizing the
results to PWMS. In addition, the PWMS and HC groups differed in educational level which
could have influenced the results between the groups; however, these differences were small.
Finally, we did not control for the potential effects of mood and its interaction with cognitive
performance and fatigue. It remains unclear whether controlling for this variable could have
impacted our findings. This issue has also been highlighted in prior studies (Diamond et al.,
2008; Golan et al., 2017; Sadigh-Eteghad et al., 2021). Although the presence of a major
psychiatric disorder was an exclusion criterion in this study, we cannot rule out the potential

influence of milder forms of depression and its symptoms that may not have been fully
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accounted for. Several participants reported using psychiatric medication and experiencing
mood-related symptoms in our study.

The results of this study highlight the presence of experienced mental and physical
fatigue and impairments in IPS and EF in PWMS, processes that play a critical role in everyday
life. It is important to take these deficits into account and focus on therapeutic interventions
aimed at enhancing coping skills and psychoeducation. Furthermore, our study showed that
mental fatigue is consistently high among the entire group of PWMS and across the different
subtypes. For this reason, it is recommended that additional attention is given to this aspect
during treatment and psychoeducation, because fatigue is often treated as a general concept in
clinical practice, rather than being addressed as separate domains such as mental and physical
fatigue. Intergrading these implications can help patients, as well as their caregivers, gain a
better understanding of their illness, promote greater awareness, acceptance of their limitations
and improve their quality of life (Oz & Oz, 2020).

Future research is needed for exploring the underlying mechanisms of mental fatigue to
gain a better understanding of the increased brain activity, because the search for a reliable
relationship between subjective and objective measures remains inconclusive. This could be
done through functional magnetic resonance imaging (fMRI), because it shows promising
results (Leavitt & DeLuca, 2010). Furthermore, mental fatigue should be assessed through self-
reports simultaneously to give insights into the level of reported fatigue. In addition, as stated
in the limitations, it is recommended that future research should include the subtype PPMS in
their studies, so that fatigue and possible relationships can be investigated in this group as well.
Also, validating the DMFS questionnaire in different patient populations is needed, including
PwMS, to ensure the generalizability of the results. Finally, future research should take the
variable mood into account and integrate it in their analyses to gain a better understanding of

the potential influence on the relationship between fatigue and IPS and EF in PWMS.
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In conclusion, our study showed that high levels of both mental and physical fatigue
were reported by PWMS. However, mental fatigue was consistently the most pronounced across
both MS subtypes and was not related to cognitive performance. Based on these findings, there
is insufficient evidence to suggest that the origin of mental fatigue lies in cognitive functioning,
specifically in the domains of IPS and EF, and should therefore be further explored. Continued
research into the underlying mechanisms is essential to provide appropriate support to patients

for this burdensome symptom.



21

References

Andreasen, A. K., Iversen, P., Marstrand, L., Siersma, V., Siebner, H. R., &
Sellebjerg, F. (2019). Structural and cognitive correlates of fatigue in
progressive multiple sclerosis. Neurological Research, 41(2), 168—176.

https://doi.org/10.1080/01616412.2018.1547813

Andreasen, A. K., Spliid, P. E., Andersen, H., & Jakobsen, J. (2010). Fatigue and processing
speed are related in multiple sclerosis. European Journal of Neurology, 17(2), 212—

218. https://doi.org/10.1111/5.1468-1331.2009.02776.x

Arbuthnott, K., & Frank, J. (2000). Trail Making Test, Part B as a Measure of Executive
Control: Validation Using a Set-Switching Paradigm. Journal of Clinical and

Experimental Neuropsychology, 22(4), 518-528. https://doi.org/10.1076/1380-

3395(200008)22:4;1-0;FT518

Bafna, T., & Hansen, J. P. (2021). Mental fatigue measurement using eye metrics: A
systematic literature review. Psychophysiology. 58: e13828.

https://doi.org/10.1111/psyp.13828

Bellew, D., Davenport, L., Monaghan, R., Cogley, C., Gaughan, M., Yap, S. M.,
Tubridy, N., Bramham, J., McGuigan, C., & O'Keeffe, F. (2022). Interpreting
the clinical importance of the relationship between subjective fatigue and
cognitive impairment in multiple sclerosis (MS): How BICAMS performance
is affected by MS-related fatigue. Multiple sclerosis and related

disorders, 67, 104161. https://doi.org/10.1016/j.msard.2022.104161

Benedict, R. H., DeLuca, J., Phillips, G., LaRocca, N., Hudson, L. D., Rudick, R., & Multiple
Sclerosis Outcome Assessments Consortium. (2017). Validity of the Symbol Digit

Modalities Test as a cognition performance outcome measure for multiple sclerosis.

Multiple Sclerosis Journal, 23(5) :721-733. https://doi:10.1177/1352458517690821


https://doi.org/10.1080/01616412.2018.1547813
https://doi.org/10.1111/j.1468-1331.2009.02776.x
https://doi.org/10.1076/1380-3395(200008)22:4;1-0;FT518
https://doi.org/10.1076/1380-3395(200008)22:4;1-0;FT518
https://doi.org/10.1111/psyp.13828
https://doi.org/10.1016/j.msard.2022.104161

22

Brochet, B., & Ruet, A. (2019). Cognitive Impairment in Multiple Sclerosis With Regards to
Disease Duration and Clinical Phenotypes. Frontiers in Neurology, 20;10:261.

https://doi:10.3389/theur.2019.00261

Chaudhuri, A., & Behan, P. O. (2004). Fatigue in neurological disorders. Lancet (London,

England), 363(9413), 978-988. https://doi.org/10.1016/S0140-6736(04)15794-2

Chiaravalloti, N. D., & DeLuca, J. (2008). Cognitive impairment in multiple
sclerosis. The Lancet. Neurology, 7(12), 1139-1151.

https://doi.org/10.1016/S1474-4422(08)70259-X

Delgado—Alvarez, A., Matias-Guiu, J. A., Delgado-Alonso, C., Hernandez-Lorenzo, L.,
Cortés-Martinez, A., Vidorreta, L., Montero-Escribano, P., Pytel, V., & Matias-Guiu, J.
(2020). Cognitive Processes Underlying Verbal Fluency in Multiple
Sclerosis. Frontiers in Neurology, 11, 629183.

https://doi.ore/10.3389/theur.2020.629183

Diamond, B. J., Johnson, S. K., Kaufman, M., & Graves, L. (2008). Relationships between
information processing, depression, fatigue and cognition in multiple sclerosis.
Archives of Clinical Neuropsychology: The Official Journal of the National Academy
of Neuropsychologists, 23(2), 189-199.

Dias, M., Dorr, F., Garthof, S., Schéfer, S., Elmers, J., Schwed, L., Linz, N., Overell, J.,
Hayward-Koennecke, H., Troger, J., Konig, A., Dillenseger, A., Tackenberg, B., &
Ziemssen, T. (2024). Detecting fatigue in multiple sclerosis through automatic speech
analysis. Frontiers in Human Neuroscience, 18, 1449388.

https://doi.ore/10.3389/fhhum.2024.1449388

Dobryakova, E., DeLuca, J., Genova, H. M., & Wylie, G. R. (2013). Neural correlates of
cognitive fatigue: cortico-striatal circuitry and effort-reward imbalance. Journal of the

International Neuropsychological Society: JINS, 19(8), 849—-853.


https://doi.org/10.1016/S0140-6736(04)15794-2
https://doi.org/10.1016/S1474-4422(08)70259-X
https://doi.org/10.3389/fneur.2020.629183
https://doi.org/10.3389/fnhum.2024.1449388

23

https://doi.org/10.1017/S1355617713000684

Dornonville de la Cour, F. L., Schow, T., Andersen, T. E., Petersen, A. H., Zornhagen, G.,
Visser-Keizer, A. C., & Norup, A. (2023). Measurement Properties of the Dutch
Multifactor Fatigue Scale in Early and Late Rehabilitation of Acquired Brain Injury in
Denmark. Journal of Clinical Medicine, 12(7), 2587.

https://doi.ore/10.3390/jcm12072587

Duquin, J. A., Parmenter, B. A., & Benedict, R. H. B. (2008). Influence of recruitment and
participation bias in neuropsychological research among MS patients. Journal of the
International Neuropsychological Society, 14(3), 494—498.
DOI:10.1017/S1355617708080624

Ellison, P. M., Goodall, S., Kennedy, N., Dawes, H., Clark, A., Pomeroy, V., Duddy, M.,
Baker, M. R., & Saxton, J. M. (2021). Neurostructural and Neurophysiological
Correlates of Multiple Sclerosis Physical Fatigue: Systematic Review and Meta-
Analysis of Cross-Sectional Studies. Neuropsychology Review, 32(3), 506-519.
https://doi.org/10.1007/s11065-021-09508-1

Erani, F., McKeever, J., Medaglia, J. D., & Schultheis, M. T. (2022). The Relationship
between Fatigue and a Clinically Accessible Measure of Switching in Individuals with
Multiple Sclerosis. Archives of Clinical Neuropsychology: The Official Journal of the
National Academy of Neuropsychologists, 37(6), 1208-1213.

https://doi.org/10.1093/arclin/acac017

Eshaghi, A., Young, A. L., Wijeratne, P. A., Prados, F., Douglas, A. L., Narayanan, S.,
Guttmann, C. R. G., Barkhof, F., Alexander, D. C., Thompson, A. J., Chard, D., &
Ciccarelli, O. (2021). Identifying multiple sclerosis subtypes using unsupervised
machine learning and MRI data. Nature = Communications 12,  2078.

https://doi.org/10.1038/s41467-021-22265-2



https://doi.org/10.3390/jcm12072587
https://doi.org/10.1093/arclin/acac017
https://doi.org/10.1038/s41467-021-22265-2

24

Golan, D., Doniger, G. M., Wissemann, K., Zarif, M., Bumstead, B., Buhse, M., Fafard, L.,
Lavi, 1., Wilken, J., & Gudesblatt, M. (2017). The impact of subjective cognitive
fatigue and depression on cognitive function in patients with multiple sclerosis. Multiple

Sclerosis Journal 24(2):196-204. https://doi.org/10.1177/1352458517695470

Goldenberg, M. M. (2012). Multiple sclerosis review. P & T: a peer-reviewed
Jjournal for formulary management, 37(3), 175—-184.

Guillemin, C., Vandeleene, N., Charonitis, M., Requier, F., Delrue, G., Lommers, E., Maquet,
P., Phillips, C., & Collette, F. (2024). Brain microstructure is linked to cognitive
fatigue in early multiple sclerosis. Journal of neurology, 271(6), 3537-3545.

https://doi.ore/10.1007/s00415-024-12316-1

Harris, P. A., Taylor, R., Thielke, R., Payne, J., Gonzalez, N., & Conde, J. G. (2009). Research
electronic data capture (REDCap)—A metadata-driven methodology and workflow

process for providing translational research informatics support. Journal of

Biomedical Informatics, 42(2), 377-381. https://doi.org/10.1016/1.jb1.2008.08.010

Harris, P. A., Taylor, R., Minor, B. L., Elliott, V., Fernandez, M., O’Neal, L., McLeod, L.,
Delacqua, G., Delacqua, F., Kirby, J., Duda, S. N., & REDCap Consortium. (2019).
The REDCap consortium: Building an international community of software platform
partners. Journal of Biomedical Informatics, 95, 103208.

https://doi.org/10.1016/j.jb1.2019.103208

Herd, S. A., O'Reilly, R. C., Hazy, T. E., Chatham, C. H., Brant, A. M., & Friedman, N. P.
(2014). A neural network model of individual differences in task switching
abilities. Neuropsychologia, 62, 375-389.

https://doi.ore/10.1016/j.neuropsychologia.2014.04.014

Holm, S. (1979). A Simple Sequentially Rejective Multiple Test Procedure. Scandinavian

Journal of Statistics, 6(2), 65—70. http://www.jstor.org/stable/4615733


https://doi.org/10.1177/1352458517695470
https://doi.org/10.1007/s00415-024-12316-1
https://doi.org/10.1016/j.jbi.2008.08.010
https://doi.org/10.1016/j.jbi.2019.103208
https://doi.org/10.1016/j.neuropsychologia.2014.04.014

25

Holtzer, R. & Foley, F. (2009). The relationship between subjective reports of
fatigue and executive control in Multiple Sclerosis. Journal of Neurological

Science, 281, 46-50. https://doi.org/10.1016/1.jns.2009.02.360

Huijbregts, S. C. J., Kalkers, N. F., de Sonneville, L. M. J., de Groot, V., Reuling, I. E. W., &
Polman, C. H. (2004). Differences in cognitive impairment of relapsing remitting,
secondary, and primary progressive MS. Neurology, 63(2), 335-339.

Khosdelazad, S., Jorna, L. S., Groen, R. J. M., Rakers, S. E., Timmerman, M. E., Borra, R. J.
H., van der Hoorn, A., Spikman, J. M., & Buunk, A. M. (2022). Investigating
Recovery After Subarachnoid Hemorrhage With the Imaging, Cognition and Outcome
of Neuropsychological Functioning After Subarachnoid Hemorrhage (ICONS) Study:
Protocol for a Longitudinal, Prospective Cohort Study. JMIR research protocols, 11(9),

€38190. https://doi.org/10.2196/38190

Leavitt, V. M., & DeLuca, J. (2010). Central fatigue: issues related to cognition, mood and
behavior, and psychiatric diagnoses. PM & R: The Journal of Injury, Function, and

Rehabilitation, 2(5), 332-337. https://doi.org/10.1016/].pm1].2010.03.027

Leening, M. J. G., Heeringa, J., Deckers, J. W., Franco, O. H., Hofman, A., Witteman, J. C.
M., & Stricker, B. H. C. (2014). Healthy volunteer effect and cardiovascular
risk. Epidemiology (Cambridge, Mass.), 25(3), 470-471.
https://doi.org/10.1097/EDE.0000000000000091

Locatelli, G., Stangel, M., Rooks, D., Boesch, J., Pierrel, E., & Summermatter, S. (2024). The
therapeutic potential of exercise for improving mobility in multiple sclerosis. Frontiers

in Physiology, 15, 1477431. https://doi.org/10.3389/fphys.2024.147743 1

Lynch, S. G., Parmenter, B. A., & Denney, D. R. (2005). The association between cognitive
impairment and physical disability in multiple sclerosis. Multiple Sclerosis Journal,

11(4),469-476. https://doi:10.1191/1352458505ms11820a



https://doi.org/10.1016/j.jns.2009.02.360
https://doi.org/10.2196/38190
https://doi.org/10.1016/j.pmrj.2010.03.027
https://doi.org/10.3389/fphys.2024.1477431
https://doi:10.1191/1352458505ms1182oa

26

Maier, S., Bajko, Z., Rosescu, R., Barcutean, L., Sdrmasan, E., Voidazan, S., & Balasa, R.
(2023). Sociodemographic and Clinical Determinants of Fatigue in Multiple Sclerosis.

Life (Basel, Switzerland), 13(11), 2132. https://doi.org/10.3390/life13112132

Meijer, K. A., van Geest, Q., Eijlers, A. J. C., Geurts, J. J. G., Schoonheim, M. M., & Hulst,
H. E. (2018). Is impaired information processing speed a matter of structural or
functional damage in MS?. Neurolmage. Clinical, 20, 844—850.

https://doi.ore/10.1016/1.nicl.2018.09.021

Messinis, L., Kosmidis, M. H., Vlahou, C., Malegiannaki, A. C., Gatzounis, G.,
Dimisianos, N., Karra, A., Kiosseoglou, G., Gourzis, P., & Papathanasopoulos, P.
(2013). Phonological Fluency Strategy of Switching Differentiates Relapsing-
Remitting and Secondary Progressive Multiple Sclerosis Patients. ISRN

Neurology, 2013. https://doi.org/10.1155/2013/451429

Mirmosayyeb, O., Nabizadeh, F., Moases Ghaffary, E., Yazdan Panah, M., Zivadinov, R.,
Weinstock-Guttman, B., Benedict, R. H. B., & Jakimovski, D. (2024). Cognitive
performance and magnetic resonance imaging in people with multiple sclerosis: A
systematic review and meta-analysis. Multiple sclerosis and related disorders, 88,

105705. https://doi.org/10.1016/j.msard.2024.105705
Morrow, S., Weinstock-Guttman, B., Munschauer, F., Hojnacki, D., & Benedict, R. (2009).
Subjective fatigue is not associated with cognitive impairment in multiple sclerosis:

cross-sectional and longitudinal analysis. Multiple Sclerosis Journal, 15(8), 998—1005.

https://doi.ore/10.1177/1352458509106213

Olek, M. J. (2021). Multiple Sclerosis. Annals of Internal Medicine, 174(6),

ITC81-ITC96. https://doi.org/10.7326/AITC202106150

Oliva Ramirez, A., Keenan, A., Kalau, O., Worthington, E., Cohen, L., & Sumeet

Singh. (2021). Prevalence and burden of multiple sclerosis-related fatigue: a


https://doi.org/10.3390/life13112132
https://doi.org/10.1016/j.nicl.2018.09.021
https://doi.org/10.1155/2013/451429
https://doi.org/10.1177/1352458509106213
https://doi.org/10.7326/AITC202106150

27

systematic literature review. BMC Neurology 21, 468.

https://doi.ore/10.1186/s12883-021-02396-1

Oz, H. S., & Oz, F. (2020). A psychoeducation program for stress management and
psychosocial problems in multiple sclerosis. Nigerian Journal of Clinical Practice,

23(11), 1598-1606. https://doi.org/10.4103/njcp.njcp_462 19

Parmenter, B. A., Denney, D. R., & Lynch, S. G. (2003). The cognitive performance of
patients with multiple sclerosis during periods of high and low fatigue. Multiple

Sclerosis Journal, 9(2), 111-118. https://doi.org/10.1191/1352458503ms85%0a

Patti, F., Nicoletti, A., Messina, S., Bruno, E., Fermo, S. L. O., Quattrocchi, G.,
Chisari, C.G., Maimone, D., Cilia, S., Zappia, M. (2015). Prevalence and
incidence of cognitive impairment in multiple sclerosis: a population-based
survey in Catania, Sicily. Journal of Neurology. 262(4), 923-930.

https://doi.ore/10.1007/s00415-015-7661-3

Prakash, R. S., Snook, E. M., Lewis, J. M., Motl, R. W., & Kramer, A. F. (2008). Cognitive
impairments in relapsing-remitting multiple sclerosis: a meta-analysis. Multiple

sclerosis, 14(9), 1250-1261. https://doi.org/10.1177/1352458508095004

Reinhardt, A., Rakers, S. E., Heersema, D. J., Beenakker, E. A. C., Meilof, J. F., Timmerman,
M. E., & Spikman, J. M. (2024). Protocol for the MS-CEBA study: an observational,
prospective cohort study identifying Cognitive, Energetic, Behavioural and Affective
(CEBA) profiles in Multiple Sclerosis to guide neuropsychological treatment choice.

BMC Neurology, 24(1). https://doi.org/10.1186/s12883-024-03737-6

Sadigh-Eteghad, S., Garravnd, N. A., Feizollahi, M., & Talebi, M. (2021). The expanded
disability status scale score and demographic indexes are correlated with the severity
of cognitive impairment in multiple sclerosis patients. Journal of Clinical Neurology,

17(1), 113-120. https://doi.org/10.3988/jcn.2021.17.1.113.



https://doi.org/10.1186/s12883-021-02396-1
https://doi.org/10.4103/njcp.njcp_462_19
https://doi.org/10.1191/1352458503ms859oa
https://doi.org/10.1007/s00415-015-7661-3
https://doi.org/10.1177/1352458508095004
https://doi.org/10.1186/s12883-024-03737-6
https://doi.org/10.3988/jcn.2021.17.1.113

28

Schmand, B., Groenink, S. C., & van den Dungen, M. (2008). Letterfluency:

Psychometrische eigenschappen en Nederlandse normen. 7ijdschrift Voor

Gerontologie En Geriatrie, 2. https://doi.org/10.1007/BF03078128
Skau, S., Sundberg, K., & Kuhn, H.-G. (2021). A Proposal for a Unifying Set of Definitions

of Fatigue. Frontiers in Psychology, 12. https://doi.org/10.3389/fpsyg.2021.739764

Smith, C., & Hale, L. (2007). The unique nature of fatigue in multiple sclerosis: prevalence,
pathophysiology, contributing factors and subjective experience. Physical Therapy

Reviews, 12(1), 43-51. https://doi.org/10.1179/108331907X 174970

Szczepanski, S. M., & Knight, R. T. (2014). Insights into human behavior from lesions to the
prefrontal cortex. Neuron, 83(5), 1002—1018.

https://doi.ore/10.1016/j.neuron.2014.08.011

Tarasiuk, J., Kapica-Topczewska, K., Czarnowska, A., Chorazy, M., Kochanowicz, J., &
Kutakowska, A. (2021). Co-occurrence of Fatigue and Depression in People With
Multiple Sclerosis: A Mini-Review. Frontiers in Neurology, 12, 817256.
https://doi.org/10.3389/fheur.2021.817256

Tremlett, H., Yinshan, Z., & Devonshire, V. (2008). Natural history of secondary progressive
multiple sclerosis. Multiple Sclerosis, 14: 314-24.

https://doi:10.1177/1352458507084264

Van Coevorden-van Loon, E. M. P., Heijenbrok-Kal, M. H., Horemans, H. L. D.,
Boere, R., de Bat, R. A. K. M., Vincent, A. J. P. E., van den Bent, M. J., &
Ribbers, G. M. (2022). The relationship between mental fatigue, cognitive
functioning, and employment status in patients with low-grade glioma: a

cross-sectional single-center study. Disability and rehabilitation, 44(24),

7413-7419. https://doi.org/10.1080/09638288.2021.1991013

Visser-Keizer, A. C., Hogenkamp, A., Westerhof-Evers, H. J., Egberink, 1. J. L., & Spikman,


https://doi.org/10.1007/BF03078128
https://doi.org/10.3389/fpsyg.2021.739764
https://doi.org/10.1179/108331907X174970
https://doi.org/10.1016/j.neuron.2014.08.011
https://doi.org/10.1080/09638288.2021.1991013

29

J. M. (2015). Dutch Multifactor Fatigue Scale: A New Scale to Measure the
Different Aspects of Fatigue After Acquired Brain Injury. Archives of Physical Medicine
and Rehabilitation, 96(6), 1056-1063. DOI: 10.1016/j.apmr.2014.12.010
Wallin, M. T., Culpepper, W. J., Campbell, J. D., Nelson, L. M., Langer-Gould,
A., Marrie, R. A., Cutter, G. R., Kaye, W. E., Wagner, L., Tremlett, H., Buka,
S. L., Dilokthornsakul, P., Topol, B., Chen, L. H., LaRocca, N. G., & US
Multiple Sclerosis Prevalence Workgroup (2019). The prevalence of MS in
the United States: A population-based estimate using health claims
data. Neurology, 92(10), €1029-e1040.

https://doi.org/10.1212/WNL.0000000000007035

Weiland, T. J., Jelinek, G. A., Marck, C. H., Hadgkiss, E. J., van der Meer, D. M., Pereira, N.
G., & Taylor, K. L. (2015). Clinically significant fatigue: prevalence and associated
factors in an international sample of adults with multiple sclerosis recruited via the

internet. PloS one, 10(2), e0115541. https://doi.org/10.1371/journal.pone.0115541

Wu, W., Francis, H., Lucien, A., Wheeler, T., & Gandy, M. (2024). The Prevalence of
Cognitive Impairment in Relapsing-Remitting Multiple Sclerosis: A Systematic

Review and Meta-analysis. Neuropsychology Review. https://doi.org/10.1007/s11065-

024-09640-8

Yigit, P., Acikgoz, A., Mehdiyev, Z. Dayi, A., & Ozakbas, S. (2021). The
relationship between cognition, depression, fatigue, and disability in patients
with multiple sclerosis. Irish Journal of Medical Science, 190, 1129-1136.

https://doi.ore/10.1007/s11845-020-02377-2

Zomeren, A. H. V. (1981). Reaction time and attention after closed head injury.

[Thesis fully internal (DIV), University of Groningen]. [s.n.].


https://doi.org/10.1212/WNL.0000000000007035
https://doi.org/10.1371/journal.pone.0115541
https://doi.org/10.1007/s11065-024-09640-8
https://doi.org/10.1007/s11065-024-09640-8
https://doi.org/10.1007/s11845-020-02377-2

