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ABSTRACT

Transcranial direct current stimulation (tDCS) applied unilaterally to the primary motor
cortex (M1) can significantly prolong the time to task failure (TTF) of a fatiguing contraction.
The primary purpose of the study was to examine the influence of bilateral dual source tDCS (ds-
tDCS) applied over the left and right M1s (ds-tDCS) on the TTF of a precision grip task. This
was accomplished through the utilization of a double-blind, randomized, SHAM-controlled,
within-subjects design. Fourteen participants completed two experiments (ds-tDCS and SHAM
stimulation conditions) with a seven-day washout period between sessions. Each experiment
involved the performance of a sustained isometric fatiguing contraction using a precision grip
(index finger and thumb) of the right hand while either ds-tDCS or SHAM stimulation was
applied to the left and right M1 by two separate stimulation devices. Participants were directed to
match a target force equivalent to 15% of the maximum voluntary contraction (MVC) force for
as long as possible (TTF). The main findings were that both the TTF and the percentage decline
in MVC force were not significantly different between the ds-tDCS and SHAM stimulation
conditions. In addition, the force error, standard deviation (SD) of force, and EMG activity was
not significantly different between the ds-tDCS and SHAM stimulation conditions. These
findings suggest that ds-tDCS does not reduce the rate of progression of muscle fatigue in a

sustained submaximal isometric contraction of hand muscles.
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CHAPTER 1: INTRODUCTION

Muscle fatigue is commonly defined as a transient decrease in the maximum force
production capability of muscle due to exercise [1-6]. Muscle fatigue starts to develop within a
few seconds after the start of exercise, progresses gradually, and influences all facets of human
motor performance. Fatigue emerges during exercise due to both changes that occur at the
muscle level (peripheral fatigue) and changes that occur in the central nervous system (central
fatigue [1, 5, 7, 8]. The relative contribution of these two sites to the total fatiguability that
manifests during physical activity depends on the details of the task such as the amount of
muscle mass involved, the intensity of muscle contraction as a percentage of maximum, the
muscles involved, the contraction type, and several others [4, 9, 10]. For example, it has been
demonstrated that one half to two-thirds of the total fatiguability observed during submaximal
sustained isometric contractions can be attributed to neural mechanisms occurring at the
supraspinal level, whereas the number is surprisingly only about 25% for various types of
sustained or intermittent MVC (maximum voluntary contraction) force tasks [5].

A multitude of interrelated alterations in neural processes typically transpire during the
performance of sustained submaximal isometric fatiguing contractions. There is a progressive
recruitment of additional motor units, which is primarily a reflection of enhancements in
descending drive from the primary motor cortex (M1) to the motor neuron pool. This is in an
effort to recruit new higher threshold motor units to compensate for declines in the discharge
rates of some of the previously active motor units [1, 6, 11] and maintain the force required to
continue the fatiguing contraction [1, 5, 6, 10]. The progressive increase in motor unit
recruitment is accompanied by heightened overall EMG (electromyographic) activity and

occasional bursts rates of EMG [12]. In addition, there are increases in effort perception, the



discharge rate variability of motor units, fluctuations in force, and force error [13]. Numerous
changes in sensory feedback also occur during fatiguing contractions and contribute to fatigue
development. For instance, the inhibitory input provided by group Il and IV afferents to motor
neurons and supraspinal sites [4, 5, 14] is enhanced during fatigue, whereas the excitatory input
of group la afferents to motor neurons can decrease and further constrain overall muscle
activation [10, 15].

Although numerous physiological adjustments during fatigue have been characterized,
relatively few interventional methods have been developed to attenuate the accumulation of
muscle fatigue. Established physical training methods incorporating training specificity
(exercising in a fatigued state) and gradual progressive overload are the primary means of
mitigating muscle fatigue along with various nutrition, supplement, and pharmacological
approaches. However, these existing strategies are already widely recognized, may only apply to
specific motor tasks or exercise environments, can be challenging to implement, and may be
associated with adverse side-effects. Thus, novel modalities that could be combined with
prevailing interventions could have significant implications in rehabilitation, sports, ergonomics,
and motor disorders, given the widespread impact of fatigue on motor function [16, 17].

Non-invasive brain stimulation techniques have garnered increasing research attention
over the past two decades as potentially safe, effective, and economical adjunct interventions for
improving several different motor abilities [18-25]. Among these techniques, transcranial direct
current stimulation (tDCS) has been the most extensively investigated and has shown the greatest
potential for practical widespread application. The majority of tDCS studies have investigated its
use for improving motor skill acquisition and learning. In these applications, movement accuracy

improvements ranging between about 5 and 30% relative to SHAM stimulation have been



reported depending on the number of stimulation sessions, which is typically one [18, 23, 25, 26]
although three-five sessions generally magnify the positive effects [18-20, 24]. The vast majority
of these studies have used a unilateral electrode montage characterized by the anode being
situated over M1 and the cathode over the contralateral supraorbital (SO) area (M1-SO
montage). Moreover, this arrangement usually also enhances M1 excitability, which has been
proposed to be at least one explanation for the simultaneous motor skill improvements.
Furthermore, a noteworthy number of studies have also reported that tDCS applied via the SO-
M1 electrode montage can also delay muscle fatigue and prolong TTF [27-32]. While these
studies are less numerous compared to motor skill investigations, several review articles [28, 33]
have reported that the weight of the available experimental findings indicate that tDCS applied
unilaterally with a SO-M1 montage significantly extends the endurance time or TTF across a
diverse number of motor tasks, albeit with effect sizes that range from small to moderate [28, 29,
33].

Despite the promising findings of many unilateral tDCS studies involving muscle fatigue,
there is evidence that alternative electrode montages could yield even greater enhancements in
motor performance. This would not be surprising as the standard unilateral SO-M1 montage
could have a few drawbacks and represents just one of numerous potential effective tDCS
electrode montages. For example, one variation termed the bihemispheric M1 montage involves
the same arrangement as the SO-M1 montage with the exception that the cathode is placed over
the contralateral M1 [34-36]. Although at least two competing theories exist in regard to the
mechanisms of action of the bihemispheric montage, a systematic review and meta-analysis
reported that the bihemispheric montages led to superior skill acquisition outcomes compared to

unilateral tDCS montages [37]. Another recent novel innovation is dual source stimulation



(hereafter referred to as ds-tDCS) which involves the concurrent use of two independent tDCS
devices to target two brain areas (e.g. left and right M1) at the same time. One variation of ds-
tDCS not only significantly outperformed the SO-M1 montage, but also led to slightly greater
motor skill improvements than the bihemispheric M1 montage [35]. More recently, both ds-
tDCS given bilaterally to the two premotor cortices and to the two cerebellar hemispheres were
able to increase maximum force and coordination in complex motor tasks performed by trained
gymnasts [38]. Taken together, these findings imply that a ds-tDCS montage applied to the left
and right M1s could potentially also reduce muscle fatigue to a greater degree compared to the
SO-M1 montage used in prior studies.

The primary purpose of the study was to examine the influence of bilateral ds-tDCS
applied over the left and right M1s (ds-tDCS) on the TTF of a precision grip task, whereas the
secondary purpose was to identify physiological mechanisms that may mediate any ds-tDCS
induced increases in TTF. This was achieved by directing participants to complete a sustained
submaximal isometric fatiguing contraction in a ds-tDCS condition and a SHAM stimulation
condition held on two different days with a one-week washout period. The fatiguing contractions
were executed concurrent with either ds-tDCS condition or SHAM stimulation with recordings
of EMG activity, force error, and standard deviation (SD) of force. The study had three
interrelated hypotheses. First, ds-tDCS applied simultaneously to the two M1s would enhance
the TTF and decrease the percentage change (decline) MVC force compared with SHAM
stimulation. Second, the rates of increase in EMG activity, force error, and SD of force
throughout the fatiguing contraction would be lower in the ds-tDCS condition compared with the
SHAM stimulation condition. Third, the magnitude of motor skill transfer following the

fatiguing contraction would be greater in ds-tDCS condition compared with the SHAM



stimulation condition. Collectively, the hypotheses were not only based on prior unilateral tDCS
studies involving motor skill and fatigue, but also bihemispheric [34-37] and ds-tDCS motor

performance investigations [35, 38].



CHAPTER 2: METHODS
Participants

Fourteen healthy adults (6 males, 8 females; average age: 28.0 + 7.5 years) volunteered to
participate in the study. All participants were right-handed as indicated by the Edinburgh
Handedness Inventory [39] (average laterality quotient: 0.94 £ 0.1). Participants provided written
informed consent before participating in the study. Participants were excluded if they were left-
handed, had any neurological disorders, psychiatric conditions, history of migraines, history of
seizures, or uncontrolled medical conditions. Furthermore, participants were screened to ensure
that they did not meet the exclusion criteria for tDCS or transcranial magnetic stimulation (TMS)
studies [40, 41]. The protocol of the study was approved by the Institutional Review Board at the
University of Nevada, Las Vegas and all of the procedures were performed in accordance with
the standards of the Declaration of Helsinki.

Experimental Design

A double-blind, randomized, SHAM-controlled, within-subjects experimental design was
used for this study. Although between-subjects designs were utilized in the majority of early
tDCS studies, an increasing number of more recent studies are using within-subjects designs.
This is likely due to accumulating evidence that there are substantial interindividual variations in
genetic, anatomical, and physiological characteristics [42, 43] that can influence the ability of
tDCS to induce increases in motor performance. Accordingly, the within-subjects design was
used to preclude differences in these factors from influencing the results and to provide higher
statistical power compared with between-subjects designs [44].

Experimental Protocol and Procedures



Each participant completed two testing sessions that were held on separate days with a
seven-day washout between the two sessions, which is the most typical washout time period
employed in tDCS studies [13, 45]. Participants received either ds-tDCS or SHAM stimulation
with the experimental condition being randomized using a commonly used online tool (Research
Randomizer; www.randomizer.org). An equal number of participants performed the ds-tDCS
condition first and the SHAM condition second and vice versa. In each experiment, participants
completed the following seven experimental steps in succession: 1) 10 trials of a 9-hole peg test
(pre-9-HPT); 2) the motor “hotspots” of the left and right first dorsal interosseus (FDI) muscles
were located and marked over the scalp areas corresponding to the right and left M1 using TMS;
3) resting motor threshold (RMT) was also obtained using TMS, but only for the left M1 (right
FDI); 4) three pre-MVCs; 5) ds-tDCS or SHAM stimulation was applied for three minutes before
and for up to 17 minutes during the fatiguing contraction; 6) three post-MVCs; and 7) post-9-
HPT (10 trials). Accordingly, the two experimental sessions were identical except for the
stimulation condition performed. A schematic of the study protocol and experimental procedures

is depicted below in Figure 1.
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Figure 1. Experimental protocol. Schematic diagram of the protocol of the study and experimental procedures. All participants
were required to complete a ds-tDCS session and a SHAM stimulation session in counterbalanced order. The main part of the
experiment involved a sustained submaximal isometric fatiguing contraction that was executed during application of either ds-
tDCS or SHAM stimulation. The fatiguing contraction was preceded by pre-9-HPT, TMS, and pre-MVC testing and followed by
post-MVC and post-9-HPT testing.

9-HPT. The Rolyan 9-HPT was conducted at the start and end of each experiment with
10 trials being completed at each of the two timepoints. The 9-HPT is a common, well-accepted
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upper limb manual dexterity test [46] and is one of the tests incorporated into the motor battery
of the NIH toolbox [47]. All 9-HPT trials were executed with the right hand and arm and timed
according to standard procedures [46]. Participants reached into the pegboard dish and grasped
each of the 9 pegs using a precision grip using of the index finger and thumb, placed the pegs
into the 9 holes on the other side of the pegboard dish, and returned the pegs to the dish. This
sequence of events constituted one trial and participants were directed to execute each trial as
fast and as accurately as possible.

The 9-HPT served two interrelated purposes in the study: 1) to assess motor skill transfer
from the isometric precision grip task performed during the fatiguing contraction to the hand and
arm movement of the 9-HPT that involved a precision grip when retrieving the pegs; and 2) to
provide a complementary measure of motor accuracy under fatigued conditions (after cessation
of the fatiguing contraction) to the measure of force error that was collected throughout the
fatiguing contraction (see below). Thus, if TTF was longer in the ds-tDCS condition and force
error was concomitantly reduced compared to SHAM, this would represent additional support
for the idea that that any observed TTF increases under ds-tDCS were at least partly attributable
to enhanced motor skill under fatigue.

Motor Hotspot, RMT, and EMG measurement. A Magstim 2002 equipped with a double

70 mm remote control figure-of-eight coil was used to locate the motor “hotspots” of the left and
right FDIs and quantify RMT (right FDI only) according to standard methodological procedures
[48]. In brief, surface EMG electrodes were placed the right and left FDI muscles of each hand
using a belly tendon montage. Motor evoked potentials (MEPSs) were elicited by single TMS
pulses in the left followed by the right FDI. The TMS coil was oriented tangential to the scalp in

a manner in which the handle was directed backwards and laterally at an angle of 45 degrees



relative to the midline. TMS pulses were applied until the sites on the scalp over two M1s that
elicited greatest MEPs in each of the FDI muscles was located. These two spots were marked for
subsequent placement of tDCS electrodes (both M1s) and RMT assessment (left M1 only). The
RMT was measured because it is a basic measure of M1 excitability and individuals with lower
RMTs may respond better to tDCS [49, 50]. Thus, a lower RMT could potentially correlate with
longer TTF in the ds-tDCS condition.

MVC Task. All participants were seated comfortably in an upright position facing a
computer monitor that was located 1 meter away at eye level. The upper body joint angles
(shoulder abducted to 45°, elbow flexed to 90°) and positioning (wrist neutral, hand semi-
supinated) was similar to previous studies involving the precision grip and this experimental
arrangement. The force applied by the right index finger and thumb in a precision grip were
measured by two one-dimensional force transducers (model S215; Strain Measurement Devices;
Meriden, Connecticut) located on the left and right side of a grip manipulandum mounted on a
table. The total force exerted by the index finger and thumb was presented as a red trace on the
computer screen. Participants were instructed to produce the maximum force possible in the
shortest possible time and to hold this maximum for approximately five seconds [51, 52]. Three
pre-MVC trials and three post-MVC trials were recorded and one minute of rest was enforced
between all MV C trials. The pre-MVC trial with the highest force was termed the pre-MVC and
served as the reference to calculate the fatiguing contraction target force (15% of MVC). The
first post-MVC was used to quantify fatigue as a percent decline in MV C pre- to post-fatiguing
contraction. This MVC was undertaken as quickly as possible (usually 10-20 seconds) after the

fatiguing contraction ended.



Ds-tDCS Application. Two separate NeuroConn DC Stimulators were used to apply ds-

tDCS to the left and right M1. The current strength delivered by each of the two simulators was
set to 1 mA. The ds-tDCS electrode montage was similar to Naros et al. (2016) [33] and
therefore involved two separate SO-M1 montages. Specifically, the each of the cathodes were
placed over the eyebrows and the anodes were placed over the corresponding contralateral M1s
hotspots. The cathodes comprised two rubber electrodes (5 x 7 cm), whereas the dimensions of
the anodes were 5 x 5 cm, which are similar electrode sizes as used in two different bilateral M1
montages by Naros et al. (2016) [33]. All four electrodes were housed in saline-soaked sponges
according to the most common practice, as opposed to using a gel and placing the electrodes
directly on the scalp or skin of the forehead. Finally, two rubber straps were used to hold the two
sets of two electrodes in place.

The total stimulation time was set to a total of 20 minutes as mentioned above. The
details of the stimulation timing relative to the fatiguing contraction are depicted in Figure 1.
Briefly, the stimulator was first allowed to run for 3 minutes immediately prior to the start of the
fatiguing contraction [43]. Consequently, the fatiguing contraction started and the stimulator was
allowed to operate for up to 17 minutes, although no participants were able to hold the fatiguing
contraction for the full 17 minutes. Accordingly, the duration of stimulation was somewhat
different across participants based on their individual TTF achieved, which is similar to studies
by another research group [31, 32]. When each participant reached their individual TTF, the
stimulators were immediately turned off by one of the investigators while the post-MVC task
was being prepared. In line with our prior studies, the delivery of ds-tDCS or SHAM stimulation

through programming of the two tDCS devices was done by a research team member who was
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not involved in the data collection aspect of the experiments [13, 53, 54]. Similarly, investigators
who were involved in the data collection were blinded to the experimental condition.

Fatiguing Contraction. The precision grip task used for the fatiguing contraction was

identical to that used in prior motor learning [52, 53] studies and a previous fatigue study [13].
Thus, the fatiguing contraction also used a comparable setup and precision grip task as the MVC
assessment, except that it involved submaximal force production. Participants sustained the
fatiguing contraction in a constant posture for as long as possible until task failure. The target
force was set to 15% of the pre-MVC value and displayed on a monitor. More specifically, a
template was displayed on computer monitor in front of the participant that indicated a black
horizontal target force line. Participants were directed to match their precision grip force (red
trace) produced by the thumb and index finger (total force) to the horizontal target force line as
accurately as possible. A second horizontal black line corresponding to 90% of the target force
was placed below the target force line as a demarcation point to avoid allowing the force to fall
below. Real-time force feedback was displayed as a red line and participants directed to match
that line to the target force line as accurately as possible throughout the fatiguing contraction.
The total time that the target force could be sustained within the constraints of the task was
quantified as the TTF of the fatiguing contraction. Termination criteria were the same as
previous studies [12, 13] and included: 1) force dropping below the 90% threshold for >3
continuous seconds; 2) inability to maintain the required hand, arm, or body posture despite
verbal warnings; and 3) volitional discontinuation of the contraction with an abrupt force decline,
which is the most common reason for task termination in isometric fatiguing contractions [13].

Data Analysis

11



Data in all experiments were collected using a custom-written script in the Signal
programming (CED, Cambridge UK), whereas the offline data analyses were performed with a
custom-written Python programming language script (Fredericksburg, Virginia, USA) and Signal
scripts. The primary dependent variables were the TTF and the percentage decline in MV C force
(pre to post-MVC). The secondary dependent variables included: RMT, Pre-MVC force, target
force, average force, average EMG, force error, and SD of force. The RMT, Pre-MVC force,
target force, and average force were considered to be control variables as systematic differences
in these values between conditions could confound the results. The average force, average EMG,
force error, and SD of force were recorded during the entirety of the fatiguing contractions and
were quantified in four different epochs (E1, E2, E3, and E4) at 25% demarcation points over the
fatiguing contraction.

The RMT was defined as the lowest stimulus intensity as a percentage of maximal
stimulator output (% MSO) that produced MEP amplitudes > 50 puV in at least 5 out of 10
successive trials in the right FDI. The Pre-MVC was denoted as the highest MV C of the pre-

MV Cs and the target force was calculated as 15% of this value in all experimental sessions. TTF
was calculated as the time that the fatiguing contraction could be maintained until one of the
criteria of task termination criteria occurred. Accordingly, the percentage difference between the
Pre-MVC and the post-MVC performed after the fatiguing contraction was taken as the fatigue
index and referred to as the percentage decline in MV C [1]. During the fatiguing contraction, the
average force, average EMG, force error, and SD of force were obtained and analyzed over the
four epochs and calculated as follows: 1) average force was simply computed as the mean force
produced; 2) the interference EMG processing involved removing the DC bias, full-wave

rectification, and normalizing the values to the maximal rectified EMG obtained in the Pre-MVC
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trials; 3) the force error was quantified by calculating the difference between the target force line
and the actual force produced at each sampling point. Next, the absolute value of these
differences was taken and averaged [13, 52, 53]; and 4) the SD of force was simply determined
as the SD of the force produced over each epoch.
Statistical Analysis

The TTF, percentage decline in MVC, RMT, Pre-MVC, and target force were compared
between the ds-tDCS and SHAM conditions with separate two-tailed paired t-tests. The average
force, average EMG, force error, and SD of force were compared between the ds-tDCS and
SHAM conditions and epochs with separate 2 condition (ds-tDCS, SHAM) x 4 epoch (E1, E2,
E3, E4) within-subjects ANOVAs. In contrast, the 9-HPT was analyzed with a 2 condition (ds-
tDCS, SHAM) x 2 test (pre, post) within-subjects ANOVA. The significance level was set was
set to P < 0.05 for all statistical tests. Data are depicted as the means +/- the standard errors in all
of the figures. Lastly, effect sizes are reported as Cohen’s d (t-tests) and partial eta squared

values (ANOVAS).
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CHAPTER 3: RESULTS
RMT, Pre-MVC, and Target Force

Paired t-tests revealed that there were no statistically significant differences between the
ds-tDCS and SHAM conditions for RMT (P = 0.449, d = 0.208, Figure 2A), pre-MVC (P =

0.756, d = 0.085, Figure 2B), or target force (P = 0.756, d = 0.085, Figure 2C).
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Figure 2. RMT (A), Pre-MVC (B), and target force (C) in the ds-tDCS and SHAM conditions.

TTF and Percentage Decline in MVC Force
Paired t-tests revealed no statistically significant differences between the ds-tDCS and
SHAM conditions for the TTF (P = 0.570; d = 0.156; Figure 3A) or the percentage decline in

MV C force (P = 0.456; d = 0.205; Figure 3B).
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Figure 3. TTF (A) and decline in MVC force (B) in the ds-tDCS and SHAM conditions.

Average Force and Average EMG
For average force, the main effect for condition (P = 0.668; np? = 0.015), main effect for

epoch (P = 0.071; np? = 0.208), and the condition x epoch interaction (P = 0.774; np? = 0.011)
were all not statistically significant (Figure 4A-B). For average EMG, both the main effect for
condition (P = 0.998; np? = 0.000) and condition x epoch interaction (P = 0.628; np? = 0.043)
were not statistically significant. However, there was a significant main effect for epoch (P =
0.021; np? = 0.270) due to a progressive increase in EMG activity over the course of the fatiguing
contractions (Figure 4C-D). Post hoc analysis of the epoch main effect indicated that the average
EMG activity for epoch 4 was significantly greater compared with epoch 1 (P = 0.013), but all

other pairwise comparisons were not significant (P value range = 0.065-1.00).
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Figure 4. Average force and average EMG in the ds-tDCS and SHAM conditions (A), average force produced in the ds-tDCS
and SHAM conditions when data were collapsed across the fours epoch is shown for illustration (B), average EMG activity in the
four epochs for the ds-tDCS and SHAM stimulation conditions (C), average EMG activity for the ds-tDCS and SHAM
conditions when data were collapsed across four epochs is shown for illustration (D).

Force Error and SD of Force

For force error, both the main effect for condition (P = 0.413; np? = 0.052) and condition
x epoch interaction (P = 0.796; np? = 0.01) were not statistically significant. However, there was
a significant main effect for epoch (P = 0.028; np? = 0.279) due to a progressive increase in force
error over the course of the fatiguing contractions (Figure 5A-B). Post hoc analysis of the epoch
main effect indicated that the force error for epoch 3 and epoch 4 were significantly greater
compared with epoch 2 (P = 0.001 and P < 0.001, respectively). In addition, the force error was
significantly greater for epoch 4 compared with epoch 3 (P = 0.024). All other pairwise

comparisons were not significant (P value range = 0.607-1.00).
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For SD of force, the main effect for condition (P = 0.356; np? = 0.066), main effect for
epoch (P = 0.088; np? = 0.181), and the condition x epoch interaction (P = 0.786; np? = 0.009)

were all not statistically significant (Figure 5C-D).
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Figure 5. Force error and SD of force in the ds-tDCS and SHAM conditions (A), force error in the ds-tDCS and SHAM
conditions when data were collapsed across the fours epoch is shown for illustration (B), SD of force in the four epochs for the
ds-tDCS and SHAM stimulation conditions (C), SD of force for the ds-tDCS and SHAM conditions when data were collapsed
across four epochs is shown for illustration (D).

For the 9-HPT, the both main effect for condition (P = 0.351; np? = 0.067) and the condition
x test interaction (P = 0.156; np? = 0.149) were not statistically significant. However, there was a
significant main effect for test (P = 0.025; np? = 0.331; Figure 6), which indicated that the 9-HPT

times were significantly lower in the pre-test compared with the post-test.
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CHAPTER 4: DISCUSSION

The primary purpose of the study was to examine the influence of bilateral dual source
tDCS (ds-tDCS) applied over the left and right M1s on the TTF of a precision grip task, whereas
the secondary purpose was to identify physiological mechanisms that may mediate any ds-tDCS
induced increases in TTF. The study yielded three main findings. First, there were no statistically
significant differences for either the TTF or the percentage decline in MVC between the ds-tDCS
and the SHAM stimulation conditions. Second, the rates of increase in EMG activity, force error,
and SD of force during the fatiguing contractions were comparable for the ds-tDCS and SHAM
stimulation conditions. Third, motor skill transfer assessed under fatigue did not differ between
the ds-tDCS and SHAM stimulation conditions. Collectively, these findings suggest that ds-
tDCS applied concurrently to the left and right M1s does not reduce the rate of progression of
muscle fatigue in a sustained submaximal isometric contraction of hand muscles.

TTF of the Fatiguing Contraction and Percentage Decline in MVC

To our knowledge, this was the first study to investigate the influence of ds-tDCS on
muscle fatigue. Although many possible motor tasks have been used to investigate the
phenomenon of muscle fatigue, the current study employed a submaximal isometric fatiguing
contraction sustained at a relatively low target force performed unilateral by muscles of the hand.
This was set of task details was selected because it is the most common in the literature as it
allows for the most rigorous experimental control and more easily allows concomitant
measurements of the physiological adjustments that accompany the progression of fatigue [1, 6,
27]. Most importantly, up to 66% the total fatigue development in this experimental paradigm is
due to mechanisms emanating from cortical areas [5], which should have allowed the highest

probability in detecting any positive effects of ds-tDCS application.
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It was originally hypothesized that ds-tDCS applied concurrently to the left and right M1s
would enhance TTF and reduce the decline in MVC force observed immediately after the
fatiguing contraction when compared to SHAM stimulation. Contrary to these expectations, the
TTF and percentage decline in MV C force was nearly identical between the ds-tDCS and SHAM
stimulation conditions. Therefore, ds-tDCS neither attenuated the rate of development of fatigue
in the fatiguing contraction nor the amount of fatigue quantified shortly following task failure.
Since the control measures of Pre-MVC, target force, and RMT obtained before the fatiguing
contraction as well as the average force produced during the fatiguing contraction were not
different between stimulation conditions, the failure of ds-tDCS to influence the manifestation of
fatigue could not be a consequence of potential confounding factors. In summary, the similar
values obtained for all control measures between the two conditions strongly implies that
experimental model and research design should have allowed the identification of significant
differences in the primary outcome measures of TTF and percentage decline in MV C if they
would have been present.

The present findings are in contrast to the prevailing results within the extant literature
regarding the impact of tDCS on muscle fatigue and TTF. It is noteworthy that these prior
investigations have encompassed a diverse array of motor tasks, muscle groups, stimulation
parameters, and electrode montages including the stimulation of lower limb muscles [27-29, 55,
56], which are thought to be less susceptible to tDCS compared with hand muscles. However, a
substantial proportion of these studies employed analogous experimental paradigms
(submaximal isometric contractions) to that utilized in the current study [28, 30-33], but no
studies to date have used a ds-tDCS for the mitigation of muscle fatigue. Moreover, the current

findings also appear to be at odds with tDCS motor skill studies that have utilized the SO-M1
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montage [18-20, 23, 24, 36], a bihemispheric montage [34-36], and various types of ds-tDCS
applied to several brain regions [35, 38]. In contrast, the findings corroborate the observations of
Abdelmoula and colleagues who reported that tDCS did not influence the TTF or fatigue-related
changes in neural adjustments when a thumb muscle sustained a submaximal isometric
contraction [57]. Interestingly, this same research group found a significant enhancement of TTF
in a submaximal isometric contraction task involving the elbow flexors due to M1 tDCS, despite
no changes in MEP amplitudes (cortical excitability) [57]. These conflicting findings underscore
the fact that a non-trivial minority of tDCS motor skill [18] and fatigue studies [28, 29, 33] have
failed to detect performance. Of paramount importance is the fact that even when tDCS has been
shown to improve muscle fatigue resistance, the overall effects have been modest according to
reviews and meta-analyses [28, 29, 33]. These lines of reasoning suggest that various forms of
tDCS may not invariably elicit significant enhancements in motor performance, particularly with
respect to muscle fatigue. In addition, tDCS effects could also be construed as variable, less
efficacious than initially postulated [27], and highly contingent upon individual susceptibility to
brain stimulation [42, 43]. Overall, the data presented here provide evidence that ds-tDCS
application may not constitute an effective adjunct modality for attenuating muscle fatigue
development, notwithstanding possible physiological advantages it may confer [27].
EMG and Force Changes in the Fatiguing Contractions

During sustained submaximal isometric fatiguing contractions, where the target force
level is maintained for the maximum possible duration, a consistent observation is the
progressive increase in surface electromyography (EMG) amplitude of the involved musculature
[1, 3, 6]. This phenomenon is attributed to the recruitment of additional motor units to maintain

the required force output [5] and a concomitant decrease in the conduction velocity of muscle
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fiber action potentials [17]. Concurrently, there is a marked increase in force error and the SD of
force during the fatiguing contractions [2, 3, 8, 13]. These alterations in motor output primarily
stem from the aforementioned progressive and occasionally transient recruitment [12] of higher
threshold motor units, which innervate a greater number of muscle fibers compared to the first
recruited smaller motor units, resulting in more pronounced deviations relative to the target force
line.

One of original hypotheses posited that the rate of increase in EMG activity, force error,
and SD of force during the fatiguing contraction would be attenuated in the ds-tDCS condition
compared to SHAM. This was predicated on previous findings that tDCS may simultaneously
and acutely augment M1 output (cortical excitability), improve motor skill (greater contraction
efficiency with less energy expense), and possible reduce pain perception. Furthermore, based on
the existing bihemispheric and ds-tDCS literature, these effects were anticipated to be greater
compared with studies who had found obtained such effects with the SO-M1 montage [35, 37,
38], possibly through better hemispheric cooperation [36]. The average EMG activity, force
error, and SD of force all demonstrated a progressive increase throughout the fatiguing
contractions. However, the rates of increase were remarkably similar and not statistically
different between the ds-tDCS and SHAM conditions. This set of findings indicates the none of
aforementioned proposed mechanisms of action of ds-tDCS were likely to have occurred.
Specifically, even the most probably mechanism of enhanced cortical excitability, which could
underlie both increases in M1 output and motor skill likely did not manifest. Although M1
excitability was not directly measured during and after the fatiguing contraction by direct
physiological measures of MEPs, cervicomedullary MEPs, Hoffman reflexes, and M-waves, the

more indirect measures of EMG, force error, and force rise clearly pointed to a lack of enhanced
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cortical excitability to counteract fatigue in the ds-tDCS condition. Furthermore, the similar force
error, SD of force, and 9-HPT times (transfer of skill) recorded during and after the fatiguing
contraction provided more indirect evidence that increased cortical excitability was not present
as indicated by the absence of any improvements is force accuracy or variability. Collectively,
the findings provided no evidence for any effects of ds-tDCS on basic behavioral or
physiological measurements taken during or after fatiguing contractions.
Potential Factors Responsible for the Failure of ds-tDCS to Delay Fatigue Progression
The failure of ds-tDCS to impact muscle fatigue development was unanticipated based on
the current available related literature. A number of potential factors could have contributed to
these results, but are speculative in nature given the findings and the physiological recordings
employed. Briefly, the most likely reasons for the negative findings could include: 1) the
combination of ds-tDCS parameters such as stimulation timing, duration, current strength, and
finer details of the electrode montage may not have been optimal for the application of
addressing fatigue resistance; 2) it is possible that multiple consecutive days of stimulation [19,
20, 24] combined with intense training under fatigue could be needed to elicit meaningful
effects, although this approach has not been attempted in fatigue studies to our knowledge; and
3) ds-tDCS may not be able to produce noticeable effects in young, healthy, physically active
adults like those who constituted the current study due to ceiling effects [58-61].
Study Limitations
The study had various limitations that warrant consideration when interpreting the
findings relative to the existing literature on tDCS and muscle fatigue. Perhaps the greatest
limitation was the timing of stimulation relative to task performance. This was the most difficult

decision involved in the experimental design as previous studies have shown that applying tDCS
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before [29, 30, 55, 56, 62] and during the fatiguing contraction [31, 32] have been effective.
Ultimately, it was decided to apply the stimulation during the task based on the balance of both
tDCS motor skill [18-20, 23-25] and fatigue studies [31, 32]. Nevertheless, application of ds-
tDCS before the fatiguing contraction could very well be more efficacious and could be further
addressed in subsequent studies. The 1 mA current strength utilized could be viewed as another
limitation of the study. While this has been the most typically used current strength and has been
effective in numerous motor skill and fatigue studies, this does not preclude the possibility that
greater current levels could led to greater enhancements in M1 output to spinal motor neurons
and therefore be more useful appropriate for increasing resistance to fatigue. Accordingly,
current strengths of up to 4 mA have been undertaken in a several fatigue studies [63-65]. In
addition, the combination of task details in the study involving a sustained isometric contraction
using primarily the small muscles of the hand and forearm at a rather low contraction intensity
(15%) relative to maximum may not have been ideal for detecting ds-tDCS effects on muscle
fatigue. Accordingly, a number of strength training studies [66-71] conducted at much higher
training intensities have found that tDCS can significantly increase the workload of training
sessions. Similarly, tDCS has also enhanced force production during maximal isometric
contractions in healthy adults [72]. Therefore, intermittent fatiguing contractions or sustained
MV C experimental protocols could be more sensitive paradigms and make it more likely for ds-
tDCS to exert effects on muscle fatigue. These types of experimental models would also have
more ecological validity, but have the disadvantages of being more difficult to control, conduct
simultaneous physiological measurements, and having a greater reliance on peripheral fatigue
mechanisms compared to submaximal isometric contraction experimental arrangements [27].

Finally, the study could have benefitted from better, more direct physiological recordings such as
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measures of cortical voluntary activation using TMS, cervicomedullary MEPs, and spinal reflex
assessments. However, it is very improbable that any of these measures would have differed
across the ds-tDCS and SHAM conditions given the results of the more basic physiological
measurements. In conclusion, futures studies that explore the effects of tDCS on fatigue should
apply it at different time points relative to the fatiguing task, use greater stimulation intensities,
and perhaps focus on intermittent high-intensity muscle contractions.
Conclusions

Ds-tDCS applied to the left and right M1s simultaneously and during performance of a
fatiguing contraction involving a precision grip task did not significantly prolong the TTF of a
fatiguing contraction or affect the magnitude of reduction of MV C force after the fatiguing
contraction ceased. In addition, the rates of increase in average EMG, force error, and SD of
force were nearly identical between the ds-tDCS and SHAM stimulation conditions performed
on different days. There was also no evidence of a transfer of motor skill in the presences of
fatigue due to ds-tDCS. The findings indicate that ds-tDCS does not mitigate the progression of
fatigue, at least within the experimental paradigm of the present study. Additional research will
be needed to determine the viability of different bihemispheric or ds-tDCS electrode montages
for the mitigation of muscle fatigue. Relatedly, alternative stimulation regimes and parameters
such as repeated daily stimulation and the targeting of other brain areas could be investigated.
This will be challenging due to the number of possible combinations of stimulation parameters
possible based on the studies in the literature that have reported significant tDCS effects on

either motor skill or muscle fatigue in numerous populations.
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