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Abstract

Fatigue is one of the most common and debilitating symptoms affecting patients with multiple sclerosis (MS). Sustained
cognitive effort induces cognitive fatigue, operationalized as subjective exhaustion and fatigue-related objective alertness
decrements with time-on-task. During prolonged cognitive testing, MS patients show increased simple reaction times (RT)
accompanied by lower amplitudes and prolonged latencies of the P300 event-related potential. Previous studies suggested
a major role of structural and functional abnormalities in the frontal cortex including a frontal hypo-activation in fatigue
pathogenesis. In the present study we investigated the neuromodulatory effect of transcranial direct current stimulation
(tDCS) over the left dorsolateral prefrontal cortex (DLPFC) on objective measures of fatigue-related decrements in cogni-
tive performance in MS patients. P300 during an auditory oddball task and simple reaction times in an alertness test were
recorded at baseline, during and after stimulation. Compared to sham, anodal tDCS caused an increase in P300 amplitude that
persisted after the end of stimulation and eliminated the fatigue-related increase in RT over the course of a testing session.
Our findings demonstrate that anodal tDCS over the left DLPFC can counteract performance decrements associated with
fatigue thereby leading to an improvement in the patient’s ability to cope with sustained cognitive demands. This provides
causal evidence for the functional relevance of the left DLPFC in fatigue pathophysiology. The results indicate that tDCS-
induced modulations of frontal activity can be an effective therapeutic option for the treatment of fatigue-related declines in
cognitive performance in MS patients.
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Introduction fatigue remains a poorly understood symptom with vary-

ing definitions which hampers the development of effective

Fatigue is one of the most frequent symptoms in multiple
sclerosis (MS) affecting up to 75% of patients [1, 2]. It is
characterized by an enhanced perception of effort and a lim-
ited endurance of sustained physical and cognitive activities
[3]. Fatigue has a substantial negative impact on patient’s
quality of life by impairing daily functioning and work
capacity. Accordingly, it is a major cause of early retire-
ment for MS patients [4]. Despite its clinical significance,
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management strategies.

Recently, Kluger et al. [5] proposed a unified taxonomy
of fatigue suggesting a differentiation between the subjective
perception of fatigue and objective fatigue-related decre-
ments in performance during prolonged activity. Accord-
ingly, fatigue can be studied qualitatively as a subjective
phenomenon or quantitatively as an objective phenomenon.
Most commonly, fatigue has been assessed subjectively
using self-report questionnaires such as the Fatigue Sever-
ity Scale or the Modified Fatigue Impact Scale. However,
as patients retrospectively rate perceived fatigue symptoms,
self-report measures are subject to mood, regression to the
mean and recall biases which can reduce their accuracy.
Accordingly, available fatigue questionnaires show low
correlations among each other and heterogeneous associa-
tions to patient’s functional impairment, disease duration
or cognitive deficits [6—8]. In contrast to these subjective
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fatigue measures, fatigue-related decline in performance
during sustained effort over time, also referred to as fati-
gability, can be quantified via objective indices [9]. This
time-on-task effect has been demonstrated for motor fatigue,
reflected by a decrement in muscle strength during exer-
cise, and for cognitive fatigue. Objective cognitive fatigue
refers to the decline in processing speed, reaction time (RT)
or accuracy during continuous cognitive testing [9]. This
fatigue phenomenon can be especially distressing as patients
find themselves impaired in their ability to sustain attention
and endure cognitive tasks. In the past, objective cognitive
fatigue has been operationalized by various measures (for
an overview see [9]). Accordingly, inconsistent results were
reported with some studies demonstrating performance
decreases with stronger subjective fatigue while others either
showed no performance decline or decreases only on a sub-
set of administered tests with time-on-task [10-14]. While
in most cases findings are based on preliminary data, some
studies made good efforts to replicate results with similar
fatigue measures such as simple reaction time tests [14—18].
Previous studies demonstrated that subjective cognitive
fatigue becomes behaviorally evident specifically in tasks
depending on a high level of intrinsic alertness [19]. Bryant
et al. [15] showed that alertness performance in MS patients
declines earlier in time than in healthy controls independent
of the patient’s general cognitive impairment at baseline.
This demonstrates that cognitive fatigue and general cogni-
tive impairment seem to operate on different mechanisms.
Moreover, after neuropsychological testing inducing high
cognitive load, compared to healthy controls MS patients
were found to have a stronger increase in simple reaction
time while no performance changes were observed for more
complex selective and divided attention tests [14, 16, 20].
Accordingly, these findings consistently indicate that sim-
ple reaction time tests are a valid objective measure of MS-
related cognitive fatigue.

In addition to behavioral markers of cognitive fatigue,
measurements of event-related potentials (ERP) provide
a further objective and sensitive method for assessing the
integrity of information processing. Specifically, the P300
potential has been widely used as an index for cognitive
functioning in various psychiatric and neurological disorders
[21]. The P300 is an endogenous potential which is com-
monly elicited in an oddball task when subjects detect rare,
target stimuli in a series of standard stimuli. P300 ampli-
tude is proportional to the amount of attentional resources
devoted to a task while its latency reflects the speed of stim-
ulus classification, aspects that can be affected in MS due to
demyelinating lesions [21]. Previous studies revealed that
compared to healthy controls MS patients show diminished
P300 amplitudes and prolonged latencies which have been
associated with cognitive function in the attention and mem-
ory domain and patient’s fatigue level [22-25]. Recently,
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Chinnadurai et al. [26] examined the effect of increased
cognitive load during an auditory oddball task on P300
in MS patients to investigate the diagnostic value of elec-
trophysiological measures for the assessment of cognitive
fatigue. With time-on-task, patients demonstrated a greater
decrease in P300 amplitude and a stronger increase in P300
latency compared to healthy controls. Moreover, also healthy
subjects demonstrated a decrease in P300 amplitude and an
increase in latency after a fatigue-inducing cognitive task
[27-29]. The diminished amplitude is assumed to reflect
the decrease of attention while prolonged latencies are
considered to be a measure of delayed information process-
ing. These results suggest that perceived cognitive fatigue
can influence higher level cognitive processes. Thus, even
without baseline deficits in cognitive functioning, cognitive
fatigue can limit the amount of attentional resources devoted
to a task leading to measurable changes in P300 [15, 29].
Therefore, P300 changes during sustained cognitive effort
have been suggested as a measure for the objective evalua-
tion of neural processes related to cognitive fatigue.

For an effective treatment of fatigue, an understanding
of the underlying pathophysiology is essential. For disease-
related fatigue in MS, multifactorial mechanisms have been
suggested including neuroimmune and neuroendocrine dys-
regulation as well as morphologic changes within various
brain regions, especially in the frontal lobe, basal ganglia
and sensorimotor cortex [1, 30, 31]. Account should be taken
of the controversial study data with some studies failing to
detect a specific fatigue-related pattern of atrophy [32-34].
The latter findings may be attributed to the used experimen-
tal designs including small sample sizes and short-term fol-
low-up measures [31]. Importantly, structural and functional
abnormalities in the frontal lobe were repetitively found to
be anatomic brain correlates of fatigue severity. Subjective
fatigue scores were associated with white matter lesions in
the left frontal cortex and loss of gray matter volume in
the left superior frontal gyrus [35, 36] or the left precentral
gyrus [37]. In line with these results, fatigued as opposed
to non-fatigued MS patients exhibit functional alterations
in terms of reduced glucose metabolism in the basal gan-
glia and frontal lobe at rest [38] and a compensatory brain
activation in the frontal, parietal and occipital lobes during
task execution that could lead to feelings of fatigue [39—41].
These findings suggest that subjective fatigue might be at
least partly related to damage in frontal brain regions which
overlap with brain networks involved in attentional process-
ing [35, 41].

Transcranial direct current stimulation (tDCS) is a non-
invasive technique to modulate cortical excitability in tar-
geted brain regions. The stimulation-induced effects depend
on current polarity. Generally, anodal tDCS enhances corti-
cal excitability via depolarization of neuronal membranes,
while cathodal tDCS causes a hyperpolarization and a
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decrease of cortical reactivity in the region under the elec-
trode. Excitability-enhancing effects of anodal tDCS have
been successfully demonstrated in the perceptual, cognitive
and motor domain [42, 43]. For MS-related fatigue, evidence
for treatment effects of tDCS is still sparse. Positive stimula-
tion effects on subjective fatigue assessed with self-report
scales were reported after anodal tDCS (1.5 mA for 15 min)
targeting the bilateral motor or somatosensory cortex for
five consecutive days [44—47]. Saiote et al. [48] evaluated
the effects of five daily sessions of anodal and sham tDCS
(1 mA for 20 min) over the left dorsolateral prefrontal cortex
(DLPEC). Although results did not show an overall signifi-
cant improvement in perceived fatigue, the authors found
a correlation between response to tDCS and lesion load in
the left frontal cortex. By applying anodal tDCS over the
left DLPFC with higher intensity (2 mA for 20 min) over
a shorter protocol duration of three successive sessions,
Ayache et al. [49] did not yield significant effects on subjec-
tive fatigue. Recently, Chalah et al. [13] compared the effect
of anodal tDCS over the left DLPFC with stimulation over
the right posterior parietal cortex over five daily sessions
(2 mA for 20 min) showing that only frontal stimulation
ameliorated subjective fatigue in MS. Based on these results,
first long-term studies applying left frontal tDCS consecu-
tively over 4-6 weeks showed an improvement of subjective
fatigue that lasted up to 3 weeks after stimulation [50, 51].
Importantly, most previous studies exclusively showed
tDCS effects on subjective fatigue using self-report question-
naires whereas few considered treatment effects on objective
fatigue-induced decrements in sustained cognitive perfor-
mance [52, 53]. Saiote et al. [48] proposed that methodo-
logical problems of self-report instruments might have led
to an under-estimation of stimulation effects. Only recently,
Hanken et al. [54] investigated the modulation of objective
fatigue-associated vigilance decrements by tDCS in MS
patients. The authors showed that tDCS over the right pari-
etal cortex as part of the fatigue network could counteract
the RT decrement during prolonged testing. Supplementary
to studies showing mixed tDCS effects on subjective fatigue
by using self-report measures, Hanken et al. [54] were the
first to demonstrate that objective cognitive fatigue can be
modified by tDCS which is an important prerequisite for its
application as outcome parameter in intervention research.
The aim of the present study was to investigate the
effects of anodal tDCS over the left DLPFC on objective
performance-based measures of cognitive fatigue in MS
during prolonged testing. Objective cognitive fatigue was
conceptualized as a change in simple RT and P300 com-
ponents with time-on-task. For the assessment of stimula-
tion dependent changes in fatigue severity, cognitive fatigue
parameters were assessed before, during, and after tDCS. We
assumed that anodal, excitability-enhancing tDCS over the
frontal cortex has positive effects on the change in objective

cognitive fatigue parameters with time-on-task that persist
after the end of stimulation.

Materials and methods
Participants

Fifteen patients diagnosed with clinically definite MS
according to the McDonald criteria [55] were enrolled in
the study (7 male, age 43.20 + 14.97 years). 14 patients had
relapsing-remitting and one patient secondary progressive
MS. The demographic characteristics of the patient group
are listed in Table 1. Inclusion criteria were a minimum of 9
points on the cognitive subscale of the Wiirzburger Fatigue
Inventory for MS (WEIMuS), a minimum of 3 months since
the last relapse, no severe depression (Beck Depression
Inventory (BDI) < 19) and no paresis of the upper limb.
Patients did not receive any pharmacological treatment
beside their MS therapy which consisted of natalizaumab
(N = 4), glatiramer acetate (N = 3), interferon beta (N = 3),
fingolimod (N = 2), fampridine (N = 2), and dimethyl fuma-
rate (N = 1). Patients were asked for their clinical history
and were excluded if they reported current or previous neu-
rological or psychiatric comorbidities. All patients reported
having normal hearing and normal or corrected vision.
The sample included two left-handed and 13 right-handed
patients. All patients were screened and recruited from the
outpatient pool of the University Hospital Magdeburg. Ethi-
cal approval for all procedures was obtained from the ethics
committee of the University of Magdeburg and all partici-
pants gave written informed consent before participation.

Experimental procedure

In two separate sessions, cognitive fatigue was assessed.
Using a single blind, within-subject design, subjects
received either anodal or sham tDCS in a randomized,
counterbalanced order (cf. Fig. 1). Each session consisted
of three testing blocks, preceded by a short practice trial

Table 1 Clinical profile of study participants

Measures M SD

Age (years) 43.20 14.97
Disease duration (years) 9.63 8.57
WEIMusS cognitive 19.40 6.30
WEIMuS physical 19.73 5.70
BDI 11.13 4.63
EDSS 3.54 1.94

WEIMuS Wiirzburger Fatigue Inventory for MS, BDI Beck’s Depres-
sion Inventory, EDSS Expanded Disability Status Scale
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Fig. 1 Experimental procedure: patients underwent the protocol
twice, once under anodal and once under sham stimulation, sepa-
rated by at least 1 week. In each of the three testing blocks (BL, T1,
T2) objective and subjective fatigue parameters were assessed: per-

for the simple reaction time task (SRT; see section “Experi-
mental tasks”). Each testing block started with the SRT fol-
lowed by P300 recordings during an auditory oddball task
(see section “Experimental tasks”) and ended with subjec-
tive fatigue measurements by asking the patients for how
mentally fit they feel on a 10-point numerical rating scale.
By using this compound scale of fatigue we aimed to ade-
quately picture the individually relevant short-term changes
in perceived cognitive fatigue. The three blocks differed in
terms of stimulation condition. The first block (BL) was per-
formed without tDCS and served as a baseline against which
performance in the subsequent two blocks was compared.
After the baseline block, tDCS electrodes were attached to
the patients scalp during a 5-min break. The second block
(T1) measured the online effects of anodal tDCS on SRT,
P300, and subjective fatigue scores. For this purpose, each
patient received 10 min of tDCS prior to the beginning of the
T1 testing block. According to Nitsche et al. [56] this pre-
stimulation is necessary to induce stable stimulation effects.
Following the 10 min pre-stimulation before T1, stimulation
continued until the end of the T1 testing block. After another
5-min break, the last testing block (T2) started measuring
post-stimulation effects. Individual sessions were separated
by a minimum of 7 days. As fatigue generally underlies diur-
nal increases in symptom severity [57, 58], the two testing
sessions per patient took place at about the same time of day.

Experimental tasks

RT performance was assessed using a SRT adapted from
Woods et al. [59]. Participants responded to the occurrence
of a bulls-eye stimulus as quickly as possible by pressing
a mouse button with the index finger of their dominant
hand. After 15 practice trials, 120 stimuli with a duration
of 200 ms were presented. The interstimulus intervals (IST)
ranged from 1000 to 2000 ms in 250 ms steps. The five ISIs
were used pseudorandomly with equal probability. During
the ISI a fixation cross was shown. The maximum response
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formance in a simple reaction time task (I), P300 during an audi-
tory oddball task (II) and subjective fatigue measured via a 10-point
numerical rating scale (III)

time was 1000 ms and responses outside this time window
were categorized as false positive trials. The bulls-eye had
a diameter of 5.72° of visual angle and was presented in
black color on a white screen. The duration of the SRT was
4.5 min.

P300 ERPs were measured during an auditory oddball
task. Subjects were binaurally presented with a series of 300
tones (10 ms rise/fall, 50 ms plateau) at 70 dB and a constant
rate of one tone every 2 s via earphones. Frequent standard
tones (1000 Hz, 80%) and rare target tones (2000 Hz, 20%)
occurred pseudorandomly with the constraint that two target
tones did not appear in succession. Subjects were instructed
to press the left mouse button as quickly as possible when-
ever a target tone was detected. During the 10-min oddball
task, subjects were instructed to look at a fixation cross at
the center of the screen.

tDCS

For tDCS application, the active electrode (5 X 5 cm) was
placed over the left DLPFC corresponding to the F3 elec-
trode of the international 10-20 EEG system. The reference
electrode (5 X 7 cm) was placed over the right shoulder. The
reference position was chosen to avoid unwanted cephalic
hyperpolarization effects under the cathode. The stimulation
was delivered by a battery-driven constant current stimulator
(NeuroConn GmbH, Ilmenau, Germany) using two rubber
electrodes covered with saline-soaked sponges. Direct cur-
rent was applied with an intensity of 1.5 mA with a 15-s
fade in/out time. Impedance of stimulation electrodes was
kept below 20 kQ. After 10 min of pre-stimulation, the sec-
ond testing block (T1) started while stimulation continued.
For anodal stimulation the direct current was applied for
27.29 + 1.15 min depending on the time of testing for each
patient. For sham stimulation, the current was turned off
after 30 s with a 15-s fade out time. This procedure ensured
that in both stimulation conditions, participants experi-
enced the initial itching sensation that recedes over the first
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seconds of tDCS. During the debriefing at the end of their
final session, patients were asked to rate which of the ses-
sion was conducted with active or sham tDCS. One patient
correctly and two patients incorrectly distinguished between
stimulation conditions while all other patients reported to
feel no difference between sham and active stimulation.

EEG recording and preprocessing

During the auditory oddball task, EEG was recorded con-
tinuously at ten electrode sites (Fz, Cz, Pz, Oz, C1, C2, P3,
P4, PO3, PO4 according to the international 10-20 EEG sys-
tem) using Ag/AgCl-electrodes mounted in an elastic cap.
The EEG signal was referenced to the nose with the ground
electrode placed at POz. The electrooculogram (EOG) was
recorded with two electrodes placed below and approxi-
mately 1 cm to the external canthus of the right eye. EEG
data were recorded by Brain DC amplifier (Brain Products,
Germany) and the corresponding software (Brain Products,
Recorder 1.20) sampled at 1000 Hz. Impedances were kept
below 10 kQ. The online filter bandpass was 0.01-250 Hz
with a notch filter at 50 Hz.

EEG preprocessing and data analysis were carried out in
Analyzer 2.1 (Brain Products, Germany). EEG data were
off-line bandpass filtered from 0.01 to 60 Hz. Trials on
which the EOG exceeded + 75 pV were rejected automati-
cally. The EEG recordings were segmented into epochs from
— 200 to 700 ms relative to stimulus onset. After baseline
correction (— 200 to 0 ms), averages for the standard and
target tones were computed separately for each measure-
ment block (BL, T1, T2) and stimulation condition (anodal,
sham). A minimum of 20 artifact-free trials were acquired
for each combination of tone and measurement block per
patient. For P300 analysis, difference waves were computed
by subtracting average ERPs of the standard tone from ERPs
of the target tone. A peak detection analysis was performed
on single-subject difference waves measured at channel Pz
using the local maximum between 250 and 450 ms after
stimulus onset. Data were statistically analyzed using IBM
SPSS software 22.

Statistical analysis

For each subject, values for subjective and objective
fatigue (median RT in SRT, P300 amplitude and latency)
were assessed. For RT analysis, false positive trials
were excluded considering performance in correct trials
only. To consider for intra-individual variations in base-
line fatigue levels [60], we computed difference scores
between baseline values (BL) and the fatigue values
obtained during (T1) and after tDCS (T2), separately for
the two testing days. Thus, T1g; reflects the change in
fatigue scores between testing block T1 and BL, while
T2y, reflects the change in fatigue scores between test-
ing block T2 and BL. This procedure resulted in relative
performance measures over time-on-task independent
from intra-individual daily fatigue variations. These cor-
rected fatigue parameters were entered into separate 2 X 2
repeated measures ANOVAs with the within-subject fac-
tors stimulation (anodal, sham) and time-on-task (T1g,
T2g;). For post hoc analyses, paired samples ¢ tests were
performed. As previous studies on the interrelationship
between subjective and objective fatigue show incon-
sistent results [9], we further analyzed the correlations
between the changes in fatigue measures during sham
condition over the course of the testing session (T2 ).

Results
RT performance

The mean changes in cognitive fatigue parameters over time-
on-task separately for anodal and sham stimulation sessions
are shown in Table 2. The repeated measures ANOVA on
RTs revealed no main effect for the factors stimulation
[F(1,14) = 0.23, p = 0.637, 115 = 0.02] nor time-on-task

[F(1,14) = 1.21, p = 0.290, 115 = 0.08], but a significant
interaction effect [F(1,14) = 5.00, p = 0.042, '75 =0.26] (cf.

Fig. 2). The change in RT over time depended on the type of
stimulation with an increase in RT from T1; to T2, under

Table 2 Transcranial direct

current stimulation induced e 251

changes in performance-based Anodal Sham Anodal Sham

und subjective measures of

cognitive fatigue during and M SE M SE M SE M SE

after IDCS relative to baseline Simple reaction times (ms) 229 455 —1.80 433 —276 364 699 478
P300 amplitude (uV) 1.97 094 -192 1.21 0.72 096 —-174 073
P300 latency (ms) —-1.00 484 3.20 5.96 9.67 5.53 21.33 7.58

Subjective fatigue

0.47 0.13 0.67 0.27 1.27 0.30 1.47 0.29
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BL T1 T2

Fig.2 Transcranial direct current stimulation induced modulation of
reaction time slowing over time-on-task separately for anodal (solid
line) and sham (dashed line) stimulation during (T1) and after (T2)
stimulation relative to baseline (BL) (mean + SEM)

sham stimulation only [#(14) = — 2.17, p = 0.048]. Under
anodal tDCS, the fatigue-related increase in RT was elimi-
nated [#(14) = 1.73, p = 0.106].

Pz

[nV] BL

! /\
[NEVAY SEA
Vv

ERP data

The tDCS-induced changes in electrophysiological data are
shown in Fig. 3. For P300 amplitude the ANOVA revealed
a significant main effect for the factor stimulation
[F(1,14) =9.13, p = 0.009, r]; = 0.40]. Compared to sham,

anodal tDCS caused an increase in P300 amplitude during
stimulation [T1g; : #(14) = 2.16, p = 0.048] which persisted
after the end of stimulation [T2; : #(14) =2.52, p = 0.025].
There was neither a significant main effect for the factor
time-on-task [F(1,14) = 0.38, p = 0.547, 115 = 0.03] nor a

significant interaction effect [F(1,14) = 0.52, p = 0.482,
’15 = 0.04].

Analysis of P300 latency showed a significant increase in
latency with time-on-task [F(1,14) = 5.16, p = 0.039,
115 = 0.27] reflecting an increase in objective cognitive

fatigue during prolonged testing. There was no main effect
for the factor stimulation [F(1,14) = 2.38, p = 0.145,
r/g = 0.14] nor an interaction of both factors [F(1,14) = 0.74,

p=0.405, 7%= 0.05].

200 |V 20 400 600 g

P300 Amplitude

BL T1 T2

Fig.3 Transcranial direct current stimulation induced changes in
P300 event-related brain potential (ERP). Upper row: grand average
ERPs recorded at channel Pz at baseline (left), during tDCS (middle)
and after tDCS (right). The gray-shaded areas delineate the latency
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window of 250-450 ms used for P300 peak definition. Lower row:
changes in P300 amplitude (left) and latency (right) during (T1) and
after (T2) stimulation relative to baseline (BL) separately for the
anodal and sham stimulation condition (mean + SEM)
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Subjective changes of fatigue

Regarding the change in perceived fatigue the ANOVA
revealed a significant increase in fatigue with time-on-task
[F(1,14) = 18.16, p = 0.001, ’7; = (.56] indicating that per-

ceived fatigue was successfully induced by the testing pro-
tocol. The increase in subjective fatigue was independent of
tDCS condition [F(1,14) = 0.00, p = 1.000, 115 =0.00] and

there was no main effect of stimulation [F(1,14) = 0.34,
p = 0.567, ’15 = 0.02]. To investigate the general interrela-

tionship between changes in fatigue self-reports and objec-
tive performance we further evaluated the correlation of
fatigue parameters during sham stimulation. Data showed
no significant correlation between the increase in simple RT
and subjective fatigue between baseline and the second test-
ing block (r = — 0.37, p = 0.172). However, analysis
revealed a significant negative correlation between the
increase in subjective fatigue and the change in P300 ampli-
tude (r = — 0.54, p = 0.040) and a marginal significant posi-
tive correlation with the change in P300 latency (» = 0.51,
p = 0.051). Thus, the increase in perceived fatigue during
the sham session is associated with a decrease in P300
amplitude and an increase in latency.

Discussion

In the present study we demonstrated that a single session
of anodal tDCS over the left DLPFC can prevent perfor-
mance decrements associated with cognitive fatigue in
MS patients. Objective cognitive fatigue was operationally
defined as the failure to sustain effort over the course of a
testing session quantified by changes in simple RT and P300
components with time-on-task. A single dose of less than
30 min tDCS-induced neuromodulation of the frontal cortex
caused an increase in P300 amplitude that persisted after
the end of stimulation and thus counteracted the fatigue-
related decrease in amplitude over time under sham stimula-
tion. Moreover, anodal tDCS attenuated the fatigue-related
decrease in RT performance over the course of a testing
session. These data provide causal evidence for a functional
relevance of the left DLPFC in objective cognitive fatigue
and show that modulation of frontal activity by means of
tDCS can have positive effects on the patient’s ability to
maintain optimal performance during sustained cognitive
demand.

The feeling of subjective fatigue has previously been
shown to become behaviorally evident in situations which
depend on a high level of intrinsic alertness that in turn
can be easily distracted by internal factors such as feelings

and thoughts [19]. Our study not only demonstrates tDCS-
induced behavioral improvements in RT performance but
also first electrophysiological evidence for positive stimula-
tion effects on objective cognitive fatigue indexed by P300
ERP. MS-related fatigue has previously been associated
with functional alterations in the frontal cortex [31, 38].
Neuroimaging studies showed that P300 originates from
a frontal attention network and subsequent temporo-pari-
etal memory operations [61, 62]. The detection of alerting
stimuli during oddball tasks is related to neural changes
especially in the prefrontal cortex and anterior cingulate
structures [62, 63]. MS patients as well as healthy controls
demonstrate a decrease in P300 amplitude and an increase in
P300 latency with time-on-task [26—28] confirming fatigue-
related decreases in frontal lobe activity. Our results show
that anodal tDCS of the left DLPFC can increase P300
amplitude. The relative depolarization induced by anodal
tDCS in the frontal cortex restored neuronal activity in this
functionally impaired brain region thereby counteracting
the typical fatigue-related amplitude decrease with time-on-
task. This provides evidence for a causal relation between
DLPFC functioning and the pathogenesis of objective cogni-
tive fatigue. Previous studies showed that tDCS effects can
last several minutes to hours after stimulation depending on
tDCS parameters, such as stimulation intensity and duration
[64]. Our results provide electrophysiological evidence for
the effectiveness of the used stimulation protocol to induce
lasting improvements in objective cognitive fatigue. In con-
trast to behavioral RT testing, which confounds cognitive
and motor processes, electrophysiological P300 recording
enables a direct assessment of fatigue-related changes in
neural processing which can be measured despite existing
physical disability. Thus, P300 might be a more reliable
marker of objective cognitive fatigue and a more sensitive
measure of tDCS-induced fatigue improvements that have
been found to be subjectively detectable after multiple stim-
ulation sessions [13, 48, 50, 51].

For P300 latency, we observed a significant increase
in latency with time-on-task which was independent of
tDCS condition. The finding that the stimulation effect,
which is reflected by a partial eta-squared value of 0.14,
did not reach statistical significance might be the result of
an inherent variability in tDCS-induced latency alterations
and a subsequent reduction in statistical power. This could
point to a differential effectiveness of tDCS depending
on varying patient characteristics. In the study by Saiote
et al. [48], investigating the effect of five consecutive tDCS
sessions on subjective fatigue, patients who responded
positively to anodal tDCS of the left DLPFC cortex had
higher frontal lesion load compared to non-responders.
This finding suggests that the effectiveness of stimulation
partly depends on morphological alterations in the targeted
brain region. The statistically non-significant stimulation
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effect on P300 latency in our study might therefore be
ascribed to inter-individual differences in frontal altera-
tions across patients. Future studies should examine this
relation between regional brain atrophy and the effective-
ness of tDCS over the respective target region.

The enhancement of frontal activity, as indexed by
P300, is paralleled by positive tDCS effects on behav-
ioral alertness performance. Whereas RT significantly
increased with time-on-task during sham stimulation,
anodal tDCS attenuated this fatigue-related performance
decline. Intrinsic alertness relies on an anterior alerting
network that involves frontal, parietal, thalamic, and brain
stem structures. Previous neuroimaging studies demon-
strated activation in the anterior cingulate gyrus and the
dorsolateral frontal cortex during SRT performance [65].
The same structures show more pronounced atrophy and
neural dysfunction in MS patients with fatigue [19, 65].
Accordingly, our finding of positive tDCS effects on RT
changes with time-on-task can be related to an enhanced
frontal excitability which counteracted the fatigue-related
performance decrement.

During testing all patients reported an increase in subjec-
tive cognitive fatigue. This indicates that the chosen tasks
were effective in inducing the feeling of cognitive exhaus-
tion. However, in contrast to positive stimulation effects on
performance decrements measured by RT and P300, tDCS
did not improve subjective fatigue appraisal. These results
are in line with the study by Hanken et al. [54] who showed
that single dose tDCS for 20 min over the right parietal
cortex counteracts the RT decrement in a vigilance task
but not the increase in perceived fatigue. As proposed by
Hanken et al. [66], neuromodulation of the frontal cortex
by tDCS might have increased cortical excitability within
the alerting network without having any effect on subjec-
tive fatigue. However, as the frontal cortex is part of the
attention network as well as the fatigue circuit [31], frontal
neuromodulation might improve attention performance and
perceived fatigue severity which in turn could reduce the
distraction of attentional resources away from the cognitive
process. Importantly, a growing number of studies demon-
strated improvements in perceived fatigue after multiple
daily sessions of left frontal tDCS [13, 48, 50, 51]. Chalah
et al. [13] recently showed that anodal tDCS over the left
DLPFC over five consecutive days ameliorated subjective
fatigue in MS patients. Moreover, Charvet et al. [50] dem-
onstrated a greater benefit of tDCS when applied with higher
stimulation intensity and over a longer treatment period of
4 weeks. Thus, in contrast to the single dose tDCS applica-
tion in the study by Hanken et al. [54] and our study, repeti-
tive stimulation sessions can lead greater cumulative effects
of tDCS [67, 68]. Taking these findings together, one might
assume that while objective cognitive fatigue can be effec-
tively modulated by a single dose tDCS treatment, multiple
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tDCS sessions might be necessary to accumulate stimulation
effects to be also subjectively detectable via introspection.

However, the relation between perceived fatigue and
objective fatigue-related performance decrements is still
controversially discussed. In our study, the increase in sub-
jective fatigue was correlated with the change in P300 com-
ponent while no significant association was found with the
increase in RT. As RT measures can be confounded by motor
impairments, greater performance variability might have
decreased statistical power. On the contrary, electrophysi-
ological recordings enable a direct assessment of fatigue-
related neural processes and might represent a more sensi-
tive correlate of subjective fatigue. In line with these results,
Herlofson et al. [69] suggested that the appropriate choice of
performance metric may improve the detection of an asso-
ciation between subjective and objective fatigue parameters.
Regarding the inconsistency on the relation between the two
fatigue phenomena, research on objective fatigue measures
should not devalue the use of subjective self-reports but
rather run in parallel with the improvement of subjective
measures [9]. Self-report scales are an important method
for assessing patient’s exhaustion and its perceived impact.
However, as subjective fatigue is weakly associated with
functional impairment [7, 70] studying objective fatigue is
an important complementary approach for the assessment
of daily functioning. Differences between subjective and
objective fatigue measures might offer additional therapeu-
tic options such as the treatment of underlying dysfunctional
coping styles [14]. Therefore, the development of a compre-
hensive theory of fatigue and its pathophysiology explaining
both, the subjective and objective fatigue phenomena, is an
important goal in clinical research [9].

An important limitation to the current study that should
be addressed in future research refers to tDCS-induced
modulations of cortical excitability underlying the changes
in cognitive fatigue. Generally, anodal stimulation is asso-
ciated with an enhancement of the target region which is
reflected in the tDCS-induced increase in P300 amplitude in
our study. However, due to a lack of tDCS focality it cannot
be ruled out that non-selective stimulation of brain regions
aside from the DLPFC might also have contributed to the
observed effects. Generally, MS fatigue has a multifacto-
rial pathogenesis associated with various functionally con-
nected brain regions. Chalah et al. [31] proposed a com-
plex fatigue network involving frontal, parietal, striatal and
thalamic structures. Moreover, MS-related fatigue has been
associated with a widespread damage of frontal connections,
including fronto-frontal and several fronto-cortical/subcor-
tical white matter tracts [71]. Previous studies in healthy
subjects showed that anodal tDCS over the left DLPFC
not only affects regional excitability under the electrode
but also modulates functional connectivity in frontal and
fronto-parietal networks [72, 73]. Accordingly, the beneficial
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effects on cognitive fatigue observed in our study might be
the result of complex modulations within the fatigue net-
work [31]. For the development of optimized stimulation
protocols, a combination of neurostimulation and neuroim-
aging techniques might help to explore tDCS effects in the
targeted brain region as well as in connected brain areas.
Furthermore, polarity-specific effects on cortical excitability
depend on individual baseline activity in the target area [74].
In an unaffected brain state, a further increase or decrease
in neural activity will deteriorate neural processing in the
target area. However, when neural activity is at a subopti-
mal level in neurological diseases, excitability-enhancing
tDCS may help to restore the optimum level of reactivity.
Therefore, a combination of tDCS and direct neurophysi-
ological measures is necessary to examine the mechanism
of action of tDCS. Stimulation parameters such as electrode
size, position, current density and stimulation duration need
to be systematically investigated for the development of effi-
cient treatment protocols. Moreover, we used a single-blind
approach with the examiner not being blind to tDCS condi-
tion. This could have created a potential interaction between
the experimenter and patients, the latter being blind to the
type of stimulation. However, as this study was performed as
a first-time approach to modulate objective fatigue measures
by tDCS, findings should be confirmed by follow-up stud-
ies applying multiple stimulation sessions in a double-blind
design. Finally, for clinical application the achievement of
persistent rather than short-term symptomatic improvements
is highly relevant. Based on our findings of positive treat-
ment effects after one single stimulation session, future stud-
ies should investigate tDCS effects over additional sessions
which might increase its clinical impact on objective and
subjective measures of cognitive fatigue [50, 51].

Conclusions

In summary, our results indicate that a single session of
anodal tDCS over the left DLPFC can counteract the RT
increase and the decrease in P300 amplitude associated with
cognitive fatigue in MS patients. To our knowledge this is
the first study providing direct electrophysiological evidence
for the functional relevance of the left DLPFC in the patho-
genesis of objective cognitive fatigue by means of tDCS. As
physical disabilities affecting fine motor skills and visual
acuity can impede RT testing in MS patients, P300 record-
ings might enable a more reliable evaluation of treatment
effects. In contrast to fatigue assessments via self-report
scales, the performance-based approach provides a direct
measurement of the patient’s ability to cope with sustained
cognitive demands. To conclude, tDCS can be an effective
approach for the treatment of fatigue-related declines in cog-
nitive performance in MS patients.
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