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Abstract

Objective: To further investigate objective measures of cognitive fatigue (CF), defined as the inability to sustain performance over time, in
newly diagnosed multiple sclerosis (MS) patients, by conducting a performance analysis on the Paced Auditory Serial Addition Test (PASAT)
based on the type of errors (omissions vs. incorrect responses) committed.Method: Sixty-two newly diagnosed patients withMS (pwMS) and
41 healthy controls (HC) completed the PASAT. Analysis of the change in performance during the test was performed by comparing the
number of correct responses, incorrect responses, and omissions in the 1st versus the 3rd tertile of the PASAT. Results: A significant decline
in accuracy over time was observed to be related to an increment in the number of omissions, significantly more pronounced in pwMS than in
HC. No change in the number of incorrect responses throughout the PASAT was observed for either group. Conclusions: CF can be detected
even in newly diagnosed pwMS and might objectively manifest as a progressive increase in omissions during a sustained highly demanding
task (i.e., PASAT). This pattern may reflect slowed processing speed and increased fatigue in pwMS. Focusing on omissions on the PASAT
instead of correct responses only may improve its specificity as an objective measure of CF.
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Introduction

Multiple sclerosis (MS) is a chronic inflammatory disease of the
central nervous system resulting in demyelination, neurodegener-
ation, and axonal injury (Lassmann, 2018). Among the hetero-
geneous symptoms that characterize MS, fatigue is one of the
most frequently reported, affecting up to 90% of people with
MS (pwMS; (Induruwa et al., 2012; Marchesi et al., 2020).
Fatigue is among the main causes of reduced quality of life in
pwMS, interfering with occupational status and participation in
everyday life activities (Gullo et al., 2019; Strober & Arnett,
2005). Nonetheless, fatigue in MS remains poorly understood
and often under-emphasized due to a lack of consensus over its
exact definition, accurate quantification, and etiology (Calabrese &
Pitteri, 2018).

Both structural and functional abnormalities of brain areas and
networks have been evidenced as possible neural underpinnings of
fatigue, and it has been consistently reported that MS-related
fatigue is linked to a dysfunction of cortico-subcortical networks,
mainly involving the basal ganglia and the fronto-parietal
areas (Bakirtzis et al., 2020; Calabrese & Pitteri, 2018;

Cercignani et al., 2021; Chen et al., 2020; Chen, Wylie, et al.,
2020; Genova et al., 2013).

It has long been known that there are at least two main dimen-
sions of fatigue: (1) subjective perception of fatigue; and (2) fatigu-
ability, that is, the dimension reflected in an objective change in
performance over time (Kluger et al., 2013). Furthermore, fatigue
affects both motor and mental activities, as such distinct physical
and cognitive fatigue (CF) have been identified (Calabrese &
Pitteri, 2018; Induruwa et al., 2012).

The assessment of CF has relied predominantly on self-report
measures, which come with considerable limitations, including
their subjective nature, the lack of an appropriate definition, and
their susceptibility to recall biases (Cohen et al., 2000; DeLuca,
2005b). In an attempt to overcome such limitations, several objec-
tive measures of CF have been proposed (Calabrese & Pitteri, 2018;
Linnhoff et al., 2019). One of the firstly proposed involved the
repeated administration of neuropsychological tests batteries, with
cognitively demanding tasks performed in between. The rationale
behind this approach is that poorer performance observed on the
repeated neuropsychological testingmight be due to CF induced by
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mental exertion during the intervening cognitively demanding
tasks (e.g., (DeLuca, 2005a; Krupp & Elkins, 2000)). Another
approach was to objectively measure CF as a change in perfor-
mance during sustained and highly demanding cognitive tasks
(Bruce et al., 2010; Bryant et al., 2004; Morrow et al., 2015;
Schwid et al., 2003). Accordingly, among other measures, the
Paced Auditory Serial Addition Test (PASAT) has been used to
objectively measure CF in pwMS (Berard et al., 2018; Bryant
et al., 2004; Morrow et al., 2015; Schwid et al., 2003; Walker
et al., 2012). In fact, the PASAT is a multicomponent task of infor-
mation processing speed, working memory, short-term memory,
calculation, and sustained attention, whichmakes it a useful, highly
demanding task to capture CF.

The sensitivity of the PASAT in detecting CF may depend on
the scoring methods applied (Walker et al., 2012). For instance,
some authors have examined the number of correct responses
comparing the first versus the last part of the test (Morrow
et al., 2015; Schwid et al., 2003), while others have used a dyad sys-
tem thought to be more sensitive to CF (Berard et al., 2018; Bryant
et al., 2004). Both of these methods, however, consider only correct
responses as the dependent variable, leaving question as to the
nature of the errors committed. In fact, subjects can fail to give
the correct response for two main reasons: (1) they give the wrong
answer (incorrect response); or (2) they cannot provide an answer
on time (omission). Disentangling the type of failure might offer
valuable information regarding the nature of the underlying cog-
nitive process involved. We hypothesize that an incorrect answer
might be more related to an impairment in the calculation process
and/or working memory; by contrast, the inability to provide an
answer within a given timeframe (i.e., omission) may be more
related to a core deficit in processing speed, which likely underlies
CF itself (Bruce et al., 2010; Demaree et al., 1999).

The aim of the present study was to increase the sensitivity
of an objective measure of CF in a group of newly diagnosed
pwMS by examining omissions in performance. CF was operation-
alized as the inability to sustain performance throughout a con-
tinuous, highly demanding cognitive task (i.e., PASAT) as
previously proposed by others (e.g., (Berard et al., 2018; Bryant
et al., 2004; Morrow et al., 2015; Schwid et al., 2003; Walker
et al., 2012). To address this aim, we analyzed PASAT performance
focusing on the type of error committed, distinguishing between
incorrect responses and omissions. We hypothesized that
CF would result in an increment in the number of omissions,
rather than incorrect responses, from the beginning to the end
of the PASAT.

Methods

Study sample

Sixty-two newly diagnosed relapsing remitting (RR) pwMS were
recruited at the MS Centre of the Verona University Hospital
(Verona, Italy). Inclusion criteria for pwMS were diagnosis of
RRMS (Polman et al., 2011), no concomitant neurological disor-
ders (other than MS) or other pathological health conditions,
nor substance abuse. Physical disability was measured with the
Expanded Disability Status Scale (EDSS; Kurtzke, 1983). At the
time of neuropsychological testing, 35 pwMS were not treated with
specific disease modifying therapy for MS, whereas 19 were treated
with dimethyl fumarate, 2 with fingolimod, 2 with ocrelizumab,
1 with natalizumab, 1 with interferon beta1-a, 1 with peg-interferon
beta1-a, and 1 with glatiramer acetate.

A group of 41 healthy controls (HC) was also recruited.
Inclusion criteria for HC were absence of neurologic, psychiatric,
or other pathologic health conditions, and substance abuse.

The study was completed in accordance with the Helsinki
Declaration and was approved by the local Ethics Committee;
all participants provided written informed consent.

Neuropsychological measures

As part of a more comprehensive neuropsychological examination
consisting of the Brief Repeatable Battery (BRB) of neuropsycho-
logical tests (Amato et al., 2006), data derived from the PASAT and
the Symbol Digit Modalities Test (SDMT) were available for both
HC and pwMS.

The PASAT
While the BRB contains two versions of the PASAT (the PASAT-3
and the PASAT-2), in the present study only data derived from the
PASAT-3 was utilized; the PASAT-2 was not examined because
data was not available for several participants who refused to
continue with PASAT testing due to the difficulty of the
just-completed PASAT-3, reporting the test to be highly demand-
ing and stressful.

Participants were given a single administration of the PASAT,
according to standardized procedures. Sixty single digits were
auditorily presented at a fixed rate of 3 seconds via audiotape.
Participants were asked to add each newly presented digit to the
one immediately before it, and to say the answer out loud before
a new digit was presented. The final score was the total number of
correct responses obtained in the 60 items.

For the purpose of the present study, we divided the PASAT
into tertiles, each comprising 20 items. Each tertile was scored with
the number of correct responses, the number of incorrect
responses (i.e., wrong answer given), and the number of omissions
(i.e., not answering within the 3-s interstimulus interval). To obtain
a measure of the degree of change in performance during the task,
we calculated the difference between the performance in the 1st ter-
tile and the 3rd tertile for each dependent variable, thus computing
three indices: (1) difference of correct responses (Δ-CR index);
(2) difference of incorrect responses (Δ-IR index); and (3) differ-
ence of omissions (Δ-OM index). To calculate the Δ-CR index,
we subtracted the number of correct responses given in the 1st ter-
tile with that obtained in the 3rd tertile: the greater the number, the
greater the decrement in performance over time. To be consistent
with this measure, to calculate the Δ-IR and the Δ-OM indices,
we subtracted the number of incorrect responses and omissions
obtained in the 3rd tertile with that obtained in the 1st tertile,
respectively.

The SDMT
The SDMT is a test of processing speed; patients were presented
with a series of nine symbols, each of which paired with a single
digit (1 to 9) according to a reference table placed at the top of
the sheet. A pseudo-randomized sequence of the symbols was
presented as a matrix table to the patient, who was instructed to
verbally respond, as fast as possible, with the digit associated with
each symbol. The final score was the total number of correct
responses provided within 90 seconds.

The modified fatigue impact scale (MFIS)
PwMS were also administered the Modified Fatigue Impact
Scale (MFIS), a modified form of the Fatigue Impact Scale
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(Fisk et al., 1994) based on items derived from interviews with
pwMS concerning how fatigue impact their lives. The instrument
provides an assessment of the effect of fatigue in terms of physical,
cognitive, and psychosocial functioning.

Statistical analyses

Demographic characteristics
Group differences on demographic characteristics were evaluated
with independent sample t-tests (age and education) and the Chi-
square test (gender).

Performance on the PASAT
To investigate the change in performance over time on the PASAT,
three mixed-design repeated measures ANCOVAs, with age
and education as covariates, were performed with Group (pwMS
vs. HC) as the between-subjects variable, and Tertile (1st tertile
vs. 3rd tertile) as the repeated measures variable; the total number
of correct responses, incorrect responses, and omissions served
as dependent variables. Post hoc analyses with Holm–
Bonferroni correction were used to further investigate the signifi-
cant interactions.

Correlation analyses
To examine the association between the CF indices (Δ-CR, Δ-IR,
Δ-OM) and processing speed capacity as assessed with the SDMT,
Pearson or Spearman correlation analyses were performed.
Furthermore, in the pwMS group, Spearman correlation analyses

between the MFIS scores (i.e., physical, cognitive, psychosocial
subscales, and MFIS total score) and the CF indices (i.e., Δ-CR,
Δ-IR, Δ-OM) derived from the PASAT were performed to
examine the association between subjective and objective measures
of CF.

All numerical values are reported as mean ± standard deviation
(M± SD). Effect sizes were calculated with partial eta-square
(small .01; medium .06; large .14). The statistical analyses were
run with the JASP software (Version 0.9.0.1; JASP Team, 2019).

Results

Demographic and clinical characteristics

Demographic and clinical data of the studied populations are
reported in Table 1. ANCOVAs were performed including educa-
tion as covariate to control for this possible confounding factor.
Despite the lack of difference between the groups on age, all analy-
ses were also controlled for age due to the high variance observed.

Correct responses on the PASAT

The number of correct responses progressively decreased
during the test in both HC (1st tertile: 16.1 ± 3.6; 3rd tertile:
15.1 ± 3.4; mean of -1 correct response) and pwMS (1st tertile:
14.2 ± 4.1; 3rd tertile: 12.2 ± 4.6; mean of -2 correct responses),
F(1,99)= 11.100, p= .001, η2p= .10. Overall, the HC group emit-
ted more correct responses than the MS group, F(1,99) = 6.178,

Table 1. Demographic and clinical characteristics of pwMS and HC groups

pwMS (n= 62) HC (n = 41) p value

Education (years) 14.4 ± 3.2 15.8 ± 3 p= 0.04
Age (years) 36.7 ± 10.6 33.8 ± 9.8 p= 0.17
Gender (M/F) 17/45 15/26 p= 0.32
EDSS 1.5 (0–3.5) / /
Disease duration (years) 0.6 ± 1.1 / /

EDSS= expanded disability status scale; HC = healthy controls; M=mean; pwMS = people with multiple sclerosis; SD = standard deviation.
Means ± SD were provided for continuous variables.
Median (range) was provided for EDSS.

Figure 1. Change in the number of correct responses
between the 1st and 3rd tertile of the PASAT. HC= healthy
controls; pwMS = people with multiple sclerosis. The error
bars indicate the standard error of the mean (SEM).
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p= .015, η2p= .06. The Tertile * Group interaction was not signifi-
cant, F(1, 99)= 3.205, p= .08, η2p= .03 (Figure 1).

Incorrect responses on the PASAT

The mixed-design repeated measures ANCOVA on incorrect
responses revealed that no significant change in the number of
incorrect responses over time occurred in either pwMS (1st tertile:
2 ± 1.8; 3rd tertile: 2 ± 1.8; mean ofþ 0.05 incorrect responses) or
HC (1st tertile: 1.2 ± 1.7; 3rd tertile: 1.3 ± 1.3; mean ofþ 0.17
incorrect responses), F(1,99) = .094, p= 0.8, η2p< .001. The mean
number of incorrect responses overall was greater in the MS group
than in the HC group (F(1,99)= 4.618, p= 0.03, η2p= .05). There
was no significant change in the number of incorrect responses

over time in either group, F(1,99)= .182, p= .7, η2p= .002
(Figure 2).

Omissions on the PASAT

The number of omissions increased over time in both the HC
(1st tertile: 2.7 ± 2.5; 3rd tertile: 3.6 ± 3.0; mean of þ0.8 omissions)
and MS groups (1st tertile: 3.8 ± 3.2; 3rd tertile: 5.8 ± 4.3; mean of
þ2 omissions), F(1,99)= 13.194, p< .001, η2p= .12. On average,
the MS group showed more omissions (9.6 ± 7) than the HC group
(6.3 ± 5.1), F(1,99) = 3.776, p= .05, η2p= .04. Interestingly, the
Tertile *Group interaction was significant: the increased omissions
over time was significantly more pronounced in pwMS than in HC,
F(1,99)= 5.750, p= .02, η2p= 0.06 (Figure 3). Post hoc analyses

Figure 2. Change in the number of incorrect responses
between the 1st and 3rd tertile of the PASAT. HC= healthy
controls; pwMS = people with multiple sclerosis. The error
bars indicate the standard error of the mean (SEM).

Figure 3. Change in the number of omissions between the
1st and 3rd tertile of the PASAT. HC= healthy controls;
pwMS = people with multiple sclerosis. The error bars
indicate the standard error of the mean (SEM). *p< .05.
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with Holm–Bonferroni correction showed that the two groups did
not differ in the number of omissions at the beginning of the
PASAT (p= .76), but they did differ in the number of
omissions at the end of the test (p= .03).

CF indices, the SDMT, and the MFIS

The SDMT correlated with the Δ-OM index (rho =−.24; p= .03);
by contrast, the SDMT did not significantly correlate with either
the Δ-CR and the Δ-IR indices (all ps> .05).

The MFIS cognitive subscale correlated with both the Δ-CR
(rho= .35; p= .05) and the Δ-OM (rho = .36; p= .05) indices.
No other significant correlations were found (all ps> .05).

Discussion

The present study further investigated objective measures of CF in
a group of newly diagnosed pwMS, by conducting an analysis of
PASAT performance, focused on the type of error (incorrect
response vs. omission) committed. As previously reported in works
by others, objective CF was operationalized as the inability to
sustain performance throughout a highly demanding cognitive
task (i.e., PASAT) (Berard et al., 2018; Bryant et al., 2004;
Morrow et al., 2015; Schwid et al., 2003; Walker et al., 2012).
Accordingly, the present results offer further evidence that the
PASAT is a reliable objective measure of CF, highlighting that a
focus on omissions committed by pwMS may improve its specific-
ity as objective measure of CF.

The present results showed an increase in the number of omis-
sions over time in bothHC andMS groups. However, the change in
omissions was significantly more pronounced in the MS group
(mean of þ2 omissions) than in the HC group (mean of þ0.8
omissions). By contrast, no change in the number of incorrect
responses was observed for either group.

One potential explanation for the more pronounced increment
in omissions (Δ-OM index) in the MS group compared to the HC
group may be attributed to slowed processing speed in pwMS.
Omissions, in contrast to incorrect responses, may reflect the
failure to provide a response in the time allotted during the task,
which may be a result of the slowed speed of processing in
pwMS (Demaree et al., 1999). Alternatively, one might argue that
increased omissions may be a result of cognitive processes other
than processing speed, such as reduced working memory capacity.
This is unlikely since it has been shown that working memory is
relatively intact in RRMS, but significant processing speed impair-
ments are evident (DeLuca et al, 2004). Support for the slowed
processing speed hypothesis is provided by the significant negative
correlation we found between the SDMT and Δ-OM index: the
lower the processing speed capacity (SDMT), the higher the incre-
ment in the number of omissions over time (Δ-OM index).
Interestingly, the SDMT significantly correlated with the Δ-OM
index only, suggesting that a focus on the change in omissions,
instead of correct and incorrect responses, allows one to capture
the progressive slowing speed that might be related to CF in pwMS.

The results of the present study are consistent with other studies
which have also shown a higher number of omissions on the
PASAT in pwMS compared to HC. For instance, Solari et al.
(2007) found differences between pwMS and HC in terms of cor-
rect responses and dyads, but not of wrong responses, thus con-
cluding that differences between the two groups were due to
more omissions in pwMS, which the authors interpreted as both
reduced processing speed and “alternate-answer strategy” (Solari
et al., 2007). Nevertheless, to the best of our knowledge, the current

study is the first that focused on PASAT omissions specifically to
infer CF in pwMS.

We were guided by the hypothesis that, on a behavioral level,
the abnormal brain activity which underlies the feeling of CF
may manifest itself as slowed processing speed. Indeed, in
pwMS additional neural recruitment during complex cognitive
tasks (e.g., the PASAT) has been observed and interpreted as a
compensation mechanism to maintain adequate cognitive func-
tioning despite brain damage (for a review see (Mollison et al.,
2017)). The increased brain activation, acting within slowed
myelin conduction, is likely one mechanism for the slower pace
of processing and more rapid depletion of resources over time that
might lead to the feeling of CF (Calabrese & Pitteri, 2018; Chen,
Wylie, et al., 2020; Sandry et al., 2015).

The link between processing speed and CF has already been
proposed by other authors (Andreasen et al., 2010; Bruce et al.,
2010; DeLuca et al., 2004; Kluckow et al., 2016; Neumann
et al., 2014; Penner et al., 2009; Tommasin et al., 2020; Wilting
et al., 2016). Performance on the PASAT is indeed highly depen-
dent on processing speed, considering that only a limited amount
of time is given to process the information and answer before the
next digit is presented (DeLuca et al., 2004; Demaree et al., 1999;
Salthouse, 1996; Tombaugh, 2006). In the present study, we found
a decrement in the number of correct responses from the begin-
ning to the end of the PASAT in both HC and pwMS groups.
Crucially, the change in correct responses did not significantly
differ between the two groups, suggesting that a focus limited to
correct responses would not have allowed detecting higher
susceptibility to CF in pwMS compared to HC. Overall, the present
results suggest that focusing on the nature of errors committed
on the PASAT (incorrect responses vs. omissions) might be more
sensitive to detect objective CF than looking at correct responses
alone, as previously reported (e.g., Morrow et al., 2015; Schwid
et al., 2003).

Additional support for the usefulness of our approach focused
on change in omissions derives from the observation that the
Δ-OM index allowed to capture objective CF in a group of newly
diagnosed pwMS, with a mean disease duration of less than one
year (0.6 ± 1.1 years). Indeed, even though other studies have
found CF in the early stages of MS (e.g., Berard et al., 2018;
Walker et al., 2012; Wilting et al., 2016), this is the first evidence
of the presence of objective CF in pwMS with such a short disease
duration. For instance, both Berard et al. (2018) and Walker et al.
(2012) focused on pwMS with a mean disease duration of
4.35 ± 3.09 years, while the study of Wilting et al. (2016) was
focused on pwMS with a disease duration up to ten years (median
2; range 0–10) (Wilting et al., 2016).

Finally, we found a moderate correlation between subjective
and objective measures of fatigue, as the MFIS cognitive subscale
correlated with the objective CF indices Δ-CR and Δ-OM
(p= .05). While some studies have found mild correlations
between subjective and objective fatigue (Bruce et al., 2010;
Cehelyk et al., 2019; Loy et al., 2017; Morrow et al., 2015), to date
the most accepted position highlights a dissociation between the
two constructs, suggesting that objective and subjective fatigue
might be actually independent (Bailey et al., 2007; Bakirtzis
et al., 2020; DeLuca, 2005b; Paul et al., 1998; Sandry et al.,
2015). Examining omissions rather than correct responses may
lead to a more consistent relationship between objective and
subjective measures of CF.

The current study is not free from limitations. First, we did not
control for psychological factors, such as depression and anxiety,
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which may interact in the generation of CF in pwMS (e.g., see
Strober & Arnett, 2005). Secondly, it has been argued that other
disease-related issues (e.g., pharmacological treatment, disease
stage, disease progression, level of physical disability) might exert
a role on CF; as such, future studies should further investigate the
contribution of these variables. Thirdly, the CF Δ-OM index
should be validated in a larger and more representative sample
of pwMS; due to the restricted size of our HC sample, we were
not able to reliably calculate cut-off scores and clinical interpreta-
tion would benefit from the establishment of such scores in future
studies. Importantly, future studies should better investigate the
cognitive processes involved in the generation of omissions, for
which the processing speed hypothesis may be just one. Lastly,
important information might be derived from a more detailed
analysis of the PASAT performance by differentiating between true
omissions (i.e., not providing any answer at all) and late correct
responses (i.e., correct sums provided after the 3-s time limit),
which we argue might be better attributable to a pure processing
speed deficit.

To conclude, CF can be detected even in newly diagnosed
pwMS and might objectively manifest as an increasing number
of omissions over time, resulting in progressive slowness in
processing speed during a sustained, highly demanding
cognitive task (i.e., the PASAT). When interpreting performance
of pwMS on the PASAT, it would be important to take into
account not only the number of correct responses but also
the number of omissions, as these could be the core element
suggestive of CF.
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