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Abstract

Physical fitness is of indisputable importance for both health, and sports. Currently, the brain is being increasingly recognized
as a contributor to physical fitness. Hereby, transcranial direct current stimulation (tDCS), as an ergogenic aid, has gained
scientific interest. The current PRISMA-adherent review aimed to examine the effect of tDCS on the three core components
of physical fitness: muscle strength, -endurance and cardiopulmonary endurance. Randomized controlled- or cross-over
trials evaluating the effect of a single tDCS session (vs. sham) in healthy individuals were included. Hereby, a wide array
of tDCS-related factors (e.g., tDCS montage and dose) was taken into account. Thirty-five studies (540 participants) were
included. Between-study heterogeneity in factors such as age, activity level, tDCS protocol, and outcome measures was
large. The capacity of tDCS to improve physical fitness varied substantially across studies. Nevertheless, muscle endurance
was most susceptible to improvements following anodal tDCS (AtDCS), with 69% of studies (n=11) investigating this
core component of physical fitness reporting positive effects. The primary motor cortex and dorsolateral prefrontal cortex
were targeted the most, with positive results being reported on muscle and cardiopulmonary endurance. Finally, online
tDCS seemed most beneficial, and no clear relationship between tDCS and dose-related parameters seemed present. These
findings can contribute to optimizing tDCS interventions during the rehabilitation of patients with a variety of (chronic)
diseases such as cardiovascular disease. Therefore, future studies should focus on further unraveling the potential of AtDCS
on physical fitness and, more specifically, muscle endurance in both healthy subjects and patients suffering from (chronic)
diseases. This study was registered in Prospero with the registration number CRD42021258529. “To enable PROSPERO to
focus on COVID-19 registrations during the 2020 pandemic, this registration record was automatically published exactly as
submitted. The PROSPERO team has not checked eligibility”.
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Roshanravan et al. 2016; Ruegsegger and Booth 2018;
Tomas-Carus et al. 2016; Wang et al. 2020). In particu-
lar, in an aging and sedentary society, and with the steady
increase in the prevalence of chronic diseases or disabilities,
the preservation or improvement of these factors has become
top priority. Moreover, numerous researchers have increas-
ingly recognized the potential of medically safe ergogenic
aids (Machado et al. 2019; Stecker et al. 2019; Vicente-Salar
et al. 2020).

Physical fitness is traditionally often believed to be
related to the collective function of the skeletal muscle, and
cardiovascular and pulmonary system. However, various
studies reveal that the brain is also a key contributor and is
indirectly targeted by exercise-based rehabilitation or sports
training programs (Iodice et al. 2019; Noakes 2012; Pires
et al. 2016; Stevinson and Biddle 1998; Taylor et al. 2016).
Therefore, the question arises whether direct stimulation of
the brain via noninvasive brain stimulation, and specifically
via transcranial direct current stimulation (tDCS), could be
a promising ergogenic tool.

Through the application of a weak electric current (typi-
cally 1-2 mA) to the scalp, tDCS can modulate the under-
lying cortex and function as a neuromodulatory ergogenic
resource to change physical performance (Machado et al.
2019; Nitsche et al. 2008). Specifically, tDCS modulates the
excitability of neuronal membranes in the vicinity of stimu-
lation electrodes (Bikson et al. 2004; Giordano et al. 2017).
Although various tDCS montages incorporating different
amounts of electrodes are present, two surface electrodes are
generally used (an anode and a cathode) and two forms of
tDCS are distinguished. In anodal tDCS (AtDCS), the anode
is positioned over the region of interest and the cathode is
used as a reference electrode. Although AtDCS generally
leads to increased brain excitability, large interindividual
variability has been observed. For instance, Wiethoff et al.
(2014) found that approximately 50% of participants did not
respond to AtDCS (Wiethoff et al. 2014), with other work
reporting similar findings and even noting that factors such
as stimulation duration can reverse the effects of AtDCS
(Hassanzahraee et al. 2020; Lopez-Alonso et al. 2014).
Likely, this variability stems from interindividual differ-
ences in factors such as anatomy (Caulfield et al. 2022).
In cathodal tDCS (CtDCS), the reversed procedure is per-
formed which typically results in decreased brain excitabil-
ity, although here as well, large interindividual variations
are present (Nitsche and Paulus 2000; Wiethoff et al. 2014).

In the past, multiple reviews investigated the effective-
ness of tDCS on various components of physical fitness and
found (task-dependent) improvements in muscle strength,
time to exhaustion and reaction time (Angius et al. 2017;
Machado et al. 2019; Shyamali Kaushalya et al. 2021; Wang
et al. 2021). However, there is currently a lack of a compre-
hensive overview of the effects of tDCS on all three core
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components of physical fitness. Moreover, the field contin-
ues to evolve rapidly. As such, various studies have recently
been published that have not yet been discussed in the afore-
mentioned reviews (Alix-Fages et al. 2019; Byrne and Flood
2019; Kamali et al. 2019; Lattari et al. 2018c; Oki et al.
2019; Vargas et al. 2018; Wrightson et al. 2020). In addition,
the influence of tDCS dose-related parameters (i.e., dura-
tion, current and charge density) on physical fitness remains
unclear (Caulfield et al. 2020b; Kasten et al. 2019). A more
thorough understanding is of utmost scientific importance,
as previous reviews in other scientific domains underscore
the significance of these parameters (Caulfield et al. 2020b;
Chhatbar et al. 2016; Lefebvre and Liew 2017; Marquez
et al. 2015; Van Hoornweder et al. 2021). In the current sys-
tematic review, the three core components of physical fitness
(i.e., muscle strength, muscle endurance and cardiopulmo-
nary endurance) will be examined to provide a comprehen-
sive overview of the effectiveness of tDCS as an ergogenic
tool. These results could be relevant for healthy subjects and
could potentially provide a starting point for interventions in
subjects with chronic diseases.

Methods
Literature search

This systematic review was conducted according to the Pre-
ferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) statement (Moher et al. 2009). Two
electronic databases (PubMed and Web of Science) were
searched (up to July 2022) to address the impact of tDCS
versus sham on the three core components of physical fit-
ness: muscle strength, muscle endurance and/or cardiopul-
monary endurance (cf. Table 1). Two researchers (MA and
JV) independently conducted the literature search. First,
duplicate studies were removed. Subsequently, articles were
screened based on title and abstract. Finally, the full text of
studies was read to screen them for eligibility. Disagree-
ments were resolved via a consensus-based discussion.

Selection criteria

The main aim of this review was to evaluate the impact of
tDCS on exercise performance. Therefore, only (1) prospec-
tive randomized controlled trials (RCT) or cross-over trials
were included which (2) evaluated the effect of a single tDCS
session in comparison to sham stimulation on (3) an objec-
tive measure of muscle strength, muscle endurance and/or
cardiopulmonary endurance in (4) healthy individuals.
Only English-written articles were included. Studies were
not excluded based on sex or age. Studies were not included
when (a) information was missing (i.e., tDCS stimulation
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Table 1 Search terms with Boolean operators

PICO Search terms Hits

Participants Healthy individuals OR Humans OR Individuals

Intervention tDCS OR transcranial direct current stimulation OR direct current stimulation

Comparison Sham-tDCS OR placebo-tDCs

Outcomes Exercise capacity OR Peak oxygen uptake OR Endurance OR Fatigue OR Rate of per-

ceived exertion OR Perception of effort OR exercise tolerance OR Muscle strength

Participants AND Intervention AND Comparison AND Outcomes PubMed:
45 WoS:
404

intensity, electrode positioning), which was essential for a
complete and correct overview in this systematic review and
(b) when it could not be retrieved after contacting the corre-
sponding author (or another co-author of that specific paper).

Quality assessment

Two researchers (MA and JV) independently evaluated the
internal and external validity of the included RCTs via the
PEDro scale (Blobaum 2006). In case of disparities, a third
reviewer (NM) was consulted. This scale consists of 11
questions that have to be answered with ‘yes’ (score 1) or
‘no’ (score 0). In accordance to its intended use, item 1 was

withheld during calculation of the final score, resulting in
a maximal score of 10. A score of 9—10 was considered to
indicate excellent quality, 68 as good quality, 4-5 as moder-
ate quality and 0-3 as poor quality.

Data extraction

Participant-, tDCS-, and physical fitness data were extracted
from the included studies (cf. Figure 1). To minimize the
risk of bias, data extraction was performed by two independ-
ent researchers (MA and JV) and validated by two different
researchers (NM and SVH). In case of disparities, a fifth
reviewer (DH) was consulted.

t0cs
1
I I I I I ]
‘ Type Duration Intensity Electrode size Electrode positioning Tirming of stimulation Wash-out period
Participant
I .
Number of participants | Sex ‘ ‘ Age ‘ ’ Hedght ‘ ’ Weight Baseline exercise level \
Physical fitness
I
1
Muscle strength Muscle endurance Cardicpulmenary endurance
[
| e ——— I L : 1 L I I L I T 1
MVC kM RPE ’ Fl RPE ‘ HR RER RPE TTE VE Vo2

a

Fig. 1 Overview of data extraction. Regarding Time to Exhaustion
(TTE) and Rating of Perceived Exertion (RPE), the nature of the
experimental protocol was used to determine whether the outcome
variable related to muscle strength, muscle endurance or cardiopul-
monary endurance. FI fatigue index, HR heart rate, MV maximum

voluntary contraction, RER respiratory exchange ratio, RM rep-
etition maximum, SEI strength endurance index, tDCS transcranial
direct current stimulation, 77 torque integral, VE expiratory volume,
VO?2 peak oxygen consumption, VT ventilatory threshold
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To increase between-study comparability, tDCS inten-
sity, duration and electrode size were used to calculate
current density (mA/cm?) and electric charge density (cou-
lomb (A*s)/cm?). Current density was categorized as low
(0.029-0.043 mA/cm?), mild (0.044—0.057 mA/cm?), mod-
erate (0.058-0.083 mA/cm?) or high (0.084-0.429 mA/cm?).
Charge density was categorized as low (0.017-0.045 C/cm?),
moderate (0.046-0.096 C/cm?) or high (0.097-0.514 C/cm?).
tDCS duration was divided into three subgroups: <15 min,
20 min and > 30 min of tDCS.

Moreover, to be able to make conclusions regarding the
impact of tDCS on the whole spectrum of physical fitness,
the available physical fitness outcomes were grouped into
three different categories: muscle strength, muscle endur-
ance and physical endurance. After the data extraction pro-
cess, two reviewers (NM and SVH) assigned the physical
outcome measures to any of the categories based on their
(clinical) experience. However, in case of disparities, a third
reviewer (DH) was consulted.

Data which were not related to the tDCS procedure or
to physical fitness (muscle strength, muscle endurance and
physical endurance) were not included in the systematic
review.

Results
Study selection

The complete study selection procedure is displayed in
Fig. 2. In total, 449 publications were retained. Removal
of duplicates resulted in 406 studies. Based on the abstract,
57 full-text articles were found to be eligible. Twenty-two
studies were excluded (e.g., because of not fulfilling the
inclusion criteria (e.g., no sham tDCS, no objective out-
come measure, dual task during the exercise performance)
or because of lack of detailed information regarding tDCS
stimulation intensity or electrode positioning). Finally, 35
studies were included.

Quality assessment

The internal and external validity of the included stud-
ies, evaluated with the PEDro scale, is shown in Table 2
(Blobaum 2006). PEDro scores ranged between 4/10 and
9/10. Notably, 29% of the studies did not specify eligibil-
ity criteria. Furthermore, in 66% of studies, allocation was
not concealed. Also, although possible with tDCS, only 9%
of the studies blinded the therapists (who administered the
therapy) and solely 45% of the studies blinded the assessors
(who measured key outcomes). Finally, three studies (9%)
were of excellent quality, 21 (60%) were of good quality, and
11 (31%) were of moderate quality.
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Data extraction
Participant and study characteristics

Thirty-five studies were included in this systematic review,
resulting in 540 participants (344 3 and 181 @ (Lattari et al.
2018a, b, ¢ did not describe the sex-distribution (Lattari et al.
2018b)) with a mean age of 27.3 +3.8 years (Table 3). The
impact of tDCS on muscle strength was examined in 16 stud-
ies, resulting in 256 participants (mean age 28.1 + 3.8 years,
166 & and 90 Q) (cf. Tables 3 and 4). Similarly, the impact
of tDCS on muscle endurance was also examined in 16 stud-
ies, resulting in 265 participants (mean age 27.3 + 4.0 years,
158 & and 92 Q). Finally, the impact of tDCS on cardiopul-
monary endurance was examined in 13 studies, resulting in
169 participants (mean age 24.3 + 3.8 years, 151 & and 18
Q) (cf. Tables 3 and 4).

General impact of tDCS

Table 5 provides a general overview of the effects of tDCS
on the different core components of physical fitness. Over-
all, it seems that AtDCS yields greater effects than CtDCS,
and AtDCS seems to be particularly effective as an ergo-
genic aid to improve muscle endurance. Also, online tDCS
seems to be superior over offline tDCS. In general, a clear
dose—response relationship is absent, although all protocols
that used a high current density yielded positive effects on
muscle endurance.

Impact of tDCS on muscle strength

Sixteen studies reported an increase in muscle strength in
at least one key outcome measure [increase in 1 Repetition
Maximum (RM) or Maximum Voluntary Isometric Contrac-
tion (MVIC)] in the tDCS vs. sham group (Alix-Fages et al.
2020; Barwood et al. 2016; Ciccone et al. 2019; Esteves
et al. 2019; Frazer et al. 2017; Giboin and Gruber 2018;
Hazime et al. 2017; Holgado et al. 2019; Kamali et al. 2019;
Lampropoulou and Nowicky 2013; Montenegro et al. 2015;
Oki et al. 2019; Vargas et al. 2018; Washabaugh et al. 2016;
Workman et al. 2020a, 2020c) examined the impact of tDCS
on muscle strength. Five studies (31%) (Frazer et al. 2017,
Hazime et al. 2017; Kamali et al. 2019; Vargas et al. 2018;
Washabaugh et al. 2016).

Two studies (13%) reported a decrease in muscle strength
in at least one key outcome measure (decrease in torque or in
MVIC amplitude) in the tDCS vs. sham group. (Giboin and
Gruber 2018; Workman et al. 2020a). Nine studies (56%)
reported no differences in any of the key muscle strength
outcome measures between the tDCS and sham group [1
RM, (non-fatigued) MVIC, (mean) torque, mean power
output, torque integral or total work (per set)] (Alix-Fages
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Fig.2 Flow diagram of the study selection procedure

et al. 2020; Barwood et al. 2016; Ciccone et al. 2019; Este- Workman et al. 2020c). The protocols and results of each
ves et al. 2019; Holgado et al. 2019; Lampropoulou and  study are shown in Table 4. A summary of the influence of
Nowicky 2013; Montenegro et al. 2015; Oki et al. 2019;  tDCS on muscle strength according to tDCS type, -timing,
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Table 2 Quality assessment of
the included studies based on
the PEDro scale (n=35)

Study

PEDro items

1 2 3

N
w
=)
N
)
\=}
S
-

/10

Abdelmoula et al. (2016)
Alix-Fages et al. (2020)
Angius et al. (2015)
Angius et al. (2016)
Angius et al. (2018)
Angius et al. (2019)
Baldari et al. (2018)
Barwood et al. (2016)
Byrne and Flood (2019)
Ciccone et al. (2019)
Esteves et al. (2019)
Frazer et al. (2017)
Giboin and Gruber (2018)
Hazime et al. (2017)
Holgado et al. (2019)
Kamali et al. (2019)

Lampropoulou and Nowicky (2013)

Lattari et al. (2018a)
Lattari et al. (2018b)
Montenegro et al. (2015)
Muthalib et al. (2013)
Oki et al. (2016)

Oki et al. (2019)

Park et al. (2019)
Valenzuela et al. (2018)
Vargas et al. (2018)
Vieira et al. (2020)
Vitor-Costa et al. (2015)
Washabaugh et al. (2016)
Williams et al. (2013)
‘Workman et al. (2020a)
‘Workman et al. (2020b)
‘Workman et al. (2020d)
Workman et al. (2020c)
Wrightson et al. (2020)

A N T T U U U U VR IR N N SN T TR U U U U T U U U I N SR R R IR
AN Y T 0 U U U N T Y N N U U N N . TR T U U U U U U U U U T T S R
AXXXXXXYKGKXXKXXXGKXGKXXXXXAX X
t AN R T T T T TR YR U S R T U U R T U R 2 U R 2 U N S N N A T T
LA SSSSSSSSSSSSSsSNXSSsSsSS
AUXXXXXXXXXXXXXXKXXXXXXXKXXXXXXXXXXX
AR RSN R RS RCHIURX XXX XXX XXX
LAUXLCIUXX IR XX AR XXX XXXXXX XXX
ANENENENENE R NN NS 2 2 NS I SENE NS 20 20 20 20 20 20 20 30 L NENENE S NS 3 -
LA SSSSSSSSSSSSSSSSSSSSSsSsSANS

SSOSNSSSNSISRNSSNSSSSSSSSSSSSSSSSSSSSSSsSAsS
I N T T N S o U N N N N N i N T T I RV N R R IRV RN SRR

A

When a criterion was not explicitly addressed, it was scored as ‘No’. v’ =fulfilled, ¥ =not fulfilled,
1=Eligibility criteria specified, 2=Randomization, 3 =Concealed allocation, 4 =Baseline characteristics,
5=Blinding subjects, 6 =Blinding therapists, 7=Blinding researchers, 8 = > 85% Follow-up, 9 =Intention-
to-treat analysis, 10 =between group comparisons, 11 =Point measures and variability measures

-duration, -current density,-charge density, targeted brain
region, and RPE is displayed in Table 5. Overall, the impact
of tDCS on muscle strength is inconclusive, and the most
optimal tDCS modalities remain to be established.

Impact of tDCS on muscle endurance

The impact of tDCS on muscle endurance was examined by
16 studies (Abdelmoula et al. 2016; Alix-Fages et al. 2020;
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Angius et al. 2016; Byrne and Flood 2019; Ciccone et al.
2019; Kamali et al. 2019; Lattari et al. 2018b; Montenegro
et al. 2015; Muthalib et al. 2013; Oki et al. 2016; Vieira et al.
2020; Williams et al. 2013; Workman et al. 2020b; Workman
et al. 2020c, d; Wrightson et al. 2020). A positive impact of
tDCS on at least one key outcome measure of muscle endur-
ance [increase in number of repetitions, time to exhaustion
(TTE), short-term endurance index (SEI) or fatigabil-
ity, fatigue index (FI) or a smaller decrease in movement
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Table 3 Baseline characteristics of the included studies
Study N(8) Characteristics Age (years) Height (cm) Weight (kg)
Abdelmoula et al. (2016) 11 (8)  Healthy subjects 250+1.8 / /
Alix-Fages et al. (2020) 14 (14) Recreationally active resistance-trained subjects 22.8+3.0 180.0+5.7 81.7+6.7
Angius et al. (2015) 909 Recreationally active subjects 23.0+4.0 179.7+82 754499
7(7) Recreationally active subjects 23.0+4.0 179.7+6.8 751+99
Angius et al. (2016) 909 Recreationally active subjects 23.0+2.0 179.0+£7.0 76.0+9.0
Angius et al. (2019) 12 (9)  Recreationally active subjects 23.0+3.0 179.0+£10.0 74.9+16.5
Angius et al. (2018) 12 (8)  Recreationally active subjects 24.0+5.0 175.0+£12.0 74.0+17.0
Baldari et al. (2018) 13 (13) Recreational endurance runners 27.0+£5.0 176.0+£7.0 70.0+7.0
Barwood et al. (2016) 6 (6) Regularly exercised subjects 21.0+2.0 185.0+£6.0 80.3+10.4
Byrne and Flood (2019) 23 (11) Healthy pain-free subjects 26.0+5.0 1748+9.0 76.4+15.0
Ciccone et al. (2019) 20 (10) Recreationally active subjects 21.0+1.5 173.6+11.8 71.2+14.2
Esteves et al. (2019) 11 (11) Recreational cyclists 26.8+4.6 / 789+7.1
Frazer et al. (2017) 13 (8)  Right-handed subjects 18-35 / /
Giboin and Gruber (2018) 14 (14) Healthy subjects 26.0+3.0 182.0+£6.0 80.0+6.0
Hazime et al. (2017) 8 (0) Handball players 19.7+2.3 166.0+£50.0 64.9+7.9
Holgado et al. (2019) 36 (36) Trained cyclists and triathletes 27.0+6.8 / 70.1+£9.5
Kamali et al. (2019) 12 (12) Experienced bodybuilders 25.6+6.0 / 60— 120
Lampropoulou and Nowicky (2013) 12 (4)  Active, right-handed subjects 32.0+6.0 / /
Lattari et al. (2018a) 11 (0)  Physically active subjects 24.0+2.2 175.0£59 754+6.1
Lattari et al. (2018b) 15(?)  Subjects with advanced expertise in strength training 24.5+3.3 163.7+6.7 62.6+7.7
Montenegro et al. (2015) 14 (14) Healthy, right-handed subjects 26.0+4.0 177.1+6.0 77.8+17.9
Muthalib et al. (2013) 15 (15) Healthy subjects 27.7+84 176.4+74  72.7+8.7
Oki et al. (2016) 13 (5)  Subjects who did not perform resistance training in 68.3+2.0 165.0£3.0 745+3.0
min. 3 months
Oki et al. (2019) 11 (4)  Right-handed community-dwelling subjects 85.8+4.3 161.1+15.1 664+17.6
Park et al. (2019) 12 (12) Trained subjects 274424 174.1+£3.6  71.5+7.5
Valenzuela et al. (2018) 8(8) Elite triathletes 20.0+£2.0 / /
Vargas et al. (2018) 20 (0)  Soccer players 16.2+0.9 167.0+£8.0 59.8+9.0
Vieira et al. (2020) 11 (11) Intermediately resistance-trained subjects 25.5+4.4 180.4+52 81.8+7.6
Vitor-Costa et al. (2015) 11 (11) Physically active subjects 26.0+4.0 177.0+£3.0 77.0+15.0
Washabaugh et al. (2016) 22 (15) Right-leg dominant subjects 228457 / /
Williams et al. (2013) 18 (9)  Right-handed subjects 250+£6.0 / /
Workman et al. (2020a) 27 (11) Right-dominant, recreationally active subjects 248+33 169.2+10.5 72.1+13.4
Workman et al. (2020b) 20 (10) Right-dominant, recreationally active subjects 24.6+3.8 171.1+11.1 71.7+14.0
Workman et al. (2020c) 16 (7)  Right-dominant, recreationally active subjects 245+3.8 170.0+11.7 71.1+14.4
Workman et al. (2020d) 34 (12) Right-dominant, recreationally active subjects 24.0+3.6 169.2+99 71.2+13.3
Wrightson et al. (2020) 20 (11) Active subjects 23.8+4.7 168.2+6.8 64.8+9.8

velocity or TTE] was reported by 11 studies (69%) (Abdel-
moula et al. 2016; Alix-Fages et al. 2020; Angius et al. 2016;
Kamali et al. 2019; Lattari et al. 2018b; Oki et al. 2016;
Vieira et al. 2020; Williams et al. 2013; Workman et al.
2020b, 2020c, d). However, five studies (31%) did not report
any significant difference in at least one key muscle endur-
ance parameter (fatigability, TTE, number of repetitions, FI)
in the tDCS vs sham group (Byrne and Flood 2019; Ciccone
et al. 2019; Montenegro et al. 2015; Muthalib et al. 2013;
Wrightson et al. 2020). The protocols and results of each
study are shown in Table 4. A summary of the influence of

tDCS on muscle strength according to tDCS type, -timing,
-duration, -current density, -charge density, targeted brain
region and RPE is displayed in Table 5. To conclude, the
impact of tDCS on muscle endurance seems to be prom-
ising, but the most optimal tDCS modalities remain to be
established.

Impact of tDCS on cardiopulmonary endurance

The impact of tDCS on cardiopulmonary endurance was
examined by 13 studies (Angius et al. 2015, 2016, 2018,
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Table 4 Data extraction

Findings (tDCS vs. sham)

Current
Physical Length (min) o) Charge (C)
my
Study (fitness & timing tDCS placement - density Protocol
- density
modality  |& type (C/em?)
(mA/em?)
|Abdelmoula et al. 10 Offline |A: HS R biceps brachii Isometric TTE at 35% MVC torque with R elbow
IME 1.5-0.043 (0.9-0.026
(2016) AtDCS C: R shoulder flexor before and after AtDCS/Sham
/AtDCS) A: L DLPFC Performance of 1RM bench press and sets of 5
|Alix-Fages et al. IMS & 15 Online
IC: ROFC 2-0.035 |1.8-0.031 reps at 75% 1RM with 1-minute inter-set rest
(2020) IME AtDCS & CtDCS|
ICtDCS) vice versa until failure
10 Offline A:LM1
|Angius et al. (2015) |CPE 2-0167 [1.2-01 ICycling TTE at 70% Winay at min. 60 rpm
AtDCS C: RDLPFC
Cephalic tDCS) A: L M1,
IME & 10 Offline C: RDLPFC
|Angius et al. (2016) 2-0.167 [1.2-0.1 Isometric TTE of R knee extensors at 20% MVIC
CPE AtDCS Extracephalic tDCS) A: L
M1, C: R shoulder
ADCS) A1 & A2: L&R
10 Offline M1
|Angius et al. (2018) |CPE 2-0.057 [1.2-0.034  |Cycling TTE at 70% Wpeq at min. 60 rpm
AtDCS & CtDCS| C1 & C2: L & R shoulder
CtDCS) vice versa
30 Offline
/Angius et al. (2019) |CPE AtDCs A: LDLPFC, C: R SOA 2-0.057 |3.6-0.103 |Cycling TTE at 70% Wpeak at min. 60 rpm
t
/AtDCS) A: L & R M1 (leg.
20 Offline larea) C: occipital ITTE during incremental treadmill ramp exercise,
Baldari et al. (2018) |CPE 2-0.056 |2.4-0.067
AtDCS & CtDCS |protuberance 1% gradient.
ICtDCS) vice versa
Barwood et al. 20 Offline A:LTC
CPE & MS 1.5-0.429 (1.8-0.514 20km cycling time trial
(2016) AtDCS IC: RSOA
20 Offline A: LDLPFC
Byrne et al. (2019) [ME 2-0.057 |2.4-0.069 Isometric TTE of D knee extensors at 25% MVIC
AtDCS C:RSOA
AtDCS 1) A: LTC
30 Online C:RSOA 50 isokinetic reps of R knee extensors at
(Ciccone et al. (2019) |ME & MS 2-0.08 3.6-0.144
AtDCS AtDCS 2) A:RTC 180°/sec
C:LSOA
20 Offline Four Wingate trials: 4 x 30s cycling trial at
Esteves et al. (2019) [CPE & MS A: LTC, C:R SOA 2-0.057 |2.4-0.069
AtDCS highest speed
1RM of L & R biceps brachii with dumbbell,
20 Offline A: HS L biceps brachi
Frazer et al. (2017) |MS 2-0.035 [2.4-0.096 [training of R biceps brachii (4 sets of 6-8 reps)
AtDCS C:LSOA
after tDCS/sham stimulation
|AtDCS) A: HS R vastus
10 Online &
Giboin and Gruber lateralis, C: contralateral
MSs Offline AtDCS 2-0.08 1.2-0.034 |35 5 sec. MVIC of knee extensors
(2018) lorbit
& CtDCS
ICtDCS) vice versa
20 Online A: M1 (ND side)
Hazime et al. (2017) |MS 2-0.057 |2.4-0.069 MVIC of D shoulder endo- & exorotators
AtDCS C: SOA (D side)
/AtDCS) A: L DLPFC
Holgado et al. 20 Offline |Average W during 20 min self-paced cycling
CPE & MS C: R shoulder 2-0.08 2.4 - 0.096
(2019) AtDCS & CtDCS| time trial
ICtDCS) vice versa
AL:L&RM1legarea C1:2- C1:1.56 -
MS & ME & |13 Offline Isotonic 1RM during knee extension task, max.
Kamali et al. (2019) C1: R shoulder 0.057 0.045 C2: 1.56
CPE AtDCS number of reps at 30% 1RM
|A2: LTC C2:2- - 0.096
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Table 4 (continued)

C2: L shoulder 0125
MVIC of R elbow flexors, 15min blocks of 3 trials| « RPE: NSD at 5, 25 & 45min
Lampropoulou and 10 Offline A/C: HS R elbow flexors
1.5-0083 [0.9-0.037 |(3-5sec) of 30, 50, 70 or 100% MVIC with 30sec
Nowicky (2013) ADCS & CtDCS| C/A: L shoulder
rest periods (non-fatiguing bouts)
200ffine  |A: LDLPFC
Lattari et al. (2018a) |CPE 2-0.057 [2.4-0.069  |Cycling TTE at 100% Wiesk at min. 60 rpm
AtDCS C:RSOA
200ffline  |A/C: L DLPFC
Lattari et al. (2018b) |ME 2-0.057 [2.4-0.069  |Total amount of reps at 10RM load on leg press
AtDCS & CtDCS|C/A: R OFC
Montenegro et al. 200ffline  |A:LM1 3 sets of 10 reps of isokinetic concentric force |« Fl, mean torque, total work
Ms & ME 2-0.057  [2.4-0.069
(2015) AtDCS C: RSOA production of D knee flexors & extensors per set: NSD
Muthalib et al. 100ffline  [A:RM1
ME 2-0083 [1.2-0.05 [Isometric TTE at 30% MVIC L elbow flexors « TTE, TI: NSD
(2013) ADCS C: R shoulder
200nline  [A: HS Biceps Brachii
(Okietal. (2016)  |ME 1.5-0043 [18-0051 |Isometric TTE at 20% MVIC biceps brachii
AtDCS C:LSoA
20 Offline A: HS L biceps brachii
Okietal. (2019)  |Ms 1.5-0043 [18-0051  |MVICof Lelbow flexors « MVIC:NSD
AtDCS C:LSOA
200ffine  |A: vertex Running TTE at speed equivalent to 80% of
Parketal. (2019)  |CPE 1.98-0071[2.27-0.081
AtDCS c:CsaCe VOzman « RPE, HR, VE, RER, VT: NSD
[Valenzuela et al. 20 Offline /D vigor self-perception
IcPE |A: L M1 C: R SOA 2-008  [2.4-0.096  [800m freestyle swimming test
(2018) AtDCS « Swimming time, FI: NSD
ND & D knee
200nline  [A= M1 (NDside) lextensors
[Vargas et al. (2018) [Ms 2-0.057  [2.4-0.069
AtDCS (C= SOA (D side) 5 MVIC of D & ND knee extensors (with 1 min
rest)  MVICND side: NSD
200ffline  [A: LDLPFC Total amount of reps during 3 sets of back
\Vieira et al. (2020) |ME 2-0.057  [2.4-0.069
AtDCS C:ROFC squats at 80% MVC load
« Repsin 2th and 3th block: NSD|
IAtDCS) A: L & R M1 (leg
\Vitor-Costa et al. 13Offline [area) C: occipital ‘
IcPE 2-0.056 [1.56-0.043  |Cycling at 80% Woeak at min. 60 rpm i
(2015) /AtDCS & CtDCS protuberance "  CtDCS: NSD
ICtDCS) vice versa  RPE, HR: NSD
|Washabaugh et al. 12 Online &  [A: HS R knee extensor
2-0.057 [1.44-0041 [MVICof R & L knee flexors & extensors
(2016) Offline AtDCS~[C: R SOA
o Offline AtDCS: NSD
ND elbow flexors
(Williams et al. 200nline  |A: HS L Biceps Brachii
ME 1.5-0043 [18-0.051 |Isometric TTE of ND elbow flexors at 20% MVC,
(2013) AtDCS C: LSOA
B o TTE extending tDCS: NSD
Workman et al. 20 Online A:LML 2-0.057, |2.4-0.069, 4.8|lsokinetic fatigue task (40 reps, 120+/sec) of D
Ms
(20202) AtDCS C:RSOA 4-0.114  |-0137 knee flexors & extensors
© 4mAtDCS: NSD
Workman et al. 20 Online ALML 2-0.057, [2.4-0.069, 4.8|lsokinetic fatigue task (40 reps, 120¢/sec) of D &
ME
(2020b) Atbcs C:RSOA 4-0114  [-0.137 ND knee flexors & extensors * Rknee flexors: NSD (results L
flexors & extensors were not
analyzed)
[Workman et al. N 20 Online A:LML 2-0.057, [2.4-0.069, 4.8|lsokinetic fatigue task (40 reps, 120°/sec) of D &-
ME & MS
(2020¢) AtDCS C:RSOA 4-0114  |-0137 IND knee flexors & extensors + L knee extensors & L & R Knee
flexors: NSD
 Wtotal: NSD
Workman et al. 120 Online A:LML Isokinetic fatigue task (40 reps, 120°/sec) of D ﬁ
ME 4-0.114  |4.8-0.137
(2020d) AtDcs C:RSOA knee flexors & extensors  R&Lknee extensors, and R
knee flexors: NSD.
\Wrightson et al. 10 Offline |A: HS R vastus lateralis ~ |1-0.029, [0.6-0.017,1.2] © ImAEDCS: TTE & RPE: NSD
ME Isometric TTE of knee extensors at 20% MVIC
(2020) AtDCS IC: L deltoid region 2-0020 |-0034

* 2mAtDCS: TTE & RPE: NSD

Green, red and orange colors indicate a positive, negative, or and non-significant change, respectively. A anode, aMVC amplitude of maximal
voluntary contraction, AtDCS anodal transcranial direct current stimulation, C cathode, C coulombs, cm centimeters, CPE cardiopulmonary
endurance, CtDCS cathodal transcranial direct current stimulation, D dominant side, DLPFC dorsolateral prefrontal cortex, FI fatigue index,
HR heart rate, HS hotspot, L left; M1 primary motor cortex, mA milli-ampere, ME muscle endurance, MPO Mean power output, MS muscle
strength; MVC =maximal voluntary contraction, MVIC maximal voluntary isometric contraction, ND non-dominant side, NSD not significant
difference, OFC orbitofrontal cortex, R right, reps repetitions; RER respiratory exchange ratio, RM repetition maximum, RPE rating of per-
ceived exertion, sec seconds, SEI short-term endurance index, SOA supra-orbital area, T7C temporal cortex, tDCS transcranial direct current
stimulation, 77 torque integral, TTE time to exhaustion, 77 torque integral, VA voluntary activation, VE expiratory volume, VO2 oxygen con-
sumption, Vpeak peak velocity, VT Ventilatory threshold, Wpeak maximal power output
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Table 5 Overview of number of studies reporting a positive, negative or non-significant impact on muscle strength (n=16), muscle endurance
(n=16) and cardiopulmonary endurance (n=13) according to different tDCS characteristics

Muscle strength Muscle endurance Cardiopulmonary endurance
+ - NSD + - NSD + - NSD
tDCS type
AtDCS | 5(31%) 2(13%) 9(56%) | 11 (69%) 0 5 (31%) 7 (54%) 0 6 (46%)
CtDCS 0 1(25%) 3 (75%) 0 0 1 (100%) 0 0 = 4(100%)
tDCS timing
Online tDCS | 3 (38%) @ 2(25%) 3 (38%) | 6 (86%) 0 1(14%) 0 0 0
OfflinetDCS | 4(36%) 1(9%) 6(55%) | 5 (56%) 0 4(44%) | 7(54%) 0  6(46%)
tDCS duration
<15 minutes | 2 (40%) 1(20%) 2 (40%) | 4 (67%) 0 2(33%) | 4(80%) 0  1(20%)
20 minutes | 3(30%) 1(10%) 6(60%) | 7(78%) 0 2 (22%) 2 (29%) 0 5 (71%)
30 minutes 0 0 1 (100%) 0 0 1(100%) | 1(100%) @O 0
Current density
Low | 1(33%) 0 2(67%) | 4(80%) 0 1 (20%) 0 0 0
Mild | 4(50%) 1(13%) 3(38%) | 5(71%) 0 2(29%) | 5(71%) 0  2(29%)
Moderate 0 1(25%) 3 (75%) 0 0 2 (100%) | 1(33%) 0 2 (67%)
High | 1(25%) | 1(25%) 2 (50%) | 5(100%) 0 0 2(50%) 0  2(50%)
Charge density
Low | 2(40%) 1(20%) 2(40%) | 3 (75%) 0 1(25%) | 3(100%) O 0
Moderate | 4 (40%) 1(10%) 5(50%) | 7 (70%) 0 3 (30%) 3 (43%) 0 4 (57%)
High 0 1(25%) 3(75%) | 4 (80%) 0 1 (20%) 2 (50%) 0 2 (50%)
Brain region
M1/HS | 4 (40%) 2(20%) 4(40%) | 7 (70%) 0 3 (30%) 3 (50%) 0 3 (50%)
DLPFC 0 0 2(100%) | 3 (75%) 0 1(25%) | 2(67%) 0  1(33%)
TC | 1(25%) 0 3(75%) | 1(50%) 0 1 (50%) 1 (33%) 0 2 (67%)
RPE 2 (33%) 0 4(67%) | 5(63%) 1(13%) 2(25%) 2 (22%) 0 7 (78%)

Some studies investigated both online and offline tDCS and/or both anodal tDCS (AtDCS) and cathodal tDCS (CtDCS) or used two different
current/charge densities. Therefore, some studies are mentioned twice in this table, once per protocol. Color scale accentuates the size of the
percentage, relative to percentages of the same category [i.e., positive effect (4), negative effect (-) or non-significant difference (NSD)], with
harsher colors being linked to higher percentages. DLPFC dorsolateral prefrontal cortex, HS hotspot, M1 left motor cortex, NSD non-signifi-
cant difference, RPE ratings of perceived exertion, TC temporal cortex, tDCS transcranial direct current stimulation

2019; Baldari et al. 2018; Barwood et al. 2016; Esteves
et al. 2019; Holgado et al. 2019; Kamali et al. 2019; Lattari
et al. 2018a; Park et al. 2019; Valenzuela et al. 2018; Vitor-
Costa et al. 2015). Seven studies (54%) reported a positive
impact of tDCS on at least one key outcome measure of
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whole-body endurance (decrease in HR, increase in TTE)
(Angius et al. 2016, 2018, 2019; Kamali et al. 2019; Lattari
et al. 2018a; Park et al. 2019; Vitor-Costa et al. 2015). How-
ever, six studies (46%) reported no differences in cardiopul-
monary endurance-related parameters [FI, heart rate (HR),
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respiratory exchange ratio (RER), TTE, expiratory volume
(VE), maximal oxygen consumption (VO2peak), ventilatory
threshold (VT) or peak velocity (Vpeak)] in the tDCS vs.
sham group (Angius et al. 2015; Baldari et al. 2018; Bar-
wood et al. 2016; Esteves et al. 2019; Holgado et al. 2019;
Valenzuela et al. 2018). The protocols and results of each
study are shown in Table 4. A summary of the influence of
tDCS on muscle strength according to tDCS type, -timing,
-duration, -current density,-charge density, targeted brain
region and RPE is displayed in Table 5. To summarize, the
impact of tDCS on cardiopulmonary endurance is highly
variable and the impact of specific tDCS modalities remains
to be studied in more detail.

Discussion

The current systematic review aimed to evaluate the effect
of tDCS on the three core components of physical fitness
(muscle strength, muscle endurance and cardiopulmonary
endurance), providing the most comprehensive overview of
this topic, to this date. Data from 35 sham-controlled studies
(540 participants), with moderate-to-excellent methodologi-
cal quality were pooled. Based on this systematic review,
tDCS as an ergogenic tool in the context of physical fitness
seems to be the most effective to improve muscle endur-
ance in contrast to muscle strength and cardiopulmonary
endurance. Moreover, AtDCS (in contrast to CtDCS) and
online tDCS (in contrast to offline tDCS) seem to be the
most effective. Surprisingly, there seemed to be no relation-
ship between tDCS effectiveness and dose-related param-
eters (tDCS duration and current/charge density). Regarding
electrode positioning, stimulation of M1 and DLPFC yielded
positive results in the context of muscle- and cardiopulmo-
nary endurance.

The most distinct effect of tDCS seemed to be on mus-
cle endurance. Indeed, 11 studies (69%) reported a posi-
tive impact, while 5 studies (31%) indicated no significant
effect. In contrast, tDCS did not seem to influence muscle
strength. Only 5 studies (31%) reported a positive impact,
while 9 studies (56%) did not find any significant effect and
2 studies (13%) reported a negative impact. The discrepancy
between muscle strength vs. muscle endurance is somewhat
unexpected, given the results of a previous review, indicat-
ing that tDCS yielded positive results on muscle strength
(Machado et al. 2019). A potential explanation for this
peculiar finding might relate to the temporal characteristics
of strength vs. endurance tasks. Muscle endurance tasks
require prolonged periods of muscle activity (and neural
activity), relative to muscle strength tasks. tDCS might be
better-suited to influence the prolonged central (neural)

mechanisms related to prolonged muscle performance (i.e.,
muscle endurance).

Nevertheless, this hypothesis remains entirely specula-
tive, as research concerning this topic is, to the best of our
knowledge, non-existent. Therefore, future research should
investigate the differences between muscle strength and
endurance performance on a central, neural level and how
this relates to tDCS. Concerning cardiopulmonary endur-
ance, tDCS yielded variable results, as 7 studies (54%)
reported a positive impact on at least one key outcome meas-
ure, and 6 studies (46%) reported non-significant results.
The limited impact of tDCS on cardiopulmonary endurance
may be potentially explained by the extensiveness of sys-
tems contributing to cardiopulmonary endurance (i.e., the
muscular-, neural-, cardiovascular-, pulmonary- and meta-
bolic system) (Hansen et al. 2019). Influencing only one
system (i.e., the neural system) may yield small, difficult
to perceive, effects when using the general performance as
an outcome measure. Measuring brain activity after tDCS
during cardiopulmonary task performance may prove to be
a better-suited outcome measure. Reassuringly, tDCS did
not seem to induce negative effects on the core components
of physical fitness, as only three studies (9%) reported nega-
tive results.

AtDCS yielded the most promising results in the context
of muscle endurance. An explanation for this might be that
AtDCS can counteract the reduced motor neuron excitability
associated with physical (muscle endurance) performance
(Machado et al. 2019; Taylor and Gandevia 2008; Taylor
et al. 2016). A second hypothesis that might explain the cur-
rent findings is that AtDCS can blunt the perception of mus-
cle exertion (OKki et al. 2016). This latter hypothesis is sub-
stantiated by 3 included studies, who reported a decreased
RPE during muscle endurance tasks (Alix-Fages et al. 2020;
Kamali et al. 2019; Oki et al. 2016). One could state that the
work of Williams et al. (2013) contradicts the latter hypoth-
esis, as an increased RPE was noted. However, as AtDCS in
this study also increased TTE, it seems plausible that RPE
increased due to higher muscle exertion (as evidenced by
increased TTE) (Williams et al. 2013).

Literature regarding the impact of tDCS on muscle endur-
ance is scarce and conflicting (Cogiamanian et al. 2007; Kan
et al. 2013). Potentially, these conflicting results can be par-
tially explained through the (arbitrary) classification of the
three core concepts of physical fitness. Numerous studies use
outcome measurements that entail multiple components of
physical fitness, as such, the choice of how to define muscle
strength, muscle endurance, and cardiopulmonary endurance
can be arbitrary, and operationalization of these terms can
form a source of conflict.

Noteworthy, all of the included studies applied AtDCS.
Eight studies (23%) used CtDCS in addition to AtDCS. This
disbalance is most likely attributable to the hypothesis that
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AtDCS counteracts reduced motor neuron excitability asso-
ciated with physical exercise performance (Machado et al.
2019; Taylor and Gandevia 2008; Taylor et al. 2016). In
line with this hypothesis, CtDCS, which decreases neuronal
excitability in most instances (Das et al. 2016), would yield
negative results on physical exercise performance. The cur-
rent results seem to corroborate this hypothesis, as all the
CtDCS studies either yielded no significant results (Alix-
Fages et al. 2020; Angius et al. 2018; Baldari et al. 2018;
Holgado et al. 2019; Lampropoulou and Nowicky 2013;
Vitor-Costa et al. 2015) or negative results (Giboin and
Gruber 2018; Lattari et al. 2018b) on the included (core)
components of physical fitness.

Online tDCS yielded the greatest results in the context of
muscle endurance and strength. The effect of online tDCS
on cardiopulmonary endurance remain uninvestigated, most
likely due to methodological considerations (i.e., excessive
body movements present during whole-body exercise hinder
online tDCS). Two studies directly compared online tDCS to
offline tDCS (Giboin and Gruber 2018; Washabaugh et al.
2016). Giboin et al. (2018) concluded that both AtDCS and
CtDCS yielded detrimental effects on muscle strength, with
this detrimental effect being more pronounced during online
tDCS. In contrast, Washabaugh et al. (2016) concluded
that online tDCS yielded greater knee extension strength
improvements. Moreover, they found that this improvement
was not present in the knee flexors, which were not trained
during tDCS. In contrast to the field of motor learning (Zie-
mann and Siebner 2008), the rationale underlying the effec-
tiveness of online tDCS remains unaddressed by the field.

No clear demarcated effect of tDCS duration seemed
to be present (Table 4). Concerning muscle strength and
-endurance, a duration of <15 and 20 min of tDCS yielded
similar results (Table 4). In the context of cardiopulmonary
endurance, 100% of the studies applying tDCS for 30 min
yielded positive results. Nevertheless, this group only con-
sisted of one study, and therefore, this finding warrants care-
ful interpretation. Both for current- and charge density, over
all three core components of physical fitness, no clear rela-
tionship between tDCS effectiveness and tDCS dose seemed
to be present. This was not in line with our initial hypothesis,
and contrasts previous meta-analyses focusing on different
clinical populations (i.e., stroke survivors) and motor func-
tion (Chhatbar et al. 2016; Van Hoornweder et al. 2021). A
possible explanation for this unexpected result might be that
the current study population was too variable. In addition,
a meta-regression analysis or the use of electric field mod-
eling might be better-suited to investigate the relationship
between tDCS dose and tDCS effect (Chhatbar et al. 2016;
Wischnewski et al. 2021).

Studies aiming to increase muscle strength mainly tar-
geted M1, with 4 studies finding positive results, 4 stud-
ies finding non-significant results, and 2 studies reporting

@ Springer

negative effects. Due to these variable results, it remains
impossible to conclude whether tDCS over M1 yields posi-
tive results on muscle strength. Concerning both muscle-
and cardiopulmonary endurance, stimulation over M1 (n=7
and n=4 respectively) or DLPFC (n=4 and n=2 respec-
tively) seemed to be most effective (respectively 70 and 75%,
and 57 and 60% of the studies reported a positive effect on
respectively muscle endurance and cardiopulmonary endur-
ance). As aforementioned, stimulation over M1 is hypoth-
esized to predominantly counteract reduced motor neuron
excitability associated with physical exercise performance
(Machado et al. 2019; Taylor and Gandevia 1985; Taylor
et al. 2016). Concerning tDCS over DLPFC, two hypotheses
can be identified. First, research has demonstrated that activ-
ity in the prefrontal cortex increases due to fatigue-induced
activity decrease in M1 (Berchicci et al. 2013; Menotti et al.
2014). As such, AtDCS might potentially support increased
prefrontal cortex activity. Second, AtDCS over DLPFC has
previously demonstrated the ability to alleviate pain affect
(Boggio et al. 2008; Byrne and Flood 2019; Maeoka et al.
2012). As such, AtDCS during physical task performance
might be capable of diminishing sensations of muscle exer-
tion (OKki et al. 2016).

Limitations and future directions

The interpretability of the current systematic review suffers
from several limitations first, between-study heterogene-
ity was large. Various age groups were included, ranging
from younger (mean age of 20 years) to older (mean age of
85 years) adults. As research indicates that the excitatory
effect of AtDCS diminishes as a result of aging (Ghasemian-
Shirvan et al. 2020), this might form a source of between-
study variability. Nevertheless, only two studies included
participants of 65 years and older and even these two stud-
ies reported contrasting results (Oki et al. 2016, 2019). As
such, it seems likely that other factors contribute to the large
between-study variability. Indeed, participants also differed
in regard to activity level. Moreover, experimental protocols
(i.e., electrode placement, investigated muscle group, wash-
out period, outcome measure, tDCS dose-related param-
eters) also varied across studies. Another, non-mutually
exclusive, explanation for the substantial between-study het-
erogeneity might be related to tDCS itself. As tDCS induces
significantly different electric fields in participants as a result
of differences in head anatomy and tissue conductivity, and
electric field strength is a key physical agent of tDCS, using
tDCS at a fixed, non-personalized, stimulation intensity
likely also strongly contributes to the observed variability
across studies (Laakso et al. 2019; Nandi et al. 2022; Sat-
urnino et al. 2019). A potential solution for this might be
dose-controlled tDCS, although factors such as requiring
the magnetic resonance imaging scans of the entire sample
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currently limit feasibility of this approach (Caulfield et al.
2020a; Evans et al. 2020). Notably, variable tDCS-induced
electric fields become even more important in the context
of stimulating the cortical representation of the leg muscles,
which lie deeper in the cortex than the upper limb muscle
representations. In participants where tDCS only induces a
weak electric field, the electric field strength that reaches
the leg muscle representations might be too low to elicit
neuromodulatory effects.

Second, conducting a meta-analysis was unwarranted,
as the included studies encompassed a wide array of out-
come measures. While these outcome measures could, in
theory, be bundled via standardized effect measures, the
lack of knowledge concerning the degree of correlation
or similarity in responsiveness across outcome measures
poses an insurmountable barrier that would likely lead to
biased meta-analyses (Puhan et al. 2006). Furthermore,
even studies using similar outcome measures often used
different testing procedures (e.g., body weight exercise
vs. open-chain weightlifting vs. closed-chain weightlift-
ing), which hindered the creation of a single, unbiased
outcome measure. Therefore, to advance the field, it is of
critical importance that future work uses more compara-
ble task designs and outcome measures, basing itself on
previous literature. By doing so, meta-(regression) analy-
ses will become possible, and our understanding of tDCS
and its impact on physical performance will incrementally
advance.

Third, it was not possible to take the interaction between
the different outcome variables into account. As a conse-
quence, interaction effects may have been missed.

Fourth and finally, the sample size of the included studies
was rather small, ranging from 6 up to maximally 36 par-
ticipants. As tDCS demonstrates intra-individual variability,
with responders and non-responders (Lopez-Alonso et al.
2015), future studies should strive for greater sample sizes,
counteracting the inherent variability of tDCS. It might also
be worthwhile to differentiate between responders and non-
responders through the application of transcranial magnetic
stimulation (Nejadgholi et al. 2015).

Given the variable results reported in this systematic
review, it is clear that more research is required, especially in
larger sample sizes. Moreover, given the potential of tDCS,
specifically on muscle endurance, further insight into the
different tDCS parameters (i.e.., type, timing, duration, cur-
rent/charge densities and brain region) is essential to fully
unravel the potential of tDCS as an ergogenic aid. In this
regard, future work should better address the neural effects
of tDCS during performance of physical fitness-related
activities. Also, it may be worthwhile to further explore the
potential of high-density tDCS, given that evidence indicates
that scalp-applied currents should exceed 4—6 mA to achieve
1 mV/mm voltage gradient in postmortem brain tissue and

that even higher currents may be needed in vivo (Vorosla-
kos et al. 2018). However, an important side note regarding
this is that higher current intensities are associated with a
higher risk of skin burns, phosphenes, and other side effects
(Bikson et al. 2009; Voroslakos et al. 2018). Finally, given
our inconclusive results of tDCS in healthy populations, it
seems interesting to further explore the potentially greater
benefits of tDCS in several disabled populations. Based on
our results, it may be worthwhile to further examine the
potential of tDCS in patients with an affected muscle endur-
ance performance such as post-surgery patients (for exam-
ple in case of extended immobilization), COPD (Gea et al.
1985) or heart failure patients (Philippou et al. 2020). As
this population suffers from decreased physical fitness, there
might be more room for tDCS-induced improvements.

In this context, to gain a more thorough understanding
of the potential of tDCS, it is of utmost importance to focus
more on the theoretical principles of tDCS, (a) hereby com-
paring and analyzing different tDCS protocols, and (b) moni-
toring brain activity to better understand the neurophysi-
ological principles of tDCS in the context of physical fitness.

Conclusion

Overall, tDCS in the context of physical fitness seems to be
most suited to improve muscle endurance. However, given
the current heterogeneous results, future studies should focus
on further unraveling the ergogenic effect of anodal tDCS on
physical fitness in general and, more specifically, on muscle
endurance. In the same vein, future research should, when
constructing their study design, be attentive to previous stud-
ies to improve between-study comparability.

Author contribution NM and SVH performed data interpretation, and
drafted and revised the article. MA and JV carried out data extraction.
DH and RM critically revised the article and conceptualized the idea.

Funding This study was supported by the Special Research Fund
(BOF) of Hasselt University (BOF20KP18).

Data availability All data generated or analyzed during this study are
included in this published article.

Code availability Not applicable.

Declarations

Conflict of interest None of the authors have potential conflicts of in-
terest to be disclosed.

Ethical approval This is a systematic review. No ethical approval is
required.

@ Springer



44

Experimental Brain Research (2023) 241:31-47

References

Abdelmoula A, Baudry S, Duchateau J (2016) Anodal transcranial
direct current stimulation enhances time to task failure of a sub-
maximal contraction of elbow flexors without changing corti-
cospinal excitability. Neuroscience 322:94-103. https://doi.org/
10.1016/j.neuroscience.2016.02.025

Alix-Fages C, Romero-Arenas S, Castro-Alonso M, Colomer-Poveda
D, Rio-Rodriguez D, Jerez-Martinez A, Fernandez-del-Olmo M,
Marquez G (2019) Short-Term effects of anodal transcranial direct
current stimulation on endurance and maximal force production: a
systematic review and meta-analysis. J Clin Med 8(4):536

Alix-Fages C, Garcia-Ramos A, Calder6n-Nadal G, Colomer-Pov-
eda D, Romero-Arenas S, Fernandez-del-Olmo M, Marquez G
(2020) Anodal transcranial direct current stimulation enhances
strength training volume but not the force—velocity profile. Eur
J Appl Physiol 120(8):1881-1891. https://doi.org/10.1007/
s00421-020-04417-2

Angius L, Hopker JG, Marcora SM, Mauger AR (2015) The effect
of transcranial direct current stimulation of the motor cortex on
exercise-induced pain. Eur J Appl Physiol 115(11):2311-2319.
https://doi.org/10.1007/s00421-015-3212-y

Angius L, Pageaux B, Hopker J, Marcora SM, Mauger AR (2016)
Transcranial direct current stimulation improves isometric time
to exhaustion of the knee extensors. Neuroscience 339:363-375.
https://doi.org/10.1016/j.neuroscience.2016.10.028

Angius L, Hopker J, Mauger AR (2017) The ergogenic effects of
transcranial direct current stimulation on exercise performance.
Front Physiol 8:90. https://doi.org/10.3389/fphys.2017.00090

Angius L, Mauger AR, Hopker J, Pascual-Leone A, Santarnecchi E,
Marcora SM (2018) Bilateral extracephalic transcranial direct
current stimulation improves endurance performance in healthy
individuals. Brain Stimul 11(1):108-117. https://doi.org/10.
1016/j.brs.2017.09.017

Angius L, Santarnecchi E, Pascual-Leone A, Marcora SM (2019)
Transcranial direct current stimulation over the left dorsolat-
eral prefrontal cortex improves inhibitory control and endurance
performance in healthy individuals. Neuroscience 419:34-45.
https://doi.org/10.1016/j.neuroscience.2019.08.052

Baldari C, Buzzachera CF, Vitor-Costa M, Gabardo JM, Bernardes
AG, Altimari LR, Guidetti L (2018) Effects of transcranial
direct current stimulation on psychophysiological responses
to maximal incremental exercise test in recreational endurance
runners. Front Psychol 9:1867

Barwood MJ, Butterworth J, Goodall S, House JR, Laws R, Nowicky
A, Corbett J (2016) The effects of direct current stimulation on
exercise performance, pacing and perception in temperate and
hot environments. Brain Stimul 9(6):842-849. https://doi.org/
10.1016/j.brs.2016.07.006

Berchicci M, Menotti F, Macaluso A, Di Russo F (2013) The neu-
rophysiology of central and peripheral fatigue during sub-max-
imal lower limb isometric contractions. Front Hum Neurosci
7:135. https://doi.org/10.3389/fnhum.2013.00135

Bikson M, Inoue M, Akiyama H, Deans JK, Fox JE, Miyakawa H,
Jefterys JG (2004) Effects of uniform extracellular DC elec-
tric fields on excitability in rat hippocampal slices in vitro. J
Physiol 557(Pt 1):175-190. https://doi.org/10.1113/jphysiol.
2003.055772

Bikson M, Datta A, Elwassif M (2009) Establishing safety limits
for transcranial direct current stimulation. Clin Neurophysiol
120(6):1033-1034. https://doi.org/10.1016/j.clinph.2009.03.018

Blobaum P (2006) Physiotherapy evidence database (PEDro). J Med
Libr Assoc 94(4):477-478

Boggio PS, Rigonatti SP, Ribeiro RB, Myczkowski ML, Nitsche MA,
Pascual-Leone A, Fregni F (2008) A randomized, double-blind

@ Springer

clinical trial on the efficacy of cortical direct current stimulation
for the treatment of major depression. Int J] Neuropsychopharma-
col 11(2):249-254. https://doi.org/10.1017/s1461145707007833

Byrne R, Flood A (2019) The influence of transcranial direct current
stimulation on pain affect and endurance exercise. Psychol Sport
Exerc 45:101554. https://doi.org/10.1016/j.psychsport.2019.
101554

Caulfield KA, Badran BW, DeVries WH, Summers PM, Kofmehl E,
Li X, Borckardt JJ, Bikson M, George MS (2020a) Transcranial
electrical stimulation motor threshold can estimate individualized
tDCS dosage from reverse-calculation electric-field modeling.
Brain Stimul 13(4):961-969. https://doi.org/10.1016/j.brs.2020.
04.007

Caulfield KA, Indahlastari A, Nissim NR, Lopez JW, Fleischmann HH,
Woods Al, George MS (2020b) Electric field strength from pre-
frontal transcranial direct current stimulation determines degree
of working memory response: a potential application of reverse-
calculation modeling? Neuromodulation. https://doi.org/10.1111/
ner.13342

Caulfield KA, Indahlastari A, Nissim NR, Lopez JW, Fleischmann HH,
Woods AJ, George MS (2022) Electric field strength from pre-
frontal transcranial direct current stimulation determines degree
of working memory response: a potential application of reverse-
calculation modeling? Neuromodulation 25(4):578-587. https://
doi.org/10.1111/ner.13342

Chen W, Hammond-Bennett A, Hypnar A, Mason S (2018) Health-
related physical fitness and physical activity in elementary school
students. BMC Public Health 18(1):195. https://doi.org/10.1186/
$12889-018-5107-4

Chhatbar PY, Ramakrishnan V, Kautz S, George MS, Adams RJ, Feng
W (2016) Transcranial direct current stimulation post-stroke upper
extremity motor recovery studies exhibit a dose-response rela-
tionship. Brain Stimul 9(1):16-26. https://doi.org/10.1016/j.brs.
2015.09.002

Ciccone AB, Deckert JA, Schlabs CR, Tilden MJ, Herda TJ, Gallagher
PM, Weir JP (2019) Transcranial direct current stimulation of
the temporal lobe does not affect high-intensity work capacity. J
Strength Cond Res 33(8):2074-2086. https://doi.org/10.1519/jsc.
0000000000002561

Cogiamanian F, Marceglia S, Ardolino G, Barbieri S, Priori A (2007)
Improved isometric force endurance after transcranial direct cur-
rent stimulation over the human motor cortical areas. Eur J Neu-
rosci 26(1):242-249. https://doi.org/10.1111/].1460-9568.2007.
05633.x

Das S, Holland P, Frens MA, Donchin O (2016) Impact of transcranial
direct current stimulation (tDCS) on neuronal functions. Front
Neurosci 10:550. https://doi.org/10.3389/fnins.2016.00550

Esteves G, Motoyama Y, Pereira PE, Elcadi G, Pereira R, Azevedo
P (2019) Effect of transcranial direct current stimulation on
supramaximal intermittent exercise performance. Motriz: Revista
De Educacao Fisica. https://doi.org/10.1590/s1980-6574201900
040215

Evans C, Bachmann C, Lee JSA, Gregoriou E, Ward N, Bestmann
S (2020) Dose-controlled tDCS reduces electric field intensity
variability at a cortical target site. Brain Stimul 13(1):125-136.
https://doi.org/10.1016/j.brs.2019.10.004

Frazer AK, Williams J, Spittle M, Kidgell DJ (2017) Cross-educa-
tion of muscular strength is facilitated by homeostatic plastic-
ity. Eur J Appl Physiol 117(4):665-677. https://doi.org/10.1007/
s00421-017-3538-8

GeaJ, Agusti A, Roca J (1985) Pathophysiology of muscle dysfunction
in COPD. J Appl Physiol 114(9):1222-1234. https://doi.org/10.
1152/japplphysiol.00981.2012

Ghasemian-Shirvan E, Farnad L, Mosayebi-Samani M, Verstraelen S,
Meesen RLJ, Kuo MF, Nitsche MA (2020) Age-related differ-
ences of motor cortex plasticity in adults: a transcranial direct


https://doi.org/10.1016/j.neuroscience.2016.02.025
https://doi.org/10.1016/j.neuroscience.2016.02.025
https://doi.org/10.1007/s00421-020-04417-2
https://doi.org/10.1007/s00421-020-04417-2
https://doi.org/10.1007/s00421-015-3212-y
https://doi.org/10.1016/j.neuroscience.2016.10.028
https://doi.org/10.3389/fphys.2017.00090
https://doi.org/10.1016/j.brs.2017.09.017
https://doi.org/10.1016/j.brs.2017.09.017
https://doi.org/10.1016/j.neuroscience.2019.08.052
https://doi.org/10.1016/j.brs.2016.07.006
https://doi.org/10.1016/j.brs.2016.07.006
https://doi.org/10.3389/fnhum.2013.00135
https://doi.org/10.1113/jphysiol.2003.055772
https://doi.org/10.1113/jphysiol.2003.055772
https://doi.org/10.1016/j.clinph.2009.03.018
https://doi.org/10.1017/s1461145707007833
https://doi.org/10.1016/j.psychsport.2019.101554
https://doi.org/10.1016/j.psychsport.2019.101554
https://doi.org/10.1016/j.brs.2020.04.007
https://doi.org/10.1016/j.brs.2020.04.007
https://doi.org/10.1111/ner.13342
https://doi.org/10.1111/ner.13342
https://doi.org/10.1111/ner.13342
https://doi.org/10.1111/ner.13342
https://doi.org/10.1186/s12889-018-5107-4
https://doi.org/10.1186/s12889-018-5107-4
https://doi.org/10.1016/j.brs.2015.09.002
https://doi.org/10.1016/j.brs.2015.09.002
https://doi.org/10.1519/jsc.0000000000002561
https://doi.org/10.1519/jsc.0000000000002561
https://doi.org/10.1111/j.1460-9568.2007.05633.x
https://doi.org/10.1111/j.1460-9568.2007.05633.x
https://doi.org/10.3389/fnins.2016.00550
https://doi.org/10.1590/s1980-6574201900040215
https://doi.org/10.1590/s1980-6574201900040215
https://doi.org/10.1016/j.brs.2019.10.004
https://doi.org/10.1007/s00421-017-3538-8
https://doi.org/10.1007/s00421-017-3538-8
https://doi.org/10.1152/japplphysiol.00981.2012
https://doi.org/10.1152/japplphysiol.00981.2012

Experimental Brain Research (2023) 241:31-47

45

current stimulation study. Brain Stimul 13(6):1588-1599. https://
doi.org/10.1016/j.brs.2020.09.004

Giboin LS, Gruber M (2018) Anodal and cathodal transcranial direct
current stimulation can decrease force output of knee extensors
during an intermittent MVC fatiguing task in young healthy male
participants. J Neurosci Res 96(9):1600-1609. https://doi.org/10.
1002/jnr.24254

Giordano J, Bikson M, Kappenman ES, Clark VP, Coslett HB, Ham-
blin MR, Hamilton R, Jankord R, Kozumbo WIJ, McKinley RA,
Nitsche MA, Reilly JP, Richardson J, Wurzman R, Calabrese
E (2017) Mechanisms and effects of transcranial direct current
stimulation. Dose Response 15(1):1559325816685467. https://
doi.org/10.1177/1559325816685467

Hansen D, Bonné K, Alders T, Hermans A, Copermans K, Swin-
nen H, Maris V, Jansegers T, Mathijs W, Haenen L, Vaes J,
Govaerts E, Reenaers V, Frederix I, Dendale P (2019) Exercise
training intensity determination in cardiovascular rehabilita-
tion: should the guidelines be reconsidered? Eur J Prev Cardiol
26(18):1921-1928. https://doi.org/10.1177/2047487319859450

Hassanzahraee M, Nitsche MA, Zoghi M, Jaberzadeh S (2020)
Determination of anodal tDCS duration threshold for reversal
of corticospinal excitability: an investigation for induction of
counter-regulatory mechanisms. Brain Stimul 13(3):832-839.
https://doi.org/10.1016/j.brs.2020.02.027

Hazime FA, da Cunha RA, Soliaman RR, Romancini ACB, Pochini
AC, Ejnisman B, Baptista AF (2017) Anodal transcranial direct
current stimulation (tDCS) increases isometric strength of
shoulder rotators muscles in handball players. Int J Sports Phys
Ther 12(3):402-407

Holgado D, Zandonai T, Ciria LF, Zabala M, Hopker J, Sanabria
D (2019) Transcranial direct current stimulation (tDCS) over
the left prefrontal cortex does not affect time-trial self-paced
cycling performance: Evidence from oscillatory brain activity
and power output. PLoS ONE 14(2):e0210873. https://doi.org/
10.1371/journal.pone.0210873

Todice P, Porciello G, Bufalari I, Barca L, Pezzulo G (2019) An
interoceptive illusion of effort induced by false heart-rate feed-
back. Proc Natl Acad Sci USA 116(28):13897-13902. https://
doi.org/10.1073/pnas. 1821032116

Kamali A-M, Saadi ZK, Yahyavi S-S, Zarifkar A, Aligholi H, Nami
M (2019) Transcranial direct current stimulation to enhance
athletic performance outcome in experienced bodybuilders.
PLoS ONE 14(8):e0220363. https://doi.org/10.1371/journal.
pone.0220363

Kan B, Dundas JE, Nosaka K (2013) Effect of transcranial direct cur-
rent stimulation on elbow flexor maximal voluntary isometric
strength and endurance. Appl Physiol Nutr Metab 38(7):734-739.
https://doi.org/10.1139/apnm-2012-0412

Kasten FH, Duecker K, Maack MC, Meiser A, Herrmann CS (2019)
Integrating electric field modeling and neuroimaging to explain
inter-individual variability of tACS effects. Nat Commun
10(1):5427. https://doi.org/10.1038/s41467-019-13417-6

Laakso I, Mikkonen M, Koyama S, Hirata A, Tanaka S (2019) Can
electric fields explain inter-individual variability in transcranial
direct current stimulation of the motor cortex? Sci Rep 9(1):626.
https://doi.org/10.1038/s41598-018-37226-x

Lampropoulou SI, Nowicky AV (2013) The effect of transcranial direct
current stimulation on perception of effort in an isolated isometric
elbow flexion task. Mot Control 17(4):412-426. https://doi.org/
10.1123/mcj.17.4.412

Lattari E, de Oliveira BS, Oliveira BRR, de Mello Pedreiro RC,
Machado S, Neto GAM (2018a) Effects of transcranial direct cur-
rent stimulation on time limit and ratings of perceived exertion in
physically active women. Neurosci Lett 662:12-16. https://doi.
org/10.1016/j.neulet.2017.10.007

Lattari E, Filho B, Fonseca-Junior S, Murillo-Rodriguez E, Rocha N,
Machado S, Maranhao NG (2018b) Effects on volume load and
ratings of perceived exertion in individuals advanced weight-
training after transcranial direct current stimulation. J Strength
Cond Res 34:1. https://doi.org/10.1519/JSC.0000000000002434

Lattari E, Oliveira BRR, Monteiro Jinior RS, Marques Neto SR,
Oliveira AJ, Maranhio Neto GA, Machado S, Budde H (2018c¢)
Acute effects of single dose transcranial direct current stimula-
tion on muscle strength: a systematic review and meta-analysis.
PLoS ONE 13(12):¢0209513. https://doi.org/10.1371/journal.
pone.0209513

Lefebvre S, Liew SL (2017) Anatomical parameters of tdcs to modulate
the motor system after stroke: a review. Front Neurol 8:29. https://
doi.org/10.3389/fneur.2017.00029

Loépez-Alonso V, Cheeran B, Rio-Rodriguez D, Ferndndez-Del-Olmo
M (2014) Inter-individual variability in response to non-invasive
brain stimulation paradigms. Brain Stimul 7(3):372-380. https://
doi.org/10.1016/j.brs.2014.02.004

Loépez-Alonso V, Ferndndez-Del-Olmo M, Costantini A, Gonzalez-
Henriquez JJ, Cheeran B (2015) Intra-individual variability in
the response to anodal transcranial direct current stimulation.
Clin Neurophysiol 126(12):2342-2347. https://doi.org/10.1016/j.
clinph.2015.03.022

Machado S, Jansen P, Almeida V, Veldema J (2019) Is tDCS an adjunct
ergogenic resource for improving muscular strength and endur-
ance performance? Systematic Review Front Psychol 10:1127.
https://doi.org/10.3389/fpsyg.2019.01127

Maeoka H, Matsuo A, Hiyamizu M, Morioka S, Ando H (2012) Influ-
ence of transcranial direct current stimulation of the dorsolateral
prefrontal cortex on pain related emotions: a study using elec-
troencephalographic power spectrum analysis. Neurosci Lett
512(1):12-16. https://doi.org/10.1016/j.neulet.2012.01.037

Marquez J, van Vliet P, McElduft P, Lagopoulos J, Parsons M (2015)
Transcranial direct current stimulation (tDCS): does it have
merit in stroke rehabilitation? A Systematic Review Int J Stroke
10(3):306-316. https://doi.org/10.1111/ijs.12169

McLeod M, Breen L, Hamilton DL, Philp A (2016) Live strong and
prosper: the importance of skeletal muscle strength for healthy
ageing. Biogerontology 17(3):497-510. https://doi.org/10.1007/
$10522-015-9631-7

Menotti F, Berchicci M, Di Russo F, Damiani A, Vitelli S, Macaluso
A (2014) The role of the prefrontal cortex in the development of
muscle fatigue in Charcot-Marie-Tooth 1a patients. Neuromuscul
Disord 24(6):516-523. https://doi.org/10.1016/j.0md.2014.03.010

Moher D, Liberati A, Tetzlaff J, Altman DG (2009) Preferred report-
ing items for systematic reviews and meta-analyses: the PRISMA
statement. PLoS Med 6(7):¢1000097. https://doi.org/10.1371/
journal.pmed.1000097

Montenegro RA, Okano A, Gurgel J, Porto F, Da Cunha F, Massaf-
erri R, Farinatti P (2015) Motor cortex tDCS does not improve
strength performance in healthy subjects Motriz. J] Phy Edu
21:185-193. https://doi.org/10.1590/S1980-65742015000200009

Muthalib M, Kan B, Nosaka K, Perrey S (2013) Effects of transcranial
direct current stimulation of the motor cortex on prefrontal cortex
activation during a neuromuscular fatigue task: an fNIRS study.
Adv Exp Med Biol 789:73-79. https://doi.org/10.1007/978-1-
4614-7411-1_11

Nandi T, Puonti O, Clarke WT, Nettekoven C, Barron HC, Kolasinski
J, Hanayik T, Hinson EL, Berrington A, Bachtiar V, Johnstone A,
Winkler AM, Thielscher A, Johansen-Berg H, Stagg CJ (2022)
tDCS induced GABA change is associated with the simulated
electric field in M1, an effect mediated by grey matter volume in
the MRS voxel. Brain Stimul 15(5):1153-1162. https://doi.org/
10.1016/j.brs.2022.07.049

Nejadgholi I, Davidson T, Blais C, Tremblay F, Bolic M (2015) Classi-
fication of responders versus non-responders to tDCS by analyzing

@ Springer


https://doi.org/10.1016/j.brs.2020.09.004
https://doi.org/10.1016/j.brs.2020.09.004
https://doi.org/10.1002/jnr.24254
https://doi.org/10.1002/jnr.24254
https://doi.org/10.1177/1559325816685467
https://doi.org/10.1177/1559325816685467
https://doi.org/10.1177/2047487319859450
https://doi.org/10.1016/j.brs.2020.02.027
https://doi.org/10.1371/journal.pone.0210873
https://doi.org/10.1371/journal.pone.0210873
https://doi.org/10.1073/pnas.1821032116
https://doi.org/10.1073/pnas.1821032116
https://doi.org/10.1371/journal.pone.0220363
https://doi.org/10.1371/journal.pone.0220363
https://doi.org/10.1139/apnm-2012-0412
https://doi.org/10.1038/s41467-019-13417-6
https://doi.org/10.1038/s41598-018-37226-x
https://doi.org/10.1123/mcj.17.4.412
https://doi.org/10.1123/mcj.17.4.412
https://doi.org/10.1016/j.neulet.2017.10.007
https://doi.org/10.1016/j.neulet.2017.10.007
https://doi.org/10.1519/JSC.0000000000002434
https://doi.org/10.1371/journal.pone.0209513
https://doi.org/10.1371/journal.pone.0209513
https://doi.org/10.3389/fneur.2017.00029
https://doi.org/10.3389/fneur.2017.00029
https://doi.org/10.1016/j.brs.2014.02.004
https://doi.org/10.1016/j.brs.2014.02.004
https://doi.org/10.1016/j.clinph.2015.03.022
https://doi.org/10.1016/j.clinph.2015.03.022
https://doi.org/10.3389/fpsyg.2019.01127
https://doi.org/10.1016/j.neulet.2012.01.037
https://doi.org/10.1111/ijs.12169
https://doi.org/10.1007/s10522-015-9631-7
https://doi.org/10.1007/s10522-015-9631-7
https://doi.org/10.1016/j.nmd.2014.03.010
https://doi.org/10.1371/journal.pmed.1000097
https://doi.org/10.1371/journal.pmed.1000097
https://doi.org/10.1590/S1980-65742015000200009
https://doi.org/10.1007/978-1-4614-7411-1_11
https://doi.org/10.1007/978-1-4614-7411-1_11
https://doi.org/10.1016/j.brs.2022.07.049
https://doi.org/10.1016/j.brs.2022.07.049

46

Experimental Brain Research (2023) 241:31-47

voltage between anode and cathode during treatment session.
World congress on medical physics and biomedical engineering,
Toronto, Canada. Springer International Publishing, Cham

Nitsche MA, Paulus W (2000) Excitability changes induced in the
human motor cortex by weak transcranial direct current stimula-
tion. J Physiol 527(3):633—-639. https://doi.org/10.1111/j.1469-
7793.2000.t01-1-00633.x

Nitsche MA, Cohen LG, Wassermann EM, Priori A, Lang N, Antal
A, Paulus W, Hummel F, Boggio PS, Fregni F, Pascual-Leone
A (2008) Transcranial direct current stimulation: state of the art
2008. Brain Stimul 1(3):206-223. https://doi.org/10.1016/j.brs.
2008.06.004

Noakes T (2012) Fatigue is a brain-derived emotion that regulates the
exercise behavior to ensure the protection of whole body homeo-
stasis. Front Physiol. https://doi.org/10.3389/fphys.2012.00082

Oki K, Mahato NK, Nakazawa M, Amano S, France CR, Russ DW,
Clark BC (2016) Preliminary evidence that excitatory transcra-
nial direct current stimulation extends time to task failure of a
sustained, submaximal muscular contraction in older adults. J
Gerontol Biol Sci Med Sci 71(8):1109-1112. https://doi.org/10.
1093/gerona/glw011

Oki K, Clark LA, Amano S, Clark BC (2019) Effect of anodal transcra-
nial direct current stimulation of the motor cortex on elbow flexor
muscle strength in the very old. J Geriatr Phys Ther 42(4):243—
248. https://doi.org/10.1519/jpt.0000000000000145

Park S-B, Sung DJ, Kim B, Kim S, Han J-K (2019) Transcranial direct
current stimulation of motor cortex enhances running perfor-
mance. PLoS ONE 14(2):¢0211902. https://doi.org/10.1371/journ
al.pone.0211902

Philippou A, Xanthis D, Chryssanthopoulos C, Maridaki M, Kout-
silieris M (2020) Heart failure-induced skeletal muscle wasting.
Curr Heart Fail Rep 17(5):299-308. https://doi.org/10.1007/
$11897-020-00468-w

Pires FO, Dos Anjos CAS, Covolan RJM, Pinheiro FA, St Clair Gibson
A, Noakes TD, Magalhaes FH, Ugrinowitsch C (2016) Cerebral
regulation in different maximal aerobic exercise modes. Front
Physiol. https://doi.org/10.3389/fphys.2016.00253

Puhan MA, Soesilo I, Guyatt GH, Schiinemann HJ (2006) Combining
scores from different patient reported outcome measures in meta-
analyses: when is it justified? Health Qual Life Outcomes 4(1):94.
https://doi.org/10.1186/1477-7525-4-94

Roshanravan B, Patel KV, Fried LF, Robinson-Cohen C, de Boer IH,
Harris T, Murphy RA, Satterfield S, Goodpaster BH, Shlipak M,
Newman AB, Kestenbaum B, study ftHA. (2016) Association
of muscle endurance, fatigability, and strength with functional
limitation and mortality in the health aging and body composition
study. J Gerontol 72(2):284-291. https://doi.org/10.1093/gerona/
glw210

Ruegsegger GN, Booth FW (2018) Health benefits of exercise. Cold
Spring Harb Perspect Med. https://doi.org/10.1101/cshperspect.
2029694

Saturnino GB, Thielscher A, Madsen KH, Knosche TR, Weise K
(2019) A principled approach to conductivity uncertainty analysis
in electric field calculations. Neuroimage 188:821-834. https://
doi.org/10.1016/j.neuroimage.2018.12.053

Shyamali Kaushalya F, Romero-Arenas S, Garcia-Ramos A, Colomer-
Poveda D, Marquez G (2021) Acute effects of transcranial direct
current stimulation on cycling and running performance a system-
atic review and meta-analysis. Eur J Sport Sci. https://doi.org/10.
1080/17461391.2020.1856933

Stecker RA, Harty PS, Jagim AR, Candow DG, Kerksick CM (2019)
Timing of ergogenic aids and micronutrients on muscle and exer-
cise performance. J Int Soc Sports Nutr 16(1):37. https://doi.org/
10.1186/512970-019-0304-9

@ Springer

Stevinson CD, Biddle SJ (1998) Cognitive orientations in marathon
running and “hitting the wall.” Br J Sports Med 32(3):229-234.
https://doi.org/10.1136/bjsm.32.3.229

Taylor JL, Gandevia SC (1985) A comparison of central aspects of
fatigue in submaximal and maximal voluntary contractions. J
Appl Physiol 104(2):542-550. https://doi.org/10.1152/japplphysi
01.01053.2007

Taylor JL, Amann M, Duchateau J, Meeusen R, Rice CL (2016) Neural
contributions to muscle fatigue: from the brain to the muscle and
back again. Med Sci Sports Exerc 48(11):2294-2306. https://doi.
org/10.1249/mss.0000000000000923

Tomas-Carus P, Ortega-Alonso A, Pietilainen KH, Santos V, Goncalves
H, Ramos J, Raimundo A (2016) A randomized controlled trial
on the effects of combined aerobic-resistance exercise on muscle
strength and fatigue, glycemic control and health-related qual-
ity of life of type 2 diabetes patients. J Sports Med Phys Fitness
56(5):572-578

Valenzuela PL, Amo C, Sanchez-Martinez G, Torrontegui E, Vazquez
Carrién J, Montalvo Z, Lucia A, de la Villa P (2018) Transcranial
direct current stimulation enhances mood but not performance in
elite athletes. Int J Sports Physiol Perform 14:1-20. https://doi.
org/10.1123/ijspp.2018-0473

Van Hoornweder S, Vanderzande L, Bloemers E, Verstraelen S, Dep-
estele S, Cuypers K, Dun KV, Strouwen C, Meesen R (2021) The
effects of transcranial direct current stimulation on upper-limb
function post-stroke: a meta-analysis of multiple-session studies.
Clin Neurophysiol 132(8):1897-1918. https://doi.org/10.1016/j.
clinph.2021.05.015

Vargas VZ, Baptista AF, Pereira GOC, Pochini AC, Ejnisman B,
Santos MB, Joao SMA, Hazime FA (2018) Modulation of iso-
metric quadriceps strength in soccer players with transcranial
direct current stimulation: a crossover study. J Strength Cond Res
32(5):1336-1341. https://doi.org/10.1519/jsc.0000000000001985

Vicente-Salar N, Santos-Sanchez G, Roche E (2020) Nutritional ergo-
genic aids in racquet sports a systematic review. Nutrients. https://
doi.org/10.3390/nu12092842

Vieira LAF, Lattari E, de Jesus Abreu MA, Rodrigues GM, Viana B,
Machado S, Oliveira BRR, Maranhiao Neto GdA (2020) Tran-
scranial direct current stimulation (tDCS) improves back-squat
performance in intermediate resistance-training men. Res Q Exerc
Sport. https://doi.org/10.1080/02701367.2020.1815638

Vitor-Costa M, Okuno NM, Bortolotti H, Bertollo M, Boggio PS,
Fregni F, Altimari LR (2015) Improving cycling performance:
transcranial direct current stimulation increases time to exhaustion
in cycling. PLoS ONE 10(12):e0144916. https://doi.org/10.1371/
journal.pone.0144916

Voroslakos M, Takeuchi Y, Brinyiczki K, Zombori T, Oliva A, Fernan-
dez-Ruiz A, Kozak G, Kincses ZT, Ivanyi B, Buzséki G, Berényi
A (2018) Direct effects of transcranial electric stimulation on
brain circuits in rats and humans. Nat Commun 9(1):483. https://
doi.org/10.1038/s41467-018-02928-3

Wang DXM, Yao J, Zirek Y, Reijnierse EM, Maier AB (2020) Muscle
mass, strength, and physical performance predicting activities
of daily living: a meta-analysis. J Cachexia Sarcopenia Muscle
11(1):3-25. https://doi.org/10.1002/jcsm.12502

Wang B, Xiao S, Yu C, Zhou J, Fu W (2021) Effects of transcranial
direct current stimulation combined with physical training on the
excitability of the motor cortex, physical performance, and motor
learning: a systematic review. Front Neurosci 15:648354-648454.
https://doi.org/10.3389/fnins.2021.648354

Washabaugh EP, Santos L, Claflin ES, Krishnan C (2016) Low-level
intermittent quadriceps activity during transcranial direct current
stimulation facilitates knee extensor force-generating capacity.
Neuroscience 329:93-97. https://doi.org/10.1016/j.neuroscien
ce.2016.04.037


https://doi.org/10.1111/j.1469-7793.2000.t01-1-00633.x
https://doi.org/10.1111/j.1469-7793.2000.t01-1-00633.x
https://doi.org/10.1016/j.brs.2008.06.004
https://doi.org/10.1016/j.brs.2008.06.004
https://doi.org/10.3389/fphys.2012.00082
https://doi.org/10.1093/gerona/glw011
https://doi.org/10.1093/gerona/glw011
https://doi.org/10.1519/jpt.0000000000000145
https://doi.org/10.1371/journal.pone.0211902
https://doi.org/10.1371/journal.pone.0211902
https://doi.org/10.1007/s11897-020-00468-w
https://doi.org/10.1007/s11897-020-00468-w
https://doi.org/10.3389/fphys.2016.00253
https://doi.org/10.1186/1477-7525-4-94
https://doi.org/10.1093/gerona/glw210
https://doi.org/10.1093/gerona/glw210
https://doi.org/10.1101/cshperspect.a029694
https://doi.org/10.1101/cshperspect.a029694
https://doi.org/10.1016/j.neuroimage.2018.12.053
https://doi.org/10.1016/j.neuroimage.2018.12.053
https://doi.org/10.1080/17461391.2020.1856933
https://doi.org/10.1080/17461391.2020.1856933
https://doi.org/10.1186/s12970-019-0304-9
https://doi.org/10.1186/s12970-019-0304-9
https://doi.org/10.1136/bjsm.32.3.229
https://doi.org/10.1152/japplphysiol.01053.2007
https://doi.org/10.1152/japplphysiol.01053.2007
https://doi.org/10.1249/mss.0000000000000923
https://doi.org/10.1249/mss.0000000000000923
https://doi.org/10.1123/ijspp.2018-0473
https://doi.org/10.1123/ijspp.2018-0473
https://doi.org/10.1016/j.clinph.2021.05.015
https://doi.org/10.1016/j.clinph.2021.05.015
https://doi.org/10.1519/jsc.0000000000001985
https://doi.org/10.3390/nu12092842
https://doi.org/10.3390/nu12092842
https://doi.org/10.1080/02701367.2020.1815638
https://doi.org/10.1371/journal.pone.0144916
https://doi.org/10.1371/journal.pone.0144916
https://doi.org/10.1038/s41467-018-02928-3
https://doi.org/10.1038/s41467-018-02928-3
https://doi.org/10.1002/jcsm.12502
https://doi.org/10.3389/fnins.2021.648354
https://doi.org/10.1016/j.neuroscience.2016.04.037
https://doi.org/10.1016/j.neuroscience.2016.04.037

Experimental Brain Research (2023) 241:31-47

47

Wiethoft S, Hamada M, Rothwell JC (2014) Variability in response to
transcranial direct current stimulation of the motor cortex. Brain
Stimul 7(3):468-475. https://doi.org/10.1016/j.brs.2014.02.003

Williams PS, Hoffman RL, Clark BC (2013) Preliminary evidence that
anodal transcranial direct current stimulation enhances time to
task failure of a sustained submaximal contraction. PLoS ONE
8(12):e81418-e81518. https://doi.org/10.1371/journal.pone.
0081418

Wischnewski M, Mantell KE, Opitz A (2021) Identifying regions in
prefrontal cortex related to working memory improvement: a
novel meta-analytic method using electric field modeling. Neu-
rosci Biobehav Rev 130:147-161. https://doi.org/10.1016/j.neubi
orev.2021.08.017

Workman CD, Fietsam AC, Rudroff T (2020a) Different effects of 2
mA and 4 mA transcranial direct current stimulation on muscle
activity and torque in a maximal isokinetic fatigue task. Front
Hum Neurosci. https://doi.org/10.3389/fnhum.2020a.00240

Workman CD, Fietsam AC, Rudroff T (2020b) Transcranial direct cur-
rent stimulation at 4 mA induces greater leg muscle fatigability in
women compared to men. Brain Sci 10(4):244

Workman CD, Kamholz J, Rudroff T (2020c) Increased leg muscle
fatigability during 2 mA and 4 mA transcranial direct current

stimulation over the left motor cortex. Exp Brain Res 238(2):333—
343. https://doi.org/10.1007/s00221-019-05721-w

Workman CD, Kamholz J, Rudroff T (2020d) The Tolerability and
efficacy of 4 mA transcranial direct current stimulation on leg
muscle fatigability. Brain Sci 10(1):12

Wrightson JG, Twomey R, Yeung STY, Millet GY (2020) No effect
of tDCS of the primary motor cortex on isometric exercise per-
formance or perceived fatigue. Eur J Neurosci 52(2):2905-2914.
https://doi.org/10.1111/ejn.14651

Ziemann U, Siebner HR (2008) Modifying motor learning through
gating and homeostatic metaplasticity. Brain Stimul 1(1):60-66.
https://doi.org/10.1016/j.brs.2007.08.003

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://doi.org/10.1016/j.brs.2014.02.003
https://doi.org/10.1371/journal.pone.0081418
https://doi.org/10.1371/journal.pone.0081418
https://doi.org/10.1016/j.neubiorev.2021.08.017
https://doi.org/10.1016/j.neubiorev.2021.08.017
https://doi.org/10.3389/fnhum.2020a.00240
https://doi.org/10.1007/s00221-019-05721-w
https://doi.org/10.1111/ejn.14651
https://doi.org/10.1016/j.brs.2007.08.003

	The influence of a single transcranial direct current stimulation session on physical fitness in healthy subjects: a systematic review
	Abstract
	Introduction
	Methods
	Literature search
	Selection criteria
	Quality assessment
	Data extraction

	Results
	Study selection
	Quality assessment
	Data extraction
	Participant and study characteristics

	General impact of tDCS
	Impact of tDCS on muscle strength
	Impact of tDCS on muscle endurance
	Impact of tDCS on cardiopulmonary endurance

	Discussion
	Limitations and future directions

	Conclusion
	References




