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Abstract
To explore the mechanism of transcranial direct current stimulation (tDCS) on the improved performance of professional
rowing athletes. Twelve male professional rowing athletes were randomly divided into two groups (low-stimulation
group, 1 mA, n = 6; high-stimulation group, 2 mA, n = 6), and they accepted tDCS for two consecutive weeks while
undergoing regular training (20 min each time, five times a week, totally ten times). The assessments of depression,
anxiety, executive function, fatigue perception, lactate threshold power (LTP) and isokinetic muscle strength as well as
the collection of functional magnetic resonance imaging (fMRI) data were performed at baseline and at follow-up (the
end of the fourth week). The voxel-mirrored homotopic connectivity (VMHC) value was calculated in the whole brain.
After stimulation, there were significant increases in executive function and athletic performance. Analysis of variance
(ANOVA) analysis indicated time factor, stimulation intensity factor had a main effect on LTP and 60RK, respectively.
There was no significant difference of VMHC value between the high- and low-stimulation groups at baseline.
Comparing with low-stimulation group, significant increased VMHC values of the bilateral middle temporal gyrus
(MTG), precentral gyrus and superior frontal gyrus (SFG) were found in high-stimulation group at follow-up.
Correlation analyses showed that in high-stimulation group, the VMHC values of bilateral MTG and SFG were both
positively correlated with the measures of athletic performance. tDCS may contribute to the improvement of athletic
performance in professional rowing athletes, and the increased interhemispheric coordination may be involved in the
mechanism of the improved athletic performance.
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Introduction

On the first day of the Rio SummerOlympics in 2016, Science
Daily reported that a handful of athletes used an unbanned

brain stimulation technique to improve their athletic perfor-
mance, that resulting in long-term discussions about brain
doping among the media.

This technology is called transcranial direct current
stimulation (tDCS), which is a noninvasive brain stimula-
tion technique that uses weak direct electrical currents
(usually 1–2 mA) via two saline-soaked sponge electrodes
placed on the scalp. Researchers have demonstrated that
tDCS anode and cathode can simultaneously activate and
suppress the cortical excitability of targeted brain areas
(Reis and Fritsch 2011). Nitsch and Paulus found that
these effects could persist for up to 90 min after a stimu-
lation of 9–13 min (Nitsche and Paulus 2001). The degree
and duration of the after-stimulation effects of tDCS on
cortical excitability are believed to depend upon the
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dosage of current delivered (Nitsche and Paulus 2000;
Williams et al. 2013). The acute tDCS is suggested to
be both cheap and safe and has only limited side effects
(Poreisz et al. 2007). In a previous study, good feasibility
and tolerance of tDCS were also showed in children
(Andrade et al. 2013).

This technique has already been studied extensively as a
treatment for neuropsychiatric disorders, such as depression
(Meron et al. 2015), chronic pain (Antal and Paulus 2010),
Alzheimer’s disease (Boggio et al. 2011), Parkinson’s disease
(Benninger et al. 2010), stroke (Bolognini et al. 2011) and also
has an effect on the regulation of appetite sensations in over-
weight adults (Montenegro et al. 2012). In healthy individuals,
the effects of tDCS have been demonstrated in such as arith-
metic ability, visuo-motor learning and balance control (Antal
et al. 2004; Foerster et al. 2017; Grabner et al. 2015). In recent
years, it was reported that tDCS could also improve cognitive
function and athletic performance of athletes (Reardon 2016).

Rowing is a paddle sport which not only requires good
explosive and stamina power, but also needs preferable
balance ability. During the single-oar paddling motion,
continuous body adjustment and compensation are needed
to maintain balance, and that require athletes have high
degree of flexibility and coordination (Lee et al. 2018;
Weber et al. 2014). Voxel-mirrored homotopic connectivity
(VMHC) is used to reflect the synchrony of spontaneous
brain functional activities between symmetrical regions in
bilaterally hemispheric architecture and is highly related to
bilateral brain information communication and high-order
cognitive domains especially in executive function (Zuo et
al. 2010). While, the flexibility and coordination are be-
lieved to depend in part on bilateral brain information com-
munication and high-order cognitive function. So, we in-
ferred that interhemispheric coordination may play an im-
portant role in the athletic performance of the rowing ath-
lete (Heppe et al. 2016; Wang et al. 2015).

As far as we know, there is no study to explore the possible
relationship between the VMHC and athletic performance
influencing by tDCS in rowing athlete. In the present study,
we first investigated the longitudinal variation features of ath-
letic performance, executive function and VMHC in the row-
ing athlete. Secondly, we explored the differences of above
features in the two stimulation intensity groups. Furthermore,
to further study the underlying mechanism of the improved
athletic performance.

Methods

Subjects

With the approval of the Medical Ethics Committee for
Clinical Research of Zhongda Hospital Affiliated to

Southeast University, 12 rowing athletes (all males) were
recruited in this study. They were all 16 years old and had
trained for more than 3 years. All subjects were naturally
and unequivocally right-handed and all blinded for the
stimulation intensity. Subjects were excluded with any
serious somatic diseases, mental illness or family history,
history of alcohol or substance dependence, history of
epilepsy, and contraindications to MRI scanning. All sub-
jects provided written informed consents.

Experimental paradigm

The research included three steps. First, the demographic
data were recorded and the depression, anxiety, executive
function, fatigue perception, lactate level as well as
isokinetic muscle strength were measured at baseline.
Meanwhile, all subjects underwent functional magnetic res-
onance imaging (fMRI). Second, 12 subjects were random-
ly divided into two groups and accepted a two-week tDCS
for 20 min each time (five times a week, totally ten times)
with stimulation intensity of 1 mA (low-stimulation group)
or 2 mA (high-stimulation group), respectively. Stimulation
was delivered by a specialized device which has two 3 ×
5 cm2 rubber electrodes with a saline-soaked sponge. The
anode stimulation was put over the left primary motor cor-
tex (M1) and the cathode on the contralateral shoulder. After
a rest for two weeks, the measurements of step one were
repeated at the end of the fourth week. Twelve subjects all
completed this study while undergoing regular training.

Neuropsychological tests

All subjects were evaluated for depression by the Patient
Health Questionnaire-9 (PHQ-9) (Kroenke 2012), anxiety by
the Generalized Anxiety Disorder-7 (GAD-7) (Spitzer et al.
2006), executive function by Stroop A, Stroop B, Stroop C
(Koss et al. 1984) and Trail-Making Test-A (TMT-A), Trail-
Making Test-B (TMT-B) (Gordon 1972), and fatigue percep-
tion by the Fatigue Scale-14 (FS-14), which includes mental
fatigue (MF) and physical fatigue (PF) (Chalder et al. 1993).

Lactate threshold measures

The point at which the activities of the muscle become an-
aerobic and the lactic level has a sudden rise during exercise
is called lactate threshold (LT). LT is usually represented by
the corresponding strength when the lactic level reaches
4 mmol/L (Beneke 1995).

According to the method recommended by the
International Rowing Federation (IRF), we selected an indoor
dynamometer (Concept2, UAS) to measure the power of
pulling the oars with a distance of 1000 m. The initial power
was 170 watts with an increase of 30 watts per level. Subjects
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had a 30-s intermission before the subsequent level. During
every intermission, a portable blood lactic tester (EKF Blood
Lactate, German) was used to test blood acid level by
collecting ear blood. After five levels of incremental experi-
mentation, we drew the curve of power-acid and determined
the corresponding power when the lactic level reached
4 mmol/L, that is lactate threshold power (LTP).

Isokinetic muscle strength evaluation

The quadriceps and the latissimus dorsi are the most important
muscles for rowing. Isokinetic dynamometry provides an ob-
jective measure of muscle strength and the two most common
angular velocities used are 60°/s and 180°/s. Peak torque dur-
ing isokinetic movements is a good measure of maximal
strength (Undheim et al. 2015). In this study, we used an
isokinetic dynamometer (Biodex Medical Systems 4, USA)
to measure the quadriceps and latissimus dorsi strength in
the extended process of bilateral knee and shoulder joints.
First, these athletes were asked to perform 5 slow traits at 60
°/s. We recorded the highest peak torque as the index of ex-
plosive force. 60LS, 60RS, 60LK, 60RK represent the highest
peak torque of the left shoulder, right shoulder, left knee and
right knee joints at 60 °/s, respectively. Then, the participants
were indicated to do 10 quick traits at 180 °/s.We recorded the
average peak torque as the index of stamina force. M180LS,
M180RS,M180LK,M180RK represent the mean peak torque
of the left shoulder, right shoulder, left knee and right knee
joints at 180°/s, respectively. Each athlete was required to try
their best to do every movement.

Brain image acquisition

All subjects underwent MRI scans using a Siemens 3.0 Tesla
scanner (Erlangen, Germany) with a standard head coil at the
Affiliated Nanjing Brain Hospital of Nanjing Medical
University. Subjects were instructed to lie supine with their
heads snugly fixed by a belt and foam pads to avoid or min-
imize head motion. All subjects were asked to relax, to remain
awake, to keep their eyes closed and not to think of anything
specific during scanning. High-resolution 3-dimensional T1-
weighted scans were acquired via prepared fast spoiled gradi-
ent echo sequences using the following parameters: repetition
time (TR) = 1900 ms, echo time (TE) = 2.48 ms, flip angle
(FA) = 9°, acquisition matrix = 256 × 256, field of view
(FOV) = 250 × 250 mm2, thickness = 1.0 mm, gap = 0 mm,
176 slices and an acquisition time of 4 min 18 s. The param-
eters of the resting-state fMRI(RS-fMRI) were as follows:
TR = 2000 ms, TE = 25 ms, FA = 90°, acquisition matrix =
64 × 64, FOV = 240 × 240 mm2, thickness = 4.0 mm, gap =
0 mm, 36 axial slices, 226 volumes, 3.75 × 3.75 mm2 in-
plane resolution parallel to the anterior-posterior commissure
line and an acquisition time of 8 min 6 s.

Functional image preprocessing

The functional images were preprocessed utilizing the Data
Processing Assistant for Resting-State Function (DPARSF 2.3
advanced edition) MRI toolkit (Yan and Zang 2010), which
synthesizes procedures based on a statistical parametric map-
ping software package (SPM8, http://www.fil.ion.ucl.ac.uk/
spm) and the Resting-State Functional MR imaging toolkit
(REST, http://www.restfmri.net) (Song et al. 2011). The first
10 time points were discounted in order to ensure stable-state
longitudinal magnetization and adaptation to inherent scanner
noise. The remaining images were processed sequentially ac-
cording to the following steps: (1) slice-timing with the 36th
slice as the reference slice, corrected for temporal differences
and head motion (participants with head motion greater than
1.5 mm of maximum displacement in any direction (x, y, or z)
or 1.5° of angular motion were ruled out from the present
study); (2) co-registered T1 to functional images and then
reoriented; (3) for spatial normalization, T1-weighted anatom-
ic images were segmented into white matter, grey matter and
cerebrospinal fluid components and then normalized the im-
ages to the Montreal Neurological Institute space using the
transformation parameters estimated with a unified segmenta-
tion algorithm (Ashburner and Friston 2005). Then, the above
transformation parameters were applied to the functional im-
ages and the images were resampled with isotropic voxels of
3 mm; (4) spatial smoothing with a 4 mm full-width at half-
maximum isotropic Gaussian kernel; (5) removed the linear
trend within each voxel’s time series; (6) nuisance signals
(white matter and cerebrospinal fluid signals, head motion
parameters calculated by rigid body six correction) and spike
regressors were regressed out; (7) finally, temporal bandpass
filtering (0.01–0.08 Hz) to minimize low-frequency drift and
the high-frequency noise filtered.

VMHC analysis

For the calculation of the VMHC value, the preprocessed
functional images were first transformed to a symmetric space
according to the following procedure: (1) averaged the nor-
malized grey matter images for all subjects, and a mean image
was generated; (2) created a group-specific symmetrical tem-
plate by averaging the above mean image with a bilateral
mirrored version; and (3) registered every individual normal-
ized grey matter image to the generated symmetric template
and then transformed the functional images according to the
nonlinear strategy. The details of the VMHC acquisition were
elucidated in a previous study (Zuo et al. 2010).

Statistical analysis

The statistical analyses were performed using SPSS 19.0. The
data was reported as the means ± standard deviation (SD).
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Performance comparisons between groups used two
independent-samples t-test or paired-samples t-test. ANOVA
for a 2 × 2 factorial design was performed to determine the
stimulation intensity and time factor effects and the interac-
tions. Correlation analyses were performed to examine the
relationships among the VHMC values, executive function
and athletic performance. The threshold for statistical signifi-
cance was defined as P < 0.05, unless specifically mentioned.

Results

No significant differences in the scores for PHQ-9, GAD-
7, FS-14, PF, MF, stroop A, Stroop C, TMT-A were ob-
served between baseline and follow-up (all P > 0.05).
Significant differences were observed in the scores of
stroop B, TMT-B, LTP, M180LK and 60LS between two
groups (all P < 0.05) (Table 1).

Analysis of variance (ANOVA) analysis on athletic perfor-
mance indicated that time factor and stimulation intensity fac-
tor had a main effect on LTP and 60RK, respectively. No
significant interaction effects were found (Table 2).

There was no significant difference of VMHC value be-
tween the high- and low-stimulation groups at baseline.
Comparing with low-stimulation group, significant increased

VMHC values of the bilateral middle temporal gyrus (MTG),
precentral gyrus and superior frontal gyrus (SFG) were found
in high-stimulation group at follow-up (the fourth week)
(Table 3, Fig. 1). Correlation analyses suggested that in the
high-stimulation group, the VMHC value of bilateral MTG
was positively correlated with M180RS (rho = 0.986, P =
0.006) (Fig. 2), the VMHC values of bilateral MTG and
SFG were positively correlated with M180LK at follow-up
(r = 0.853, 0.886, P = 0.031, 0.019, respectively) (Fig. 3).
However, no significant correlation between the VMHC value
and executive function was observed.

Discussions

To our knowledge, this is the first study to explore the mech-
anism of tDCS on athletic performance in the rowing athlete.
Our preliminary results are as follows.

Changes in mood and cognitive function after tDCS

Physiological conditioning and gaming techniques are basic
for elite athletes to achieve better records during games and
competitions. However, mental health is not only essential
for a better athletic performance, but also for a more stable

Table 1 Demographic data,
neuropsychological and athletic
performance between baseline
and follow-up

Baseline Follow-up Paired T P

Gender (male/female) 12/0 – – –

Age (years) 16 ± 0 – – –

Education (years) 10.33 ± 0.49 – – –

BMI 22.79 ± 2.53 – – –

PHQ-9 5.33 ± 3.68 4.00 ± 2.92 2.111 0.058

GAD-7 3.58 ± 3.29 2.83 ± 3.33 1.431 0.180

Fatigue scale

FS-14 3.50 ± 2.35 3.83 ± 2.04 −0.586 0.570

PF 2.42 ± 1.93 2.92 ± 1.78 −0.897 0.389

MF 1.08 ± 1.08 0.92 ± 1.00 0.561 0.586

Stroop test (seconds)

Stroop A 22.03 ± 3.44 22.52 ± 3.16 −0.605 0.557

Stroop B 33.73 ± 4.14 31.33 ± 4.47 2.289 0.043

Stroop C 59.30 ± 11.92 53.84 ± 10.94 2.081 0.062

TMT (seconds)

TMT-A 34.24 ± 7.78 35.26 ± 7.27 −0.519 0.614

TMT-B 101.13 ± 20.85 82.19 ± 14.54 3.495 0.005

LTP (watts) 212.50 ± 23.79 240.00 ± 14.77 −4.750 0.001

M180LK (newton-meters) 133.75 ± 16.31 141.83 ± 16.97 −2.277 0.044

60LS (newton-meters) 112.17 ± 22.68 119.08 ± 23.19 −2.468 0.031

BMI Body Mass Index, PHQ-9 Patient Health Questionnaire-9, GAD-7 Generalized Anxiety Disorder-7, FS-14
Fatigue Scale-14, PF Physical Fatigue, MF Mental Fatigue, TMT-A Trail-Making Test-A, TMT-B Trail-Making
Test-B, LTP Lactate Threshold Power, M180LK the average peak torque of left knee joint at 180 °/s, 60LS the
highest peak torque of the left shoulder joint at 60 °/s
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and long-lasting sports career (Markser 2011). According to
the current literatures, professional athletes are more likely
to suffer from psychological problems, particularly depres-
sion and anxiety (Rice et al. 2016). In this study, the athletes
had no anxiety or depression in baseline, which could elim-
inate the influence of psychological factors on athletic per-
formance. For decades, many studies suggested that tDCS
has an antidepressant effect although there were a few neg-
ative findings (Loo et al. 2010; Meron et al. 2015). A case
study has reported the efficacy of tDCS in generalized anx-
iety disorder (Shiozawa et al. 2014). Resent studies showed
that tDCS could not only improve mood such as depression
and anxiety, but also can increase diverse cognitive func-
tions such as attention, learning, naming reaction time and
memory function (Coffman et al. 2014; Fridriksson et al.
2011). In the present study, significantly enhance in execu-
tive function was found. It was demonstrated that the im-
provement in cognitive function might lead to better well-
being, faster recovery and performance gains in profession-
al athletes (Borducchi et al. 2016).

The correlation between fatigue perception
and athletic performance

Fatigue which involved the nervous system and the muscles is
a multi-factorial physical and perceptual experience to intense
and sustained activity (Gandevia 2001). It can reducemuscular
endurance, impair response time and decision-making skills

(Fitts 2008; Rattray et al. 2015). Previous studies revealed that
after tDCS, the fatigue perception reduces, and that may be
attributed to the improved athletic performance (Angius et al.
2016; Okano et al. 2013). Thus, it is suggested that fatigue may
play an important role in athletic performance.

Our results showed significant increases in athletic perfor-
mance, but no significant changes in fatigue perception after
tDCS. So we speculated that improvements in athletic perfor-
mance may be due to other ways.

Increased interhemispheric synchrony underlying
the improved athletic performance

The most important finding of this study is that the VMHC
values of bilateral MTG and SFG were both positively corre-
lated with measures of athletic performance in high-
stimulation group.

The SFGwhich located at the superior part of the prefrontal
cortex is suggested to be an important part of the default mode
network (DMN) and believed to be intimately related to emo-
tion as well as a variety of cognitive functions, especially
executive function (Andrews-Hanna et al. 2010; Yuan et al.
2007). Hou et al. also found that the decline in executive
function in late-onset depression (LOD) was significantly cor-
related with the disrupted VMHC (Hou et al. 2016). However,
we found no correlation between VMHCvalues and executive
function. Therefore, the improvement in athletic performance
which significantly associated with VMHC may not be

Table 2 The ANOVA analysis on athletic performance

Athletic perfermonce High stimulation (2 mA) Low stimulation (1 mA) Main effect Interactive
effect F (P)

Baseline (n = 6) Follow- up (n = 6) Baseline (n = 6) Follow-up (n = 6) Intensity F (P) Time F (P)

LTP (watts) 220.00 ± 24.50 245.00 ± 16.43 205.00 ± 22.58 235.00 ± 12.25 2.451(0.133) 11.863(0.003) 0.098(0.757)

60RK (newton-meters) 253.37 ± 50.72 241.52 ± 40.41 210.93 ± 42.15 209.23 ± 39.95 4.420(0.048) 0.145(0.707) 0.082(0.778)

LTP Lactate Threshold Power, 60RK the highest peak torque of the right knee joint at 60 °/s

Table 3 The VMHC values
between high- and low-tDCS
stimulation group at follow-up

Brain regions BA Voxel number Coordinates MNI T

X Y Z

Right Middle Temporal Gyrus 21 301 45 −9 −27 6.486

Left Middle Temporal Gyrus 21 278 −45 −9 −27 6.486

Right Precentral Gyrus 4 623 24 0 54 8.572

Left Precentral Gyrus 4 598 −24 0 54 8.572

Right Superior Frontal Gyrus 8 356 21 42 39 6.931

Left Superior Frontal Gyrus 8 349 −21 42 39 6.931

Comparing with low-stimulation group, significant increased VMHC values of the bilateral middle temporal
gyrus, precentral gyrus and superior frontal gyrus were found in high-stimulation group at follow-up. Note:
The threshold was set at a corrected P < 0.05 (corrected with P < 0.05 for each voxel and cluster volume > =228
voxels). Abbreviations: VMHC: Voxel-mirrored Homotopic Connectivity
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because of the increased executive function, and the mecha-
nism deserves further investigation.

Supplementary motor area (SMA) which located in the
posterior part of the SFG is mainly activated by motor tasks.
In addition, numerous neuroimaging studies have demonstrat-
ed the role of the SMA in the motor programming, and the
preparation, initiation as well as monitoring of complex

movements (Martino et al. 2011). So, we suggested that the
motor function of SFG might participate in the increased ath-
letic performance by tDCS.

MTG is not only involved in DMN but also involved in
semantic memory network. Its function is complex and di-
verse, and the precise function is still unclear (Binder et al.
2009). Previous researches clearly demonstrated that MTG

Fig. 1 Comparing with low-
stimulation group, significant
increased VMHC values of the
bilateral middle temporal gyrus
(MTG), precentral gyrus and
superior frontal gyrus (SFG) were
found in high-stimulation group
at follow-up. The red color
represents increased VMHC
value

Fig. 2 Spearman correlation
analysis suggested that the
VMHC value in the bilateral
MTG was positively correlated
withM180RS at follow-up (rho =
0.986, P = 0.006)
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participated in a key cognition function, action observation
(Rizzolatti et al. 1996). The action observation allows one to
infer others’ intentions, can influence the motor response of a
subsequent action, and is important for improving motor skill
learning (Stefani et al. 2015). Thus, we reasoned that tDCS
might influence the interhemispheric information communi-
cation for action observation processing, and as a result in-
creased the athletic performance.

There are some limitations in the present study that
must be acknowledged. First, this is a pilot study with a
relatively small sample. Second, this study lacks a sham
group, so caution should be taken in generalizing these
findings. Third, a limitation common to RS-fMRI studies
is the inability to control the subjects’ thoughts during
imaging. Even though all participants are instructed to
stay relaxed, to keep their eyes closed and not to move
their heads, there are still some small head movements
and rotations. Fortunately, after inspecting each image,
we found the head movements of all subjects were less
than 1.5° or 1.5 mm which is an acceptable range (Hou et
al. 2016). Given these limitations, the results should be
considered preliminary, and future studies should be well-
designed and include larger numbers of subjects as well as
an additional sham group.

Conclusions

tDCS might contribute to the enhancement of athletic per-
formance in professional rowing athletes, and the in-
creased interhemispheric synchrony may be underlying
the improved athletic performance. However, the potential
effect of tDCS and its long-term effect remain areas of
controversy. Thus, future studies should make more ef-
forts to clarify the effect of tDCS.
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