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Objective: The objective of this paper is to investigate the interrelationship between sub-
jective and objective cognitive fatigue, information processing domain [processing speed
(PS) vs. working memory (WM)], cognitive load (high vs. low), and time on task in Multiple
Sclerosis (MS).

Methods: Thirty-two MS participants and 24 healthy controls completed experimental
tasks in both the PS and WM domains with different levels of cognitive load. Subjective
cognitive fatigue was measured using a visual analog scale at baseline and at multiple time
points throughout the experiment.

Results: A mixed model ANOVA revealed that subjective cognitive fatigue was higher for
the PS task, increased across time, and was higher in the MS group. These findings were
qualified by an interaction demonstrating that the MS group showed a steeper increase
in subjective cognitive fatigue over time than the healthy control group. Subjective and
objective (i.e., performance) cognitive fatigue were not correlated.

Conclusion: In this study, subjective and objective cognitive fatigue appears to be indepen-
dent and cognitive fatigue does not depend on cognitive load. Subjective cognitive fatigue
increased with time on task and subjective cognitive fatigue increased more steeply for
the MS group. These data suggest that cognitive fatigue in MS is a function of time, that
is, the longer participants were engaged in a cognitive task, the more likely it was for them

to report increases in cognitive fatigue.
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INTRODUCTION

Fatigue is perhaps the most common complaint associated with
Multiple Sclerosis (MS) (1) with prevalence estimates ranging
between 70 and 90% (2—4). Fatigue can be cognitive or motoric
and originate at a central level (i.e., the central nervous system) or
peripheral level (i.e., peripheral nerve and muscle) (5). Cognitive
fatigue can be a result of both cognitive and physical exertion (6).
Cognitive fatigue may manifest as subjective sensations or objec-
tive changes in performance, fatigue, and fatigability, respectively
(7). Treating cognitive fatigue clinically remains difficult, particu-
larly because a basic understanding of the variables that contribute
to cognitive fatigue are not well defined. The present paper investi-
gates the task parameters that lead to cognitive fatigue in MS. This
knowledge may help to inform future research as well as clinical
evaluations of cognitive fatigue in MS. Novel insights into how
and why cognitive fatigue manifests may also ultimately lead to
improved clinical treatment strategies for cognitive fatigue.

One strong predictor of cognitive fatigue is the amount of time
spent on task (time on task); as time on task increases cogni-
tive fatigue also increases (8—11). Interestingly in some instances
increased time on task can improve performance (12, 13). Reports

are mixed regarding the effect of time on cognitive fatigue in
MS. Some researchers have shown that time on task may result
in increases in subjective cognitive fatigue but not decreases in
objective performance (14). Others have shown time negatively
impacts both subjective and objective measures (15). Interestingly,
most studies of cognitive fatigue in MS have failed to show a rela-
tionship between subjective and objective measures of cognitive
fatigue (9, 14—18). Further, high and low levels of fatigue do not
map onto changes in cognitive performance (19). Cognitive load
is an additional variable to consider when investigating cognitive
fatigue.

Tasks high in cognitive load (challenging tasks) often result in
greater increases in subjective cognitive fatigue than tasks low in
cognitive load (less challenging tasks) (20). High cognitive load
can also result in a more rapid onset of subjective cognitive fatigue
(21). In past work, Bailey et al. (16) tested the consequences of
cognitive load and time on task for cognitive fatigue in a sample
of advanced MS participants [Expanded Disability Status Scale
(EDSS) of 7-8]. Researchers manipulated high and low cognitive
load using the n-back working memory (WM) task, 0-back, and
1-back, respectively. Subjective cognitive fatigue increased across

www.frontiersin.org

October 2014 | Volume 5 | Article 214 | 1


http://www.frontiersin.org/Neurology
http://www.frontiersin.org/Neurology/editorialboard
http://www.frontiersin.org/Neurology/editorialboard
http://www.frontiersin.org/Neurology/editorialboard
http://www.frontiersin.org/Neurology/about
http://www.frontiersin.org/Journal/10.3389/fneur.2014.00214/abstract
http://www.frontiersin.org/Journal/10.3389/fneur.2014.00214/abstract
http://www.frontiersin.org/people/u/137528
http://www.frontiersin.org/people/u/182966
http://www.frontiersin.org/people/u/158330
http://www.frontiersin.org/people/u/137803
http://www.frontiersin.org/people/u/188919
mailto: jsandry@kesslerfoundation.org
mailto: jsandry@kesslerfoundation.org
http://www.frontiersin.org
http://www.frontiersin.org/Multiple_Sclerosis_and_Neuroimmunology/archive

Sandry et al.

Temporal nature of cognitive fatigue in MS

sessions for the high cognitive load condition in the MS and HC
groups and this effect was more pronounced for the MS group, sug-
gesting that patients with advanced stages of MS are more likely
to experience cognitive fatigue on challenging tasks.

One unanswered question is whether MS patients are more
susceptible to cognitive fatigue in one cognitive domain than in a
different cognitive domain. For example, some evidence suggests
that impaired processing speed (PS) is the major information pro-
cessing deficit associated with MS (22, 23) while other evidence
suggests that impaired WM is the major information processing
deficit associated with MS (24). Based on this past work, it may be
the case that tasks that engage different cognitive domains result
in different patterns of cognitive fatigue. Cognitive fatigue may be
domain specific and when one domain is impaired, e.g., PS, more
neural resources must be recruited from other domains. Expend-
ing more resources could result in patients reporting higher levels
of cognitive fatigue. At this point, it remains unclear how cog-
nitive fatigue manifests in MS as a function of different cogni-
tive domains and different degrees of cognitive load associated
with those domains. What is also unclear is how time, arguably
the strongest predictor of cognitive fatigue, interacts with these
variables.

The purpose of the present study was to examine whether cog-
nitive fatigue (both objective and subjective) is influenced by type
of cognitive task (i.e., PS vs. WM) in MS. Based on the reviewed
literature, three competing hypotheses that influence cognitive
fatigue can be directly tested: (1) the cognitive load hypothesis (16),
(2) the cognitive domain hypothesis (22-24), and (3) the tempo-
ral fatigue hypothesis (8—11). Particularly strong support for any
hypothesis and its relationship with MS will come from an inter-
action between group and the related main effect. If the Cognitive
Load hypothesis is correct, then reported fatigue will be higher
as a function of task difficulty: higher reported fatigue in the
high cognitive load conditions compared to lower reported fatigue
in the low cognitive load conditions. If the Cognitive Domain
hypothesis is correct, there will be higher reported fatigue in a
particular information processing domain (PS or WM). If the
Temporal Fatigue hypothesis is correct, then cognitive fatigue will
increase as the length of the task increases, and not depend on task
difficulty.

Because the three hypotheses are not mutually exclusive and
various interactions are possible, the present experiments are
somewhat exploratory. Support for any of the competing hypothe-
ses will help to provide information about the manifestation of
cognitive fatigue in MS. The accompanying evidence will be useful
in identifying whether cognitive fatigue in MS is domain general
or domain specific, whether cognitive fatigue in MS depends on
high or low cognitive load, and whether cognitive fatigue increases
as time increases.

MATERIALS AND METHODS

PARTICIPANTS

Fifty-six right-handed individuals; 24 healthy controls (HC; 16
female); and 32 (30 female) clinically definite (25) MS patients
participated. MS participants were at least 1 month from their
most recent exacerbation and reported no current corticosteroid
use. Disease duration was available for 30 MS participants and

was 11.91 (£7.05) years. Disease subtype was available for 29
MS patients; 24 relapsing-remitting, 1 primary-progressive, 3 sec-
ondary progressive, and 1 progressive relapsing. The Ambula-
tory Index (AI) score was available for 27 MS participants and
was 2.44 (£2.53) representing mild to moderate disease pro-
gression. All participants had self-reported normal or corrected-
to-normal visual acuity and normal color vision. Participants
with a history of diagnosed psychological and psychiatric prob-
lems (i.e., resulting in patient hospitalization for these disor-
ders) including: epilepsy, learning disability, diagnosis of substance
abuse/dependence, brain injury, or loss of consciousness (lasting
30 or more minutes) were excluded. MS and HC groups did not
differ in the years of education. The HC group was dispropor-
tionately Male and MS group was disproportionately Female, and
the MS group was older than the HC group at the time of testing
(see Table 1). This study was approved by the Institutional Review
Board at the Kessler Foundation, and all participants provided
informed consent prior to enrollment.

NEUROPSYCHOLOGICAL TESTING

The following specific neuropsychological tests (and differences
between them) were particularly relevant to the present inves-
tigation and part of a larger neuropsychological testing session
(see Table 1 for additional neuropsychological assessment scores).
The MS and HC groups did not differ on WM (Digit Span
Total), however, the MS group was significantly impaired on PS
[Symbol-Digit Modalities Test (SDMT)]. The MS group reported
higher depression (Chicago Multi-scale Depression Inventory)
and higher fatigue on the Fatigue Severity Scale and all subscales of
the Modified Fatigue Impact Scale. Additionally, because fatigue
was the main focus of this study, we computed the percentage of
the MS sample that report high fatigue (>1.5 SDs above the HC
mean) on the FSS and MFIS subscales (Table 1).

EXPERIMENTAL DESIGN

The experiment was conducted over two separate testing sessions,
within a 2-week time period. Each session involved different cogni-
tive domains; either a PS or WM task. Experiments were conducted
concomitantly with an fMRI scan (imaging results to be reported
separately). The order of testing sessions and order of tasks within
the testing sessions were counterbalanced across participants. All
participants received all manipulations within subjects. Stimuli
were presented using E-prime software and response time (RT)
and accuracy was recorded.

PROCESSING SPEED

The modified SDMT (mSDMT) (26, 27) and a visual matching
control task were manipulated within participants resulting in
high and low cognitive load, respectively. The sessions were sep-
arated by a 10-min break in order to allow the participants time
to rest and reorient themselves to the new task before beginning
the second part of the experiment. The entire experiment con-
sisted of 8 blocks, 4 blocks for each task, and each block consisted
of 55 trials. During the mSDMT, participants viewed a 2 x 9 grid
of exemplar stimuli (i.e., the key). The upper and lower rows of
the exemplar grid contained symbols and digits, respectively. A
1 x 2 grid probe was positioned below the key and participants
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Table 1 | Available demographic information and neuropsychological performance characteristics.

HC group MS group t
Mean SD N Mean SD N % Impaired

Age (years) 37.74 11.09 24 48.23 9.66 32 3.71*%
Education (years) 16.13 1.96 15.77 2.33 0.6
Percent female 67% 94% 7.02 (X2)*
DST scaled score 11.91 2.97 23 10.87 4.30 31 1
SDMT z 0.32 1.19 23 -0.71 1.32 31 2.95*%
PASAT 2 z 0.01 0.90 23 —0.57 1.13 30 2.05*%
PASAT 3 z 0.08 0.81 23 —0.58 1.16 30 2.32%
CVLFII LDFR z 0.02 1.14 23 —0.40 1.26 31 1.28
BVMT-R DRT 58.43 9.10 23 48.20 13.21 30 3.18*
JLO corrected score 28.05 3.44 22 25.87 5.53 31 1.64
CMDI Total t-score 45.47 7.88 18 54.15 8.48 27 3.47%
FSS raw 2.12 0.93 18 5.09 1.47 27 74% 7.63*
MFIS total 9.56 9.06 18 44.86 16.46 28 89% 8.31*
Physical 3.61 3.62 18 21.32 8.44 28 89% 8.4*
Cognitive 5.06 5.09 18 21.00 7.68 28 75% 777*
Psychosocial 0.89 1.08 17 4.32 2.06 28 57% 6.52*

*0 < 0.05.

Independent samples t-tests comparisons between MS and HC groups. Percent (%) high fatigue calculated based on a cut-off value with scores 1.5 SD greater than
the HC mean interpreted as high fatigue. DST, digit span total, SDMT, symbol-digit modality test; PASAT 2, paced auditory serial addition test 2s; PASAT 3, paced
auditory serial addition test 3s; CVLT-Il LDFR, California verbal learning test — Il long delay free recall; BVMTR DR, brief visuospatial memory test — revised delayed
recall; T JLO, judgment of line orientation;, CMDI, Chicago multi-scale depression inventory, FSS, fatigue severity scale; MFIS, modified fatigue impact scale total

score, and physical, cognitive, and psychosocial subscales.

FIGURE 1 | Example of the stimuli used during the mSDMT. Target
represents a no-match trial.

were instructed to respond “match” or “no-match” as fast and
accurately as possible. The match/no-match decision depended
on whether the probe corresponded to the exemplar stimuli in the
key positioned above (Figure 1). The paired stimuli and probe
remained on the screen for 3500 ms. To minimize learning and
practice effects, the exemplar symbol-digit combination in the key
randomly changed with each trial. In the visual matching con-
trol task, participants were presented with the same 2 x 9 grid;
however, they responded when the test-probe was a “7.”

WORKING MEMORY

The 2-back and 0-back version of the n-back task were manipu-
lated within participants resulting in high and low cognitive load,
respectively. The sessions were separated by a 10-min break to
allow participants time to rest and reorient themselves before
beginning the second half of the experiment. The entire exper-
iment consisted of 8 blocks, 4 blocks for each task, and each block
consisted of 65 trials. A series of single letters were sequentially
presented and participants responded when the target letter was a
“K” (0-back) or when the target letter matched the letter from two
trials prior (2-back). Stimuli remained on the screen for 1500 ms.

MEASURING SUBJECTIVE COGNITIVE FATIGUE

State fatigue (28) was measured one time before the experiment
began (establishing baseline) and once after each block (run) using
the Visual Analog Scale (VAS) for Fatigue. The VAS is a valid and
reliable instrument used to measure self-reported fatigue in MS
(29, 30). Participants orally reported how mentally fatigued they
felt “right now at this moment,” on a scale of 0-100. This mea-
surement provides an online assessment of fatigue (state fatigue),
rather than an estimate of fatigue over an extended period of time
(c.f., ESS, MFIS, trait fatigue) (28), allowing quantifications of the
level of fatigue resulting from the different tasks across blocks.
Additionally, we asked participants to focus on their feelings of
fatigue at that moment and disregard prior feelings of fatigue.

STATISTICS
Group differences on demographics and neuropsychological
performance were evaluated using independent sample ¢-tests.
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Three separate mixed model ANOVA’s were conducted on the
VAS, Accuracy, and Response Time data, respectively, to inves-
tigate the effect of the independent variables on the depen-
dent measures. Age, gender, and depression scores were initially
included as covariates in all models, however, scores on these
variables did not significantly covary, thus the reported analy-
ses described below do not include age, gender, or depression
scores as covariates in the models. Pearson correlation coefficients
were used to investigate any relationships between subjective (VAS
scores) and objective (performance) cognitive fatigue. Alpha was
set at 0.05 for all comparisons except where noted. All statis-
tical analyses were computed with IBM SPSS Statistics Release
21.0.0.1.

RESULTS

SUBJECTIVE COGNITIVE FATIGUE: VAS

Visual analog scale cognitive fatigue measurements taken after
each block were subtracted from the initial VAS baseline mea-
surements to control for baseline cognitive fatigue. VAS scores
were analyzed using a 2 (Group: MS vs. HC) x 2 (Cognitive
Domain: PS vs. WM) x 2 (Cognitive Load: High vs. Low) x 4
(Run: 1, 2, 3, 4) Mixed ANOVA. The main effect of Cognitive
Domain was significant, F(1,54)=5.50, p=10.02, nfy = 0.09,
with higher VAS scores reported for the PS (M =8.13) than
WM (M =5.12) Domain. The main effect of Run was signifi-
cant, F(3,162) =17.98, p < 0.001, nf, = 0.25, with a significant
linear trend, F(1,54) = 37.18, p < 0.001,1; = 0.41, the VAS scores
increased as a function of Run suggesting that subjective cognitive
fatigue increased over time. The main effect of Cognitive Load
was not significant, F(1,54) =2.53, p=0.12. The main effect of
Group was significant, F(1,54) =6.45, p=0.01, nIZJ = 0.11, with
higher VAS scores, and higher reported subjective cognitive fatigue,
for the MS group (M =8.95) than HCs (M =4.30). The Run by
Group interaction was also significant, F(3,162) =2.71, p = 0.047,
nf7 = 0.05. The significant Run by Group interaction suggests
that the MS group showed higher VAS scores (higher fatigue)
across runs (Figure 2). This finding supports the Temporal Fatigue
Hypothesis.

Increase in Subjective Cognitive Fatigue
Over Time
25.0 1
D)
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HC 1.8 3.7 5.7 6.0
FIGURE 2 | VAS scores as a function of run and group. The MS group
showed higher fatigue than the HC group across runs. Error bars represent
standard error.

Subjective cognitive fatigue: VAS

High vs. low trait fatigue in MS. The MS patients were divided
by fatigue group and identified as being either high or low in
trait fatigue as measured by the FSS and MFIS. MS patients were
classified as high fatigue if their FSS or MFIS score were >1.5
SD above the HC mean (see Table 1 and Neuropsychological
Testing). The analysis reported above was recomputed using MS
Fatigue Group as the between subjects variable. This helped to
identify whether patients who reported high compared to low
trait fatigue differed in their pattern of state fatigue (VAS scores).
High trait fatigue patients were compared to low trait fatigue
patients using a 2 MS Fatigue Group (MS High Fatigue vs. MS
Low Fatigue) x 2 Cognitive Domain x 2 Cognitive Load x 4 Run
Mixed ANOVA.

The main effect of MS Fatigue Group was not significant and
there were no interactions between MS Fatigue Group and any of
the other independent variables. This was true when classifying
patients’ trait fatigue using the FSS (all p’s > 0.40) and when clas-
sifying patients’ trait fatigue using the MFIS (all p’s > 0.13). These
supplementary analyses on the quasi variables of high and low
fatigue should be interpreted cautiously because the proportion
of patients classified as low fatigue was small. The majority of the
sample reported high levels of fatigue when classified by the FSS
and MFIS trait fatigue measures (Table 1).

Subjective cognitive fatigue: VAS

Correlation between state and trait fatigue. We also investigated
the correlations between measures of trait (MFIS and FSS scores)
and state fatigue (VAS scores) in the MS group. The FSS and MFIS
scores were positively correlated with each other, r(27) =0.46,
p=0.02. Because of the high number of correlational compar-
isons, alpha was adjusted using a Bonferroni correction for each set
of comparisons (alpha = 0.006). None of the correlations between
the trait (FSS or MFIS) and state (VAS scores) fatigue measures
was significant. Additional correlations were computed between
the MFIS cognitive fatigue subscale and VAS scores. This was done
to determine whether there was a noticeable relationship between
state and trait cognitive fatigue using the more specific subscale
of the MFIS. No correlations between the MFIS cognitive fatigue
subscale and VAS scores reached significance.

Thelack of a correlation between the trait and state fatigue mea-
sures suggest that trait and state fatigue may be independent or that
state fatigue is not well captured by the trait fatigue measures. No
observable correlations may also be because the state fatigue mea-
sure (VAS scores) captured online cognitive fatigue “right now”
and the trait fatigue measures captured general fatigue over the
past week (FSS) or past 4 weeks (MFIS). Further, the FSS and MFIS
include items that may not directly capture cognitive fatigue, ren-
dering the scores more representative of general fatigue. Even the
specific items on the MFIS cognitive subscale seem ambiguous in
this regard.

OBJECTIVE COGNITIVE FATIGUE: ACCURACY

Due to a programing malfunction, only a subset of behavioral
data recorded and was available for data analysis (HC=12;
MS =18). Accuracy was analyzed using the same 2 x2x 2 x 4
Mixed ANOVA. The main effect of Cognitive load was significant,
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F(1,28) =34.42, p<0.001, 1112; = 0.55, with lower accuracy in
the high (M =0.93) compared to low (M = 0.99) load condition.
The main effect of Run was significant, F(3,84) =3.36, p=0.02,
7112, = 0.11, with a significant quadratic trend, F(1,28)=4.72,
p=0.04, nlzj = 0.14. The quadratic trend was driven by low accu-
racy on the first run and an increase and plateau in accuracy for
runs 2, 3, and 4. The main effect of Group was not significant, F(1,
28)=0.19, p=0.67. The Domain x Cognitive Load interaction
was significant, F(1,28) = 4.19, p = 0.05,1; = 0.13, with accuracy
lower for WM under a high load than the other conditions.

Objective cognitive fatigue: accuracy

High vs. low trait fatigue in MS. Multiple sclerosis Fatigue Group
comparisons were not conducted for MS patients because of the
missing accuracy data.

OBJECTIVE COGNITIVE FATIGUE: RT

Response time was analyzed for accurate trials only using the
same 2 X2 x2x4 Mixed ANOVA on a subset of the data
(HC=10; MS=17). The main effect of Domain was significant,
F(1,25)=168.36, p <0.001, 7112; = 0.87, with slower RTs for PS
(M =1237) than WM (M =700). The main effect of Cognitive
Load was significant, F(1,25) = 188.89, p < 0.001, 7112) = 0.88 with
slower RTs in the High (M = 1194) than Low Load (M = 742) con-
dition. The main effect of Group was significant, F(1,25) = 15.63,
p <0.001, nlz, = 0.39, with slower RTs for MS (M =1078) than
HCs (M =859). The Domain x Group interaction was signifi-
cant, F(1,25) =4.50, p = 0.04, with the MS group showing a larger
difference between Domains than HCs. The Domain x Load inter-
action was significant, F(1,25) =162.86, p < 0.001, 7112; = 0.87,
with the High Load condition of the PS task resulting in sub-
stantially slower RTs than the other conditions. This effect was
further augmented by the Domain x Load x Group interaction,
F(1,25)=6.87, p=0.02, 71127 = 0.22, with a larger difference in
RTs between the MS and HC groups in the High Load condi-
tion of the PS task. The Load x Run x Group interaction was
significant, F(1,25) =4.65, p=0.005, nlz, = 0.16, along with the
four-way interaction F(3,75) = 3.28, p =0.03, nf, = 0.12. The MS
group was slower during early runs but showed improvement
across runs and this was true only in the high Cognitive Load
condition.

Objective cognitive fatigue: RT

High vs. low trait fatigue in MS. Multiple sclerosis Fatigue Group
comparisons were not conducted for MS patients because of the
missing RT data.

CORRELATIONS BETWEEN SUBJECTIVE AND OBJECTIVE COGNITIVE
FATIGUE

Correlations were computed between the VAS scores and RTs to
better understand the relationship between subjective and objec-
tive fatigue. Correlations were not computed for accuracy because
the tasks did not differ between MS and HCs. After a Bonferroni
correction, none of the correlations between VAS scores and RTs
reached significance. We further explored these same correlations
using only responses from the MS group and found no correlations
reached significance.

DISCUSSION

Irrespective of Cognitive Load, subjective cognitive fatigue
increased as the length of the task increased. The present data
support the Temporal Fatigue hypothesis over the Cognitive Load
hypotheses. There was some support for higher reported fatigue
in the PS domain than in the WM domain, however, this was
observed in both the MS and HC groups.

Correlations used to investigate the relationship between sub-
jective and objective cognitive fatigue were not significant, sug-
gesting subjective and objective cognitive fatigue are independent
and supportive of prior work (9, 14—19). Subjective and objec-
tive cognitive fatigue may continuously fail to correlate because
behavior and performance may not be the ideal measure of fatigue
(9). The often replicated lack of a relationship between subjective
and objective cognitive fatigue (9, 14—18) may suggest researchers
pursue alternative objective measures of cognitive fatigue. Impor-
tantly, cognitive fatigue does not have to result in changes in
behavior or performance deficits, thus a relationship may not
be supported in large part because the intuitive assumption that
cognitive fatigue and performance will be related is inaccurate.
Additionally, measurement of trait (FSS and MFIS) and state
fatigue (VAS) was uncorrelated suggesting trait measures may not
capture state fatigue.

Neuroimaging may be one potential direction that may help
identify the mechanisms associated with fatigue. Several investi-
gations highlight the involvement of the fronto-striatal network
in cognitive fatigue in a variety of clinical populations, including
MS (31). In MS, fMRI studies have also found the fronto-striatal
network to be associated with fatigue during task performance
(26) and tracked brain activity as a function of on-task fatigue
(28). Interestingly, the pattern of activation also appeared to be
independent of behavioral performance in that study (28).

The present findings suggest that MS participants experience
subjective cognitive fatigue as the time of the task increased,
regardless of the cognitive domain, and regardless of the cogni-
tive load associated with the task. To our knowledge, no other
studies have made direct comparisons between cognitive fatigue
resulting from a PS task compared with a WM task in MS. In
past work, Bailey et al. (16) reported higher fatigue during the
1-back component for participants with advanced MS. Cognitive
load was arguably higher (2-back) in the present study and there
was no difference found in cognitive fatigue between the MS and
HC groups. This may be because the Bailey et al. study limited
their sample to what they referred to as advanced MS. That is,
patients who scored between 7 and 8 on the EDSS. EDSS scores
were not available in the present study; however, Al scores were
available for most of the MS group. Al scores are highly correlated
with EDSS [r =0.89; DeLuca et al. (32)] and the Al scores of the
present sample suggested mild to moderate disease severity. The
present sample was likely less extreme than the Bailey et al. sample
and mainly comprised of relapsing-remitting MS participants. It is
possible that the experience of cognitive fatigue is greater at higher
cognitive loads during advanced stages of the disease or different
disease subtypes. This is one avenue for future work.

Multiple sclerosis participants who experience cognitive
impairment [either WM (24) or PS (22, 23) impairments] might
be more susceptible to cognitive fatigue during cognitive task
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performance that is related to the impaired cognitive domain. We
could not investigate this hypothesis with the current data. None
of the MS participants in the present sample showed impairments
in WM and only six MS participants scored 1.5 standard devi-
ations or more below the mean on the SDMT [supporting (22,
23)]. Similar to the current design that manipulated cognitive load,
cognitive domain, and time, future work should also differentiate
the groups based on cognitive impairment. MS participants with
cognitive impairment (WM or PS) should be compared to MS
participants without cognitive impairment. The cognitive fatigue
profile may differ for these participants.

There are limitations associated with the present study restrict-
ing the generalizability of the findings. First, the MS sample and
HC sample were disproportionately female and male, respectively
and the HC group was slightly younger in age and reported lower
depression. After controlling for age, gender, and depression in our
main analysis, we found no covariance. Nonetheless, these differ-
ences should be kept in mind when making comparisons across
studies and generalizing the MS community in general. Second, the
duration of the decision screen of the PS task was somewhat longer
than the decision screen of the WM task because the PS decision
required more time, rendering the PS task somewhat longer than
the WM task. Typically MS participants are more familiar with
neuropsychological tests, given they may undergo assessment at
different intervals as the disease progresses. It is possible that MS
patient familiarity with the test procedures increased their overall
performance, masking noticeable differences between the HC and
MS group. Importantly, familiarity with the different tests remains
unknown in this study.

Additionally, the MS group may have had to work harder than
the HC group to achieve equivalent performance, and this extra
effort resulted in higher fatigue. It remains possible that cogni-
tive fatigue increased as a result of cognitive load or cognitive
domain; however, this may have resulted in participants exerting
more effort to maintain efficient performance. Such a relation-
ship may show no change in objective performance scores but
will show an increase in reported fatigue. The subjective—objective
relationship may resemble a complex feedback loop between cog-
nitive effort and cognitive fatigue that goes unnoticed by objec-
tive performance-based measures. The relationship may be one
whereby cognitive effort results in increases in cognitive fatigue
and those increases in cognitive fatigue result in additional cogni-
tive effort — ad infinitum — until the cognitive task is discontinued.
The present findings cannot directly rule out this complimen-
tary theoretical explanation describing the relationship between
subjective and objective cognitive fatigue. It may be possible to
disentangle this account in future research if valid and reliable
measures of cognitive effort are correlated with cognitive fatigue
[perhaps physiological measures of pupillometry will be one viable
approach, c.f., Hessand Polt (33)]. Presently, the assumptions asso-
ciated with this theoretical perspective remain open to further
empirical investigation.

CONCLUSION

Irrespective of cognitive load, subjective cognitive fatigue
increased as a time increased and this was magnified for the MS
group. The independence of subjective and objective cognitive

fatigue replicates past work in MS. These data suggest a temporal
nature of cognitive fatigue in MS. Researchers should consider
sustained task length as an important variable to control for
when designing and conducting studies investigating cognitive
fatigue and consider measuring subjective fatigue at multiple spe-
cific intervals. It remains possible that subjective cognitive fatigue
may manifest differently in other neurological populations and
other MS disease subtypes. This hypothesis will need to be further
evaluated in future research.
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