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ABSTRACT

Introduction: Although fatigue is a well-stud-
ied concept in neurological disease, cognitive
fatigability (CF) is less understood. While most
studies measure fatigue using subjective self-re-
port, fewer have measured CF objectively.
Given the negative impact of CF on quality-of-
life, there is a need for targeted interventions.
The objective of this review was to determine
which procedural, behavioural and pharmaco-
logical treatments for objectively measured CF
are available to people living with neurological
conditions.
Methods: In accordance with the PRISMA
guidelines, systematic searches for randomized

control trials (RCTs), case-controlled studies
and case reports/series were conducted across
the Ovid Medline, PsycInfo, EMBASE and
Cochrane Library databases. English-language
articles published between 1980 and February
2019 were considered for eligibility. Included
were those that objectively measured CF in
individuals with neurological disease/disorder/
dysfunction between the ages of 18 and
65 years. Studies were reviewed using a modi-
fied Cochrane Data Extraction Template. Risk of
bias was assessed using the Cochrane Risk of
Bias tool. The review process was facilitated
using Covidence software (www.covidence.org).
Two authors reviewed articles independently,
with a third resolving conflicts regarding article
inclusion.
Results: The search identified 450 records. After
duplicates were removed and remaining titles/
abstracts were screened for eligibility, 28 full-
text articles were assessed, and two studies were
included in the qualitative synthesis. Studies
were a priori divided into those with pharma-
cological, procedural or behavioural interven-
tions. Two studies met eligibility criteria; both
of these included participants with multiple
sclerosis. One study utilized a procedural inter-
vention (i.e. transcranial direct current stimu-
lation), while the other utilized a
pharmacological intervention (i.e. fampridine-
SR). Studies were evaluated for risk of bias, and
evidence from both eligible studies was
discussed.
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Conclusion: Despite the positive results of the
procedural intervention, the paucity of eligible
studies and the nascent nature of the field sug-
gests that more studies are required before firm
conclusions can be drawn regarding the
amenability of CF to treatment.
Trial registration: The review was registered
with PROSPERO (CRD42019118706).

Keywords: Cognitive fatigability; Cognitive
fatigue; Mental exhaustion; Mental fatigue;
Multiple sclerosis; Nervous system diseases;
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Traumatic brain injury

INTRODUCTION

Although fatigue is a well-studied concept in
neurological disease, cognitive fatigability (CF)
is less understood. While most studies measure
fatigue using subjective self-report, fewer have
measured CF objectively. Given the negative
impact of CF on quality-of-life, interventions
are beginning to be introduced to address this
concern, but the field is in its infancy and there
is little agreement on treatment approach.
There is a need for a thorough review of the
literature to classify the current state of the field
and to identify needs moving forward.

What is meant by the term fatigue varies
throughout the literature. Definitions include a
state of reduced capacity for work following a
period of mental or physical activity [1], a feel-
ing of physical tiredness and lack of energy that
is distinct from sadness or weakness [2], extreme
tiredness with the feeling that one needs to rest
[3], a feeling of lack of energy, weariness and
aversion to effort [4], among other definitions
[5]. Fatigue has largely been regarded as a sub-
jective experience unique to the individual, and
thus it is typically measured by self-report. A
number of questionnaires have been developed
to that end, with some attempting to quantify
fatigue and others evaluating the impact of
fatigue on daily functioning. These include: the
Fatigue Severity Scale [6], the Fatigue Impact
Scale [7] (and the modified version [8]), the
Neurological Fatigue Index [9], the Mental
Fatigue Scale [10], the Fatigue Assessment Scale

[11], the Multidimensional Fatigue Inventory
[12] and the Fatigue Scale for Motor and Cog-
nitive Functions [13, 14].

Fatigue is a common symptom in a variety of
neurological diseases. It is the most commonly
reported complaint in those with multiple
sclerosis (MS), occurring in up to 90% of indi-
viduals affected with this disease [15, 16], with
negative impacts on quality-of-life [17], self-es-
teem [18] and employability [19, 20]. It is pre-
sent in 50% of those with traumatic brain injury
(TBI) [21], and affected individuals often
endorse fatigue as one of the most challenging
and distressing long-lasting symptoms [22, 23].
Fatigue provides a unique contribution to TBI-
related disability after controlling for injury
severity, executive functions and depression
[24]. It occurs in 25–85% of stroke survivors [25]
and has a significant impact on the employa-
bility of the individual and society as a whole
given the economic impacts [26]. A consensus
report from UK stroke survivors, caregivers and
health professionals noted that fatigue was in
the top ten research priorities due to its debili-
tating consequences and the incomplete
understanding of the mechanisms and treat-
ments [27]. Negative impacts of fatigue have
also been documented in those with Parkin-
son’s disease [28, 29], amyotropic lateral scle-
rosis [30] and primary brain tumour [31].

Given the disparate manner in which fatigue
has been addressed in the literature, a unified
taxonomy has been posited that distinguishes
fatigue (i.e. an individual’s subjective sensa-
tions) from fatigability (i.e. objective changes in
performance) in order to provide clarification
and consistency in both clinical and research
applications [32, 33]. While there is a body of
research that focuses on physical or motor fati-
gability [34], the focus of the present review is
CF which can be operationally defined as an
inability to maintain optimal task performance
throughout the duration of a sustained cogni-
tive task [1, 35, 36], or as a decline over time in
alerting, orienting and executive control [37].
An increase in response time variability has
been demonstrated to be perhaps an even more
sensitive marker of CF [38]. The fact that CF can
be measured objectively has implications for
the lives of those affected by this condition. CF
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can often be the limiting factor to employabil-
ity, but affected individuals may have difficulty
accessing disability benefits given that fatigue
has previously been difficult to quantify or
prove to an external observer. Objective mea-
surement allows for quantification of fatigue
and thus may facilitate access to benefits.

Despite the nascent nature of the field, CF
seems to have elicited more attention in the MS
literature than in the literature on other neu-
rological illnesses, with evidence of a break-
down in task performance across a variety of
different cognitive tasks. Those with MS become
more cognitively fatigued than healthy controls
when performing information processing speed
tasks, as reflected by a breakdown in their task
accuracy [35, 36, 39]. Similarly, reaction time
on simple sustained attention tasks increases
over time in those with MS compared to con-
trols [40–42]. Cognitive control (i.e. the com-
bination of processes that allow adaptation of
information processing depending on task
goals) also declines over time in those with MS
[43]. Finally, visual processing capacity has also
been used as a marker of CF in those with MS
[44]. Estimates of the frequency of CF is similar
to those of cognitive impairment in general in
individuals with MS [45], with approximately
one-half of MS patients meeting defined criteria
for CF in two studies [46, 47]. The literature on
CF in other neurological illnesses is compara-
tively sparse. Accelerated CF compared to heal-
thy controls has been demonstrated in
Parkinson’s disease using the Attention Net-
work Test [48], in myasthenia gravis, as evi-
denced by a decline in performance on repeat
testing using the d2-R test [49], and in mild TBI
using both attention and executive measures
[50], but these studies seems to be the first to
address this issue in these populations.

Mechanisms of CF have been proposed,
although these studies vary with regard to
whether CF is objectively or subjectively mea-
sured. CF has been associated with slower motor
speed, processing speed, gender (females were
found to be more susceptible, but the effect
attenuated once anxiety, depression and self-
efficacy were accounted for) and intelligence
[47]. Sleep quality, and to a lesser extent
depression, have also been found to be

predictors of CF in the MS population [51],
whereas others found that the relationship
between CF and sleep quality diminishes when
depression is controlled for [52]. It has been
postulated that impaired slow wave sleep may
be causing the reduced sleep quality contribut-
ing to cognitive fatigue, and so treatments tar-
geted to improve non-REM efficiency may be
warranted [53]. While sleep quality has also
been found to be associated with cognitive
fatigue in TBI [54], CF was not measured
objectively. Nonetheless, there seems to be
some converging evidence that sleep quality is
likely contributory. CF can also be considered to
be a reflection of brain-derived central fatigue
[55, 56], akin to the concept of primary fatigue
in MS given that it is directly related to the
disease process [57]. Disruptions in circuits
involving the basal ganglia, frontal cortex and
thalamus have been implicated [55], and lesions
in the pathways associated with arousal and
attention, reticular and limbic systems and
basal ganglia have been consistently demon-
strated to be associated with CF [56]. Decreased
white matter microstructural integrity in the
striato-thalmo-cortical tracts have been
demonstrated to lead to greater levels of CF in
those with TBI [58], and there is a trend towards
CF with reduced thickness of the pre-central
gyrus, the parietal inferior supra-marginal gyrus
and the opercular part of the inferior frontal
gyrus in those with progressive MS [59].
Biomarkers of CF have also been identified in
those with MS via functional neuroimaging,
with differences in activation patterns in the
attention network noted between those with
MS and healthy controls before, during and
after a cognitively fatiguing task [42], differ-
ences in right middle frontal gyrus recruitment
in those with mild TBI [60] and connectivity
differences between those who subjectively
report fatigue and those who do not [61]. In
addition to the influence of structural disease
pathology on fatigue, there are other biological
variables, such as inflammation, that impact
brain-derived central fatigue as well. Indeed, the
influence of pro-inflammatory cytokines on
fatigue has been demonstrated in stroke [62]
and MS [63]. Those with MS who subjectively
report higher levels of fatigue show higher
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levels of tumour necrosis factor alpha (TNFa).
The levels of TNFa have also been found to
correlate with daytime sleepiness, leading the
authors of the study to suggest a cytokine-me-
diated fatigue syndrome in MS [63]. Similar
postulations have been made in those with
stroke [62]. This suggests that anti-inflamma-
tory treatments could potentially have a sec-
ondary effect on fatigue. Given the known
effects of inflammation on neurodegeneration,
such treatments could potentially have disease
modifying effects as well. Deficiencies in mul-
tiple neurotransmitter systems, have also been
postulated to play a role in some neurological
conditions, such as cholinergic and noradren-
ergic systems in Parkinson’s [64] and dopamine
in MS [65].

Potential mechanisms for CF have also been
proposed based on studies of healthy individu-
als who have not been affected by neurological
conditions. For example, high-density elec-
troencephalography (EEG) studies have shown
that compensation via recruitment of anterior
frontal areas plays a role in staving off the
effects of CF in healthy individuals [66]. Indeed,
when performing a lengthy cognitively fatigu-
ing task, participants in that study recruited
anterior frontal regions that were not part of the
primary task-related activity at baseline, thus
suggesting the recruitment of additional areas
specifically to compensate for fatigue-induced
impairments [66]. This finding was replicated in
a later study, but only in young adults [67]. The
young adult group demonstrated a decline in
performance over time on a sustained Stroop
task that was consistent with CF. Event-related
potentials in the occipital–temporal areas
decreased with increased time-on-task, but
event-related potentials in the central–frontal
regions increased with increased time-on-task.
Thus, impairments in neural processing in pos-
terior regions were accompanied by the
recruitment of frontal regions to compensate.
The older adult group demonstrated the neural
impairment, but there was no accompanying
compensation [67]. This result suggests that in
healthy individuals, the capacity to compensate
for performance decrements over time declines
with age. As in the neurological literature,
exploration into the underlying pathological

mechanisms of CF in healthy individuals is in
its infancy.

There is an extensive body of literature
addressing the treatment for subjectively eval-
uated fatigue in neurological populations.
Briefly, these interventions generally stem from
three different treatment approaches: pharma-
cological, behavioural and procedural. Pharma-
cological treatments are often in the form of
stimulants, such as methylphenidate. The
treatment is presumed to be effective given that
it helps to overcome attentional difficulties and
slowed processing speed, possibly due to its role
as a dopamine agonist [54, 65]. The results of
studies evaluating the benefits of methylpheni-
date in treating subjective cognitive fatigue in
TBI [68] and Parkinson’s disease [69] have been
positive. Other pharmacological treatments
that are designed to promote wakefulness (i.e.
modafinil) or improve latency to sleep (i.e.
melatonin) have yet to demonstrate efficacy at
addressing subjective cognitive fatigue in TBI
[54]. Nonetheless, amantadine (antiviral),
pemoline (stimulant) and modafinil have
demonstrated positive results in treating sub-
jective fatigue in those with MS [1].

Behavioural approaches to treating fatigue
have included a variety of methods, including
psychotherapy (i.e. cognitive behavioural ther-
apy [CBT] or mindfulness), education/symptom
management or cognitive rehabilitation [54].
CBT for insomnia (CBT-I) administered to those
with TBI has shown some efficacy in improving
sleep and decreasing fatigue [70]. A systematic
review and meta-analysis on the utility of
mindfulness training in the treatment of fatigue
after stroke, TBI and MS concluded that these
techniques were moderately effective [71].
Another systematic review evaluating the effi-
cacy of patient education programs at improv-
ing MS-related fatigue found that these
programs had a positive effect, but the authors
stressed the need for multidimensional approa-
ches given that fatigue itself is a multidimen-
sional symptom [72]. Evidence, though
preliminary, suggests that face-to-face inter-
ventions are more effective at decreasing fatigue
than an on-line program in those with neuro-
logical conditions [73]. Exercise has also been
explored as a potentially effective treatment

254 Neurol Ther (2019) 8:251–271



approach, and preliminary research in MS sug-
gests that this approach deserves further atten-
tion [74]. A meta-analysis of exercise, education
and medication treatment interventions for
fatigue noted that rehabilitation interventions
appeared to have stronger and more significant
effects than medication interventions given the
ability of the former to assist people with MS in
coping with their existing disabilities [75].

Procedural interventions include techniques
such as light therapy, biofeedback and neuro-
modulation [54]. A randomized control trial
(RCT) of short wavelength (blue) light therapy
compared with yellow light therapy for the
treatment of post-traumatic fatigue demon-
strated some benefit of the blue light therapy on
fatigue and daytime sleepiness, but no effect
was demonstrated on performance of a task of
psychomotor vigilance, raising the question of
the applicability of this technique to objectively
measured CF [76]. A study of EEG biofeedback
over 25 sessions noted a benefit in the TBI
treatment group in terms of both general and
mental fatigue [77], but the study was consid-
ered to be underpowered [78]. A recent review
of the use of transcranial magnetic stimulation
in MS found preliminary evidence of a benefi-
cial impact on fatigue, but replication in well-
designed RCTs was recommended [79]. A simi-
lar review in the stroke literature did not yield
any studies evaluating this technique for treat-
ment of fatigue, emphasizing that this is an
emerging technology with the need for further
study [80].

A systematic review of interventions for
fatigue following TBI concluded that evidence
was insufficient to recommend or contradict
particular treatments and called for high-qual-
ity research that incorporates appropriate defi-
nitions and measurement of fatigue [78]. This
seems to be the case for fatigue interventions in
general as it relates to neurological illness and is
the impetus for pursuing the current review.
There is a clear paucity of research to address
the treatment effects of objectively measured
CF. It is this gap in the literature that led to the
current project. The aim of this systematic
review is thus to determine which procedural,
behavioural and pharmacological treatments
for objectively measured CF are available to

people living with neurological conditions. The
presence of subjectively measured cognitive
fatigue has been demonstrated to be predictive
of MS disease progression in the form of relapses
and brain atrophy [81]. As such, early detection
of fatigue, and the treatment of such, may have
implications for disease course. If we can ame-
liorate CF, then perhaps we can positively
influence not only quality-of-life, but also long-
term disease outcomes.

METHODS

Compliance with Ethics Guidelines

This article is based on previously conducted
studies and does not contain any studies with
human participants or animals performed by
any of the authors.

Protocol and Registration

The methods and criteria for study inclusion as
discussed below were outlined prospectively.
The protocol document was registered with
PROSPERO, an international database of
prospectively registered systematic reviews
(http://www.crd.york.ac.uk/PROSPERO/display_
record.php?ID=CRD42019118706). Although
there were other protocols listed on PROSPERO
that evaluated fatigue, there were no other pro-
tocols focusing on objectively measured CF. As
such, the uniqueness of the current project was
assured.

Study Eligibility Criteria and Information
Sources

In accordance with PRISMA guidelines [82–85],
systematic searches for RCTs, case-controlled
studies and case reports/series were conducted
across the Ovid Medline, PsycInfo, EMBASE and
Cochrane Library databases. Grey literature
(abstracts, conference proceedings, editorials)
and existing reviews (narrative, scoping, sys-
tematic reviews) were excluded. The search
strategies were established with the assistance of
an experienced healthcare librarian. An
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example search strategy for Medline is provided
in Table 1, and the complete search strategies
for all databases are provided in the supple-
mentary materials (Electronic Supplementary
Material [ESM] S1–S4). English-language articles
published between 1 January 1980 and February
2019 were considered for eligibility. The date
last searched was 12 February 2019. Supple-
mental approaches to identify eligible studies
were also utilized and included checking refer-
ence lists and searching trial registries.

Studies evaluating behavioural, procedural
and/or pharmacological interventions were
included in this review. The target of the
interventions must have been treatment and/or
amelioration of CF as the primary or secondary
outcome. Studies with interventions targeting
other primary, secondary and tertiary outcomes
(excluding subjective fatigue [i.e. self-report],

cognition, quality-of-life, mood and sleep, etc.)
were included as long as the treatment of CF
remained the primary or secondary objective.
Study participants were individuals with neu-
rological disease/disorder/dysfunction between
the ages of 18 and 65 years.

The review process was facilitated using
Covidence software (www.covidence.org). Fol-
lowing the database searches duplicates were
removed. Two reviewers (JB, ALB) then inde-
pendently screened titles and abstracts of the
retrieved records. A third blinded reviewer (LW)
resolved conflicts. Two reviewers (JB, ALB) then
independently assessed full-text articles for eli-
gibility using a modified Cochrane Data
Extraction Template. A third blinded reviewer
(LW) resolved any conflicts. Following data
extraction, retained articles underwent qualita-
tive synthesis by all three authors. The study

Table 1 Search strategy for Ovid Medline

Number Searches Results Type

1 Mental fatigue.mp. or mental fatigue/ 2064 Advanced

2 ((Mental or cognitive) adj fatigue).tw. 1191 Advanced

3 Fatigability.mp. 2122 Advanced

4 Time on task.mp. 555 Advanced

5 Mental exhaustion.mp. 106 Advanced

6 1 or 2 or 3 or 4 or 5 4951 Advanced

7 Multiple sclerosis.mp. or multiple sclerosis/ 76,134 Advanced

8 Traumatic brain injury.mp. or brain injuries, traumatic/ 32,086 Advanced

9 Stroke.mp. or STROKE/ 261,031 Advanced

10 Parkinson disease.mp. or Parkinson disease/ 68,219 Advanced

11 Nervous system.mp. or nervous system/ 467,290 Advanced

12 7 or 8 or 9 or 10 or 11 871,320 Advanced

13 6 or 12 550 Advanced

14 Treatment.mp. 4,429,717 Advanced

15 Intervention.mp. 540,513 Advanced

16 14 or 15 4,763,175 Advanced

17 13 and 16 139 Advanced

18 Limit 17 to yr = ‘‘1980 - current’’ 133 Advanced
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selection process is shown in a PRISMA flow
diagram (Fig. 1).

Data Extraction

Data were extracted using a modified Cochrane
Data Extraction Template (ESM S5). Reviewers
were trained together in how to extract data
using the template. The data extraction sheet
was pilot tested on three articles and refined
accordingly. Following extraction of the data
from the eligible papers, information was
placed in a table. Information was extracted

according to PICOS criteria [82]: population,
interventions, comparator, outcomes and study
design.

Risk of Bias Assessment

Risk of bias was assessed using the Cochrane
Risk of Bias assessment [86] (ESM 6). This tool
assesses selection bias, performance bias, detec-
tion bias, attrition bias and reporting bias. Two
reviewers (JB, ALB) completed the risk of bias
assessment independently. Once results were

Fig. 1 PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flow diagram
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compared, any disagreements were resolved by
the third reviewer (LW).

Strategy for Data Synthesis

Given the qualitative nature of the review, main
results are reported in narrative format. The
review includes discussion of the various inter-
ventions used (classified as either pharmaco-
logical, behavioural or procedural
interventions), as well as sample characteristics.
A summary of the results of each study is pro-
vided and a narrative synthesis is discussed.
Quantitative meta-analyses were not planned.

Risk of Bias Across Studies

Cumulative evidence may have been affected by
publication bias and selective reporting within
studies.

RESULTS

Study Selection

A total of 431 publications were identified
through the database search process, with an
additional 19 publications identified through
other sources (e.g. reference lists). After deleting
duplicates, 223 publications remained for fur-
ther analysis. The abstracts of these articles were
screened by two reviewers (JB, ALB), who
assessed that 195 publications did not meet
eligibility criteria; thus these were eliminated,
leaving 28 articles for full-text screening. After
reviewing each of these remaining articles, the
reviewers excluded 26 of these for various rea-
sons, including ineligible outcome (12 publica-
tions), wrong population (7), ineligible study
design (6) and insufficient data (1). After this
process, two publications remained that met all
eligibility criteria; these were included in the
qualitative synthesis.

Study Characteristics

Both studies included in the qualitative syn-
thesis were RCTs targeted at improving

objectively evaluated CF (Table 2). The Morrow
et al. study [87] was a double-blind placebo-
controlled cross-over design evaluating a phar-
macological treatment (fampridine-SR 10 mg
twice daily). The intervention included 4 weeks
of either fampridine-SR or placebo, a 1-week
wash-out period and an additional 4 weeks of
either fampridine-SR or placebo. This was a
single-center pilot study that took place within
the MS Clinic of London Health Sciences Centre
in London, Ontario, Canada.

The Fiene et al. study [88] was a randomized,
single-blind, within-subject, sham-controlled
RCT investigating the effects of anodal tran-
scranial direct current stimulation (tDCS) over
the left dorsolateral prefrontal cortex (DLPFC)
on objective performance-based measures of CF
in MS during prolonged testing. This procedural
interventional study was conducted at a single
center at the University of Magdeburg Hospital
in Magdeburg, Germany.

Participants

Notably, both eligible studies were conducted
with participants with MS. No studies with
participants with other neurological conditions
were eligible, although a number of reviewed
studies were conducted including those with
stroke or TBI.

The Morrow et al. study [87] enrolled 60
individuals with a confirmed diagnosis of MS.
Subtypes of MS included in the study were
relapsing–remitting (41 participants), sec-
ondary-progressive (14) and primary progressive
(5). Participants were randomized to either the
early treatment or late treatment group. Groups
were matched on age, education, years since
diagnosis, sex, ethnicity, use of disease-modi-
fying medications and MS type (see Table 2).
Approximately three-quarters of participants
were female, as is typical for most studies of MS
given the sex distribution; most had at least a
high school education; years since diagnosis
was approximately 10; mean age was approxi-
mately 46 years; [ 90% were Caucasian; dis-
ability rating on the Expanded Disability Status
Score (EDSS) [89] was approximately 3–3.5; and
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approximately one-half were being treated with
disease-modifying medication.

The Fiene et al. study [88] enrolled 15 indi-
viduals with a confirmed diagnosis of MS, of
whom 14 had relapsing–remitting MS, and one
had secondary-progressive MS. Participants
received either anodal or sham tDCS in a ran-
domized, counterbalanced order. Proportionally,
there were more males in this study than in the
Morrow et al. study [87] (8 females; 7 males),
with an almost 1:1 ratio. Mean age of partici-
pants was approximately 43 years. Education
and ethnicity were not reported. Disease dura-
tion was approximately 10 years, and disability
rating on the EDSS was approximately 3.5.

Overall, the participants between the two
studies were largely comparable, with the
exception of a greater proportion of males and a
lower proportion of participants with progres-
sive MS in the Fiene et al. study [88]. Notably,
numbers are small even across both studies
combined.

Interventions

The Morrow et al. study [87] utilized a phar-
macological intervention in the form of fam-
pridine-SR (4-aminopyridine), a selective
neuronal potassium-channel blocker. This is a
slow-release oral medication that has been
designed to treat fatigue. Studies have demon-
strated improvement in ambulation, subjective
fatigue and endurance [90–93]. The hypothe-
sized mode of action is improvement of nerve
conduction via enhanced action potential for-
mation [94, 95], which in turn is expected to
improve CF by improving nerve conduction.
The packaging and capsules of fampridine-SR
and placebo were identical, and only the phar-
macist was unblinded. Participants were treated
with either substance for 4 weeks in block 1.
There was a minimum of 1-week washout per-
iod, and then they entered block 2 and received
the opposite substance to what they received in
block 1 for an additional 4 weeks. Outcomes
were assessed at the beginning and end of both
block 1 and 2, for a total of four evaluations.

The Fiene et al. study [88] utilized a proce-
dural intervention in the form of tDCS. This is a

non-invasive technique to modulate cortical
excitability in targeted brain regions. The
polarity of the current determines whether the
response is cortical excitation via depolarization
of neuronal membranes (anodal tDCS) or a
decrease in cortical reactivity via hyperpolar-
ization (cathodal tDCS). While this was the first
study to evaluate the impact of tDCS on objec-
tively measured CF, the rationale for its use
came from the positive outcomes of anodal
tDCS on subjective fatigue in other studies
[96–99]. Participants underwent the protocol
twice, once using anodal stimulation and once
using sham stimulation. These sessions were
separated by at least 1 week. Each treatment
session consisted of three testing blocks, pre-
ceded by a short practice trial. The first block
was approximately 20 min long and was a
baseline control condition without tDCS. Elec-
trodes were then attached to the scalps of par-
ticipants during a 5-min break. During the
second block participants received 10 min of
tDCS pre-stimulation to ensure stable stimula-
tion effects. This was followed by approximately
20 min of tDCS during which participants were
assessed (see Outcomes section for outcomes).
After another 5-min break, the third testing
block consisted of the measurement of post-
stimulation effects. The two treatment sessions
were separated by a minimum of 7 days, and
each session took place at about the same time
of day.

Outcomes

The Morrow et al. study [87] operationally
defined cognitive fatigue according to the defi-
nition proposed by Schwid et al. [100] which
states that cognitive fatigue is a decline in cog-
nitive performance during a task requiring sus-
tained cognitive activity (meeting our current
definition of CF). Their results demonstrated
that the participants with MS in the placebo
arm showed more benefit, both in terms of raw
Paced Auditory Serial Addition Test (PASAT)
scores and the CF variable. Thus, in contrast to
the hypothesized outcome, the participants in
the placebo arm showed less vulnerability to CF
at follow-up than those who had received active
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treatment with fampridine-SR. The authors
noted some limitations to their study. The study
was small and administered at only one site,
perhaps resulting in the study being under-
powered. They also postulated that perhaps
only some of the participants were responders
to the medication given that this has been
demonstrated in another study evaluating
timed walk performance [101]. Additionally,
they noted that they did not identify possible
responders based on self-reported fatigue, nor
did they conduct a full cognitive assessment at
baseline. Lastly, they noted that there was a
practice effect on the PASAT that led to many
participants not meeting criteria for CF when
entering block 2.

The Fiene et al. study [88] operationally
defined objective cognitive fatigue (meeting our
current definition of CF) as the failure to sustain
effort over the course of a testing session, as
quantified by changes in simple reaction time
(RT) and P300 amplitude components with
time-on-task. Their results demonstrated that
after a single dose of\30 min of tDCS-induced
modulation of the frontal cortex there were
changes in both objective cognitive perfor-
mance and neurophysiological markers. Partic-
ipants with MS undergoing the sham procedure
showed the expected increase in RT over the
course of the cognitively fatiguing task, which
was interpreted as objective evidence of CF.
Participants with MS who received tDCS did not
show any change in RT over time, suggesting
that neuromodulation of the left DLPFC may
allow those with MS to maintain their perfor-
mance over time and overcome their vulnera-
bility to CF. Neurophysiological evidence of this
effect was demonstrated by the increase in P300
amplitude score during tDCS stimulation which
persisted after the end of the treatment. The
authors interpreted these findings as demon-
strating evidence that the left DLPFC is func-
tionally relevant in objective CF.

Risk of Bias in the Individual Studies

Table 3 provides additional information on the
risk of bias in the two eligible studies. The
selection, detection, attrition, performance and

reporting bias indices of the Morrow et al. study
[87] were considered to be low. In contrast, the
various indices of bias for the Fiene et al. study
[88] were more variable. Specifically, the detec-
tion, attrition and reporting biases were con-
sidered to be low, but performance bias was
high given that the study was a single-blind
study only, such that the person delivering the
tDCS treatment was not blinded to the treat-
ment arm. Selection bias was unclear given that
the authors did not specify how participants
were randomized to either the sham or anodal
tDCS arm.

Synthesis of Results

Of the two studies meeting the eligibility crite-
ria, both involved individuals with MS. Studies
evaluating objectively measured CF in other
neurological conditions were few, and none
met the criteria for inclusion. Taking both
studies together, there was a total of 75 partic-
ipants with MS who met the eligibility criteria,
of whom only 44 received either of the two
active treatments. The Morrow et al. study [87]
included participants with both inflammatory
and non-inflammatory MS (i.e. secondary pro-
gressive MS [SPMS] and primary progressive
MS), whereas the Fiene et al. study [88] included
only those in the inflammatory phase of the
disease (i.e. relapsing-remitting MS and one
participant with SPMS). Thus, conclusions
about the efficacy of the procedural interven-
tion cannot be generalized to those with non-
inflammatory MS. Neither study has been
replicated, and conclusions must be considered
to be preliminary. To summarize, although both
studies can be considered as providing Class I
evidence, given that they were RCTs, there is a
clear need for replication of these findings
before broad prescriptive statements can be
made.

Although both studies objectively measured
CF, the two reviewed studies utilized differing
methodologies, with one using performance
decline on the PASAT and the other using both
performance and neurophysiological measures.
Only the procedural intervention demonstrated
efficacy (both performance-based and
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neurophysiological). In addition to the objec-
tive findings of CF, both group of authors
reported an increase in perceived or subjective
fatigue during the testing sessions [88]. Despite
subjective fatigue being present, objective met-
rics did not show a performance decrement in
the treatment group. Findings thus remain
consistent with past literature in demonstrating
a discrepancy between participant perceptions
and their objective performance [102, 103].

DISCUSSION

The aim of this systematic review was to deter-
mine which procedural, behavioural and phar-
macological treatments for objectively
measured CF are available to people living with
neurological conditions. Only two studies met
our prospective eligibility criteria; both pub-
lished within the last 2 years. This paucity of
published studies suggests that the study of
objectively measured CF is in its infancy and
much work is yet to be done. Although studies
initially reviewed were those that enrolled par-
ticipants with a variety of neurological condi-
tions, the two studies that met all eligibility
criteria were restricted to those involving per-
sons living with MS. Given that fatigue is such a
prominent aspect of a wide variety of neuro-
logical conditions, the eligibility of only these
two studies in the present review suggests that
MS researchers are leading the field in this area.

Of the two eligible studies, one utilized a
pharmacological intervention (i.e. rampridine-
SR) [87] and the other a procedural one (i.e.
tDCS) [88]. Only the latter demonstrated effi-
cacy with regard to the treatment of objectively
measured CF. Specifically, tDCS to the left
DLPFC appeared to prevent the increase in RT
typically demonstrated in those with MS after a
cognitively fatiguing task. Thus, the expected
performance decrements as a result of sustained
cognitive effort were prevented. The study also
demonstrated neurophysiological evidence of
the treatment effect given the increased P300
amplitude score that persisted after the end of
the treatment. The importance of the left
DLPFC in regulating CF is consistent with our
own work which has demonstrated that dys-
function in cerebral blood flow allocation to the
middle frontal gyrus toward the end of a cog-
nitively fatiguing task seems to underlie the CF
effects observed in those with MS. Specifically,
those with MS seem unable to recruit the mid-
dle frontal gyrus during periods of high cogni-
tive workload to circumvent the performance
decline over time [42]. The Fiene et al. study
[88] demonstrates that these processes can
potentially be manipulated via tDCS, such that
the brains of those with MS can possibly be
functionally altered to reduce the inherent
vulnerability to CF. This finding is promising,
yet clearly preliminary and in need of replica-
tion. Similarly, the study was prone to perfor-
mance bias (with unclear selection bias), and

Table 3 Risk of bias in the two eligible studies

Type of bias Morrow et al. (2017) [87] Fiene et al. (2018) [88]

Random sequence generation (selection bias) Low Unclear

Allocation concealment (selection bias) Low Unclear

Baseline outcome similarity (detection bias) Low Low

Incomplete outcome data (attrition bias) Low Low

Blinding of participants and personnel (performance bias) Low High

Selective reporting (reporting bias) Low Low

Other bias Low Low

Low low risk of bias, High high risk of bias, unclear uncertain risk of bias
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thus conclusions must be further tempered.
Given that the effect of treatment was in a sin-
gle test session only, it is unclear if the benefi-
cial effect of tDCS on CF is temporary, or if
effects may be more long-lasting. A focused
review of studies utilizing repeated anodal tDCS
treatments (up to 6 weeks) to treat subjective
fatigue in MS reported stable improvements up
to 3 weeks following the last treatment session
[104], thus future work should focus on whether
a series of treatments over time can lead to
similar persistent changes in regard to objec-
tively measured CF.

The lack of positive outcomes in the phar-
macological study reviewed [87] does not nec-
essarily preclude the potential benefits of this or
other medication options in the treatment of
fatigue. At this time, however, there is insuffi-
cient evidence to make any claims in either
direction given the lack of research. Pharmaco-
logical interventions have been effective in the
treatment of subjective fatigue in a variety of
conditions [1, 68, 69], and thus further study of
the effects of medication on objectively mea-
sured CF is warranted, particularly given the
evidence for potential biomarker targets
[62–65]. The same holds true for behavioural
interventions. Although no studies have yet
addressed the impact of behavioural interven-
tions on objective CF specifically, the positive
impact of these interventions on subjective
fatigue [71, 72, 75] can provide some direction
in terms of potentially fruitful options to pur-
sue. Given the relationship between CF, sleep
quality [53, 54, 105] and mood [52], a beha-
vioural intervention designed to target sleep
quality and mood, such as CBT, or more
specifically CBT-I [106], may be warranted.
However, as previously suggested, one must
consider the multidimensional nature of fatigue
when planning and designing treatment inter-
ventions, and thus a multi-faceted approach
targeting lifestyle factors and coping techniques
(e.g. fatigue management education supple-
mented by elements of CBT-I and exercise)
might have a greater chance of efficacy [72]. If
such behavioural techniques are effective, the
potential additive effects of a combined beha-
vioural and procedural approach could then be
explored.

Not only does this review highlight the lack
of clarity with regard to treatments to target CF,
as related to the original aim, but it also high-
lights that there is no clear consensus regarding
how CF is measured. Although studies in this
area seem to agree that a performance decre-
ment over time is indicative of CF, how this
decrement is quantified varies. A number of
authors have utilized the PASAT to quantify CF
by evaluating performance accuracy toward the
end of the task as compared to the beginning
[36, 39, 107], but studies vary with regard to
whether to compare the first half performance
with second half, or the first third with last
third. A ratio of accurate performance on a
variety of 60-s tasks evaluating response inhi-
bition, processing speed and working memory
compared to equivalent 180-s tasks has also
been utilized as a marker, with some evidence
that the CF effect may be domain specific [46].
Others have utilized speeded tasks to demon-
strate that response time increases over time,
but even within this method, individual tasks
vary. Some have utilized a psychomotor vigi-
lance task and compared performance between
the first and last quintiles (i.e. across task) [42],
while others have utilized computerized test
battery for attention performance and com-
pared performance between administrations
before and after either cognitively or motori-
cally fatiguing tasks (i.e. across session) [40].
Changes in response time variability has been
shown to be an even more sensitive marker
than response time changes over time, perhaps
representing attentional lapses or other break-
downs in cognitive control [38]; however, these
changes have been evaluated only in healthy
controls, and the methodology has not yet been
applied in neurological samples as a measure of
CF. Response time variability has been demon-
strated to correlate with subjectively reported
fatigue in an MS sample [108] and thus could
easily be applied as a measure of objective CF.
Although other methods have also been uti-
lized, the common theme is tasks that require
sustained attention and/or effort over time
[41, 43, 44].

The Fiene et al. study [88] also highlighted
that in addition to performance metrics, as
discussed thus far, there are biomarkers that can
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also be incorporated into the study of CF; for
example, the authors demonstrated that lower
amplitudes and prolonged latencies of the P300
event-related potential are indicative of CF. The
utility of this electrophysiological marker had
previously been demonstrated by others [46]
and has also shown some correlation with other
clinical measures. Functional neuroimaging is
also a promising avenue of research with respect
to biomarkers. Our own work using arterial spin
labeling functional magnetic resonance imag-
ing has demonstrated differences in fronto-
parietal attentional network activation before,
during and after a cognitively fatiguing task
between those with MS and healthy controls
[42]. Those with MS engaged the middle frontal
gyrus more than the healthy controls during
the cognitive task as a whole. However, the
controls showed greater activation of this area
only during the last quintile of the task. Thus,
the performance decline in the MS group
seemed to be due to their inability to recruit the
middle frontal gyrus at the end of the task.
Others have utilized resting-state functional
connectivity to demonstrate alterations in the
connectivity between the insula and posterior
cingulate gyrus, and also between the right
thalamus and right precentral gyrus, between
fatigued and non-fatigued individuals with MS
[61]. These authors suggested that disruption in
sensorimotor, high-order motor and non-motor
executive function likely contributes to the
neural mechanism of fatigue in MS. Although
the influence of secondary factors (e.g. disease-
related symptoms such as mood) must also be
considered, these studies provide further evi-
dence for primary (i.e. central) fatigue and
clearly elucidate potential targets of neuro-
modulatory techniques.

As previously stated, the study of fatigue in
neurological conditions is fraught with varying
definitions and methodology that highlight the
need for a clear conceptual framework from
which to guide further study. Harrison et al.
[109] summarized the available evidence for
measures of CF in MS and made the following
recommendations. First, they called for the
development of a guiding theory of CF that
considers differences between primary and sec-
ondary fatigue and broader psychosocial

models. This point aligns with recommenda-
tions by Kluger et al. recommending a unified
taxonomy for studying fatigue and fatigability
in neurological illness [32]. Second, they sug-
gested that future research examine the eco-
logical and construct validity of existing
assessments. Third, they suggested that research
explore whether the more promising CF mea-
sures are correlated with impaired functioning
after accounting for possible confounds. Fourth,
they highlighted the need for outcome assess-
ments to be able to identify clinically mean-
ingful improvement [109]. A last point made by
Harrison et al. that we wish to echo here is that
the quest for improving the objective measure-
ment of CF does not imply that subjectively
measured fatigue is somehow less relevant or
important [109]. Clearly, patient perceptions of
their own experience should be guiding both
clinicians in terms of helping them manage
their symptoms, and researchers by ensuring
that research questions address concerns that
are relevant to the patient populations under
study. Improving the quality-of-life of those
affected by neurological conditions should be
our guiding principle. In addition to these
astute recommendations, we would like to add
two further points. First, that current and
emerging biomarkers of CF be incorporated into
the study of this phenomenon (including their
relationship to performance indicators) and
second, that research moving forward focusses
on establishing effective interventions to target
CF. Preliminary evidence suggests that a variety
of approaches show promise, but there is a need
for well-designed RCTs that incorporate the
recommendations noted above in their trial
design. Thorough evaluation of behavioural,
procedural and pharmacological interventions
individually and then in combination is
needed.

There are some limitations associated with
the current review. First, the studies meeting
the inclusion criteria were limited to those
involving participants affected by MS. This
highlights the need for further study in other
neurological conditions and the lack of under-
standing in the literature about whether CF
manifests differently (or responds differently to
treatment) depending upon the underlying
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pathological mechanism. Second, the studies
included were conducted using small sample
sizes, which limits the generalizability of the
findings. Third, one of the studies had variable
or unclear bias. Fourth, systematic reviews
assume that the evaluation techniques are
consistent across studies, but this may not
necessarily be true [110]. Fifth, the eligibility
criteria for inclusion was quite strict and so
relaxing these criteria may have resulted in
more eligible studies. For example, expanding
the age range beyond 65 years may have yielded
studies conducted in those with neurodegener-
ative dementias (although significant cognitive
impairment might be considered a confounding
factor). Finally, grey literature (i.e. abstracts,
conference proceedings) was not reviewed; this,
and the fact that negative trials are often not
reported, may have resulted in a publication
bias or a ‘‘file-drawer effect’’ [110].

CONCLUSION

Although in this review, the only eligible study
to demonstrate efficacy in ameliorating CF was
a procedural one (i.e. tDCS), it cannot be con-
cluded that procedural interventions are supe-
rior to either behavioural or pharmacological
ones given the lack of study in this area. Simi-
larly, one cannot conclude that pharmacologi-
cal interventions are unsuccessful on the basis
of only one unsuccessful trial (i.e. fampridine-
SR). The current findings do not lead to any
clear recommendations about appropriate
methods of CF measurement or associated
treatment approach. There is simply insufficient
information to provide clear guidance. This
review highlights the considerable need for
further study according to the recommenda-
tions noted above.
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22. Lannsjö M, af Geijerstam JL, Johansson U, Bring J,
Borg J. Prevalence and structure of symptoms at
3 months after mild traumatic brain injury in a
national cohort. Brain Inj. 2009;23:213–9.

23. Cantor JB, Gordon W, Gumber S. What is post TBI
fatigue? NeuroRehabilitation. 2013;32:875–83.

24. Juengst S, Skidmore E, Arenth PM, Niyonkuru C,
Raina KD. The unique contribution of fatigue to
disability in community dwelling adults with trau-
matic brain injury. Arch Phys Med Rehabil.
2013;94:74–9.

25. Cumming TB, Packer M, Kramer SF, et al. The
prevalence of fatigue after stroke: a systematic
review and meta-analysis. Int J Stroke.
2016;11:968–77.

26. Andersen G, Christensen D, Kirkevold M, et al. Post-
stroke fatigue and return to work: a 2-year follow-
up. Acta Neurol Scand. 2012;125:248–53.

27. Pollock A, St. George B, Fenton M, Firkins L. Top 10
research priorities relating to life after stroke—con-
sensus from stroke survivors, caregivers, and health
professionals. Int J Stroke. 2014;9:313–20.

28. Lou JS, Kearns G, Oken B, Sexton G, Nutt J. Exac-
erbated physical fatigue and mental fatigue in
Parkinson’s disease. Mov Disord. 2001;16:190–6.

Neurol Ther (2019) 8:251–271 267



29. Nagy A, Schrag A. Neuropsychiatric aspects of
Parkinson’s disease. J Neural Transm.
2019;126(7):889–96.

30. Lou J, Reeves A, Benice T, Sexton G. Fatigue and
depression are associated with poor quality of life in
ALS. Neurology. 2003;60:122–3.

31. Day J, Yust-Katz S, Cachia D, et al. Interventions for
the management of fatigue in adults with a primary
brain tumour. Cochrane Database Syst Rev.
2016;4:CD011376. https://doi.org/10.1002/
14651858.CD011376.pub2.

32. Kluger BP, Krupp LB, Enoka RM. Fatigue and fati-
gability in neurologic illnesses: proposal for a uni-
fied taxonomy. Neurology. 2013;80:409–16.

33. Kluger BM, Herlofson K, Chou KL, et al. Parkinson’s
disease-related fatigue: a case definition and rec-
ommendations for clinical research. Mov Disord.
2016;31:625–31.

34. Bigland-Ritchie B, Cafarelli E, Vollestad NK. Fatigue
of submaximal static contractions. Acta Physiol
Scand. 1986;556:137–48.

35. Bryant M, Chiaravalloti ND, DeLuca J. Objective
measurement of cognitive fatigue in multiple scle-
rosis. Rehabil Psychol. 2004;49:114–22.

36. Walker LAS, Berard JA, Berrigan LI, Rees LM,
Freedman MS. Detecting cognitive fatigue in mul-
tiple sclerosis: method matters. J Neurol Sci.
2012;316:86–92.

37. Holtzer R, Shuman M, Mahoney JR, Lipton R,
Verghese J. Cognitive fatigue defined in the context
of attention networks. Neuropsychol Dev Cogn.
2011;18:108–28.

38. Wang C, Ding M, Kluger BM. Change in intraindi-
vidual variability over time as a key metric for
defining performance-based cognitive fatigability.
Brain Cogn. 2014;85:251–8.

39. Morrow SA, Rosehart H, Johnson AM. Diagnosis
and quantification of cognitive fatigue in multiple
sclerosis. Cogn Behav Neurol. 2015;28:27–32.

40. Claros-Salinas D, Dittmer N, Neumann M, et al.
Induction of cognitive fatigue in MS patients
through cognitive and physical load. Neuropsychol
Rehabil. 2013;23:182–201.

41. Neumann M, Sterr A, Claros-Salinas D, Gütler R,
Ulrich R, Dettmers C. Modulation of alertness by
sustained cognitive demand in MS as surrogate
measure of fatigue and fatigability. J Neurol Sci.
2014;340:178–82.

42. Berard JA, Fang Z, Walker LAS, et al. Imaging cog-
nitive fatigue in multiple sclerosis: Objective
quantification of cerebral blood flow during a task
of sustained attention using ASL perfusion fMRI.
Brain Imaging Behav. 2019. doi: https://doi.org/10.
1007/s11682-019-00192-7.

43. Cehelyk EK, Harvey DY, Grubb ML, et al. Uncover-
ing the association between fatigue and fatigability
in multiple sclerosis using cognitive control. Mult
Scler Relat Disord. 2019;27:269–75.

44. Kluckow SW, Rehbein J, Schwab M, Witte OW,
Bublak P. What you get from what you see: para-
metric assessment of visual processing capacity in
multiple sclerosis an its relation to cognitive fati-
gue. Cortex. 2016;83:167–80.

45. Hoffman S, Tittgemeyer M, von Cramon DY. Cog-
nitive impairment in multiple sclerosis. Curr Opin
Neurol. 2007;20:275–80.

46. Chinnadurai SA, Venkatesan SA, Shankar G, Sami-
vel B, Ranganathan LN. A study of cognitive fatigue
in multiple sclerosis with novel clinical and elec-
trophysiological parameters utilizing the event
related potential P300. Mult Scler Relat Disord.
2016;10:1–6.

47. Hu M, Muhlert N, Robertson N, Winter M. Per-
ceived fatigue and cognitive performance change in
multiple sclerosis: uncovering predictors beyond
baseline fatigue. Mult Scler Relat Disord.
2019;32:46–53.

48. Lou JS. Physical and mental fatigue in Parkinson’s
disease: epidemiology, pathophysiology and treat-
ment. Drugs Aging. 2009;26:195–208.

49. Jordan B, Schweden TLK, Mehl T, Menge U, Zierz S.
Cognitive fatigue in patients with myasthenia
gravis. Muscle Nerve. 2017;56:449–57.
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