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ORIGINAL PAPER

Transcranial Direct Current Stimulation to Assist Experienced Pistol
Shooters in Gaining Even-Better Performance Scores

Ali-MohammadKamali1,2,3,4 &MohammadNami1,2,3,6 & Seyedeh-Saeedeh Yahyavi1,2,3,4 & Zahra Kheradmand Saadi2,3,5 &

Alireza Mohammadi7
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Abstract
Recently, brain stimulation has been considered as a promising method for the empowerment of athletes’ performance. This
study recruited 16 pistol shooters who were randomly assigned to two arms, including the control receiving no intervention and
the experimental group receiving either sham or real transcranial direct current stimulation (tDCS), i.e., anodal stimulation and
cathodal suppression over the cerebellar and dorsolateral prefrontal cortex (dlPFC) regions, respectively. Our outcome measures
were the score and latency to shooting, as well as number of errors and task time in the dynamic tremor and mirror-tracing tasks.
Our findings suggested that tDCS vs. sham improves the average shooting score in pistol shooters by 2.3% ± 0.65 (mean ± SEM,
p = 0.018). Furthermore, the bullet hole distance from the Air Pistol Target center was found to be significantly shorter in the
experimental (tDCS) group (p = 0.02). In the control group, no significant difference was noted between the shooting scores of
shooters over the consecutive two sessions. In terms of latency to shooting, no significant difference was noted within groups
between both sessions. However, for the dynamic tremor task outcome, there were significantly less errors after real tDCS than
after sham stimulation. In addition, the results of the mirror-tracing task in the tDCS group showed significant differences
between the sham and real-tDCS sessions favoring the real-tDCS session (p = 0.001). Therefore, concurrent suppression of
dlPFC and stimulation of cerebellum through tDCS may increase shooting scores in experienced pistol shooters.

Keywords tDCS . Pistol shooters . Cerebellum . dlPFC

Introduction

Motor learning, motor control, and their coding mechanisms
in the brain play a critical role in the accuracy of performance
in pistol-shooting athletes. Although the number of studies on

noninvasive brain stimulation through neuromodulation is in-
creasing, none has investigated the effects of transcranial di-
rect current stimulation (tDCS) as a noninvasive brain stimu-
lation approach on the performance of professional pistol
shooters. Brain stimulation through tDCS transfers a weak
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electrical current, which is reported to change the frequency
and dynamics of the brain [1]. An emerging body of evidence
has reported that tDCS may induce notable changes in cere-
bellar cortical excitability [2].

Shooting, done through rifle or pistol is a competitive sport
in terms of shooting latency, accuracy, and stability. Hand
tremors and slight movements, though hard to be recognized,
play key roles in shooting results. It has been reported that a
deviation of 0.03 degrees in targeting can lead to losing a 5-cm
target 10 m away [3]. One of the defining variables to affect
shooting results is the intensity of physiological tremor, which
is insignificant in individuals. The condition is rarely visible
and may be heightened by intense emotion, physical fatigue,
hypoglycemia, hyperthyroidism, heavymetal poisoning, stim-
ulants, alcohol withdrawal, or fever [4]. Alcohol is shown to
decrease this tremor by influencing the thalamus or cerebel-
lum [5].

Although cerebellar stimulation has received increasing at-
tention recently, the effects of cerebellar stimulation for ath-
letes have not been explored, and it is still unknown whether
the anodal stimulation of the cerebellum with all its complex
networks involved in motor activity, balance and muscle tones
[6], can lead to improved performance in shooters.

The highest density of neurons in the cerebellum across the
brain is considered a key feature of this structure [7]. It has
been postulated that both motor functions and cognition may
benefit from cerebellar stimulation [8]. Furthermore, the cog-
nitive and emotion-related areas of the cortex are known to be
affected by cerebellum trough cortico-ponto-cerebellar and
cerebello-thalamo-cortical networks [9]. In other words, the
cerebello-cerebro-cerebellar connections are reciprocally
connecting the cerebellumwith the cerebrum through the thal-
amus (cerebello-thalamo-cortical) and vice versa through the
pons (cortico-ponto-cerebellar) [10, 11].

It is speculated that anodal stimulation of the cerebellum
can decrease tremor in patients suffering from ataxia [12]. As
reported by Galea et al., anodal tDCS over the cerebellum
potentially results in less errors and faster adaptation to the
visuomotor transformation [13]. Moreover, anodal cerebellar
tDCS can enhance implicit learning, which is of high impor-
tance in the acquisition of motor and cognitive skills [14].

In support of the effectiveness of stimulation, a study
showed that cerebellar tDCS can improve cerebellum-
dependent locomotor learning [15]. Generally, anodal cerebel-
lar tDCS may potentially result in enhanced cognitive and
motor functions, while cathodal tDCS inhibits the same [13,
16, 17]. On the other hand, studies have shown that cathodal
tDCS over the left dorsolateral prefrontal cortex (dlPFC) can
increase scores in the golf putting task [18]. Likely, cathodal
tDCS over the left dlPFC would inhibit verbal working mem-
ory, which would result in reduction in verbal-analytical func-
tions supporting the implicit motor learning control [18]. It
should be noted that tDCS primarily impacts the excitability

of the neurons and only impacts the neuronal firing frequency
by increasing the synchronization in already existing networks
[19].

As already outlined, the cerebellum plays a key role in
motor coordination and balance, which are central functions
in the case of shooting [20]. The existing evidence on modu-
lating the cerebellum and dlPFC with consequent effects on
motor learning and physiological tremor [16, 18] prompted us
to hypothesize that the concurrent anodal cerebellar and cath-
odal dlPFC tDCS would enhance the performance of experi-
enced pistol shooters.

Method

Participants

Through announcement in various shooting clubs in Fars
province, 17 right-handed participants (9 males, 8 females;
aging 26 to 33 years, with 2 to 3 years of experience in pistol
shooting) were included in the study; however, one of them (1
male) did not receive intervention due to hand injury.
Demographic information of the participants is demonstrated
in Table 1.

Handedness was documented in our demographic ques-
tionnaire based on the subjects’ self-report. This study was
approved by the Ethics Committee of Baghiatallah University
of Medical Sciences (proposal code: 96-06-001639).
Informed written consent was obtained from the participants
for the research procedure. All participants were healthy indi-
viduals with no history of neurocognitive disorders, doping, or
alcohol and drug use. Subjects were asked to ensure enough
sleep the nights before the tests and refrain from drinking tea,
coffee, or any type of energy drinks on the day of experiment.

Data were acquired over two sessions with the interval of
48 h. During the interval, participants had no shooting train-
ing. The participants whose fatigue severity based on the vi-
sual analogue scale (VAS) [a continuous single-item fatigue
scale ranging from 0 (no fatigue) to 10 (severe fatigue)] was
below 2.5 could take part in the study; otherwise, the experi-
ment session had to be rescheduled. Participants were ran-
domly assigned to two parallel arms, i.e., an experimental
group and a control group. The experimental group, also
known as the tDCS group, received either sham or real
tDCS in two different sessions. The control group received
no intervention during the two study sessions.

Experimental Design

Through a double-blinded, controlled randomized investiga-
tion, the tDCS group received 2mAof sham and real tDCS for
20 min in sessions 1 and 2, respectively. After tDCS, the
participants fired ten shots as shooting tasks, then performed
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the mirror-tracing and dynamic tremor task (also known as
vertical upside down V) with the intervals of 3-min rest after
each experiment. In the control group, athletes received no
intervention, and instead of stimulation, rested for 20min with
the same position as the tDCS group, and then followed the
same procedure as the tDCS group individuals regarding the
quality of tasks and rest. The study design is illustrated in
Fig. 1.

There were two issues to address, i.e., the carry-on learning
effect, whichmight have possibly enhanced the shooting score
and the sham effect of the tDCS intervention. To clarify the
first issue, a separate control arm was added, and for the sec-
ond issue, data from the sham and true tDCS were compara-
tively analyzed. As such, the experiment sessions were mini-
mized to two in each group without baseline assessment in
tDCS arm.

tDCS

In this study, a tDCS device (TCT Research Limited, Hong
Kong) was used to transfer a 2-mA electrical current for
20 min, following 30 s of ramp-up and 30 s of ramp-down.
The anode electrode (35 cm2) was placed over the right cere-
bellar area (CB2), 1 and 3 cm below and lateral to the inion,
respectively [21, 22]. The cathode electrode (16 cm2) [21] was
placed over the left dlPFC (Fig. 2). The saline-soaked sponges
(NaCl 150 mM) were placed underneath the electrodes over
the scalp.

In the sham-tDCS session, electrical current was delivered
for 30 s to induce a stimulation sensation. Right after the initial
ramp-up, the current was switched off (despite the count-
down running and the indicator light on the device screen
throughout the session) for 20 min. In the real-tDCS session,
the electrical current was delivered for 20 min. No stimulation
was delivered to the control group during these two sessions.

Shooting Task

While standing, the pistol shooters had ten shots to the Air
Pistol Target (4.5-mm caliber Air Pistol) placed 10 m down
the route. Each of the participant’s scores were recorded based
on the International Shooting Sport Federation (Available
from: ISSF—http://www.issf-sports.org/) criteria. In

addition, the distance between each shot and the Air Pistol
Target center was measured carefully using the ImageJ
software [23]. In order to keep the shooting time, the
duration of each participant’s ten shots was recorded
(shooting latency), and the maximum allowed time for ten
shots was 12 min and 30 s (Fig. 3). The distance between
the shooter’s location on the fire line and the target’s center
was 10 ± 1 m. The shooting room had enough and adequate
light with the controlled condition remained constant for all
participants.

In order to specify shooting scores accurately, the scores
were recorded based on the International Shooting Sport
Federation criteria, and each shot’s distance from the Air
Pistol Target center was recorded through the ImageJ soft-
ware. To rule out the effect of training per se on shooters’
performance, data were obtained from the control group.

Mirror-tracing Task

A mirror-tracing task is a visual and motor task applied for
learning different motor skills [24]. The mirror-tracing task
was submitted to all subjects using the apparatus developed
by Sina Psychology, Tehran, Iran. The subjects were required
to move a metal-tip pencil with the right hand to trace the
diagram of a star while looking at the reflection of the star in
a mirror. The metal-tip pencil was attached to a digital timer
and error recorder, which recorded the task time and the num-
ber of errors if the pencil tip touched the star borders or come
out of the star pattern. The distance between each two lines of
the star is 6 mm.

Before performing the task, the participants were trained
how to do the task and were required to trace the pattern
quickly and carefully. Task time and the number of errors as
indicators of motor learning were recorded. This task was
performed three times, and the task time plus number of errors
were recorded [24].

Dynamic Tremor Task

The main purpose of this test is to evaluate skill and coordi-
nation [25]. The device (Sina psychology, Tehran, Iran)
consisted of a vertical upside down metal BV^ and a metal
pin. Each arm of the metal Bv^ is 22 cm, and the distance
between the two arms at the narrow and wide ends are 2 and
12 mm, respectively. The metal pin was connected electrically
to the metal Bv,^ through which the device could record every
contact of the pin with the metal Bv^ as an error.With the same
posture as shooting, (fully extended arms), participants
grasped the pin and moved it through the metal Bv^ trying
not to touch the edges of Bv^ (Instrument L. Hole Type
Stead iness Tes te r 2009 . Ava i l ab le f rom: www.
lafayetteinstrument.com) [26]. Similar to the mirror-tracing
task, a metal-tip pencil was attached to a digital timer and error

Table 1 Demographic information of participants

tDCS group
(n = 8)

Control group
(n = 8)

Male/female 4/4 4/4

Mean age in years 28.3 ± 2.5 29.5 ± 3.5

Mean years of training in shooting 2.3 ± 0.4 2.6 ± 0.5

Mean years of formal education 16 ± 2 15 ± 3

Cerebellum
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recorder, which recorded the task time and the number of
errors if the pencil tip touched the borders.

Before performing the task, the participants received training
on the task performance. This task was performed three times,
and the task time plus number of errors were recorded [25].

Data Analysis

ACONSORT (Moher) diagram was applied to summarize the
flow of participants and the rates of eligibility, allocation,

follow-up, and analysis through the research (Supplementary
Fig. 1). To analyze the differences between sessions 1 and 2, a
series of paired sample t tests were run for the data possessing
normality of distribution and homogeneity of variance. The
differences between the sham- and real-tDCS sessions were
evaluated based on the mean ± SEM (standard error of mean),
for a set of parameters, including 1—performance score and
time in shooting task, 2—number of errors and task time in the
mirror-tracing task, and 3—number of errors and task time in
the dynamic tremor task.

The p values below 0.05 were considered statistically sig-
nificant. For the data lacking normal distribution, Wilcoxon
test was applied. Similar to the t tests, the p value was set at
0.05. The SPSS statistical package (Version 22.0.0,
Copyright©IBM, 2015) was used for data analyses.

Results

As described in the method section, each and every subject
underwent a VAS assessment for possible fatigue before each
experiment session was initiated. In case of the VAS score of
more than 2.5, the session had to be rescheduled.
Rescheduling the experiment session due to fatigue happened
in only two instances. The subsequent session was scheduled
for 48 h later as per our study protocol.

Scores, Bullet Hole Distance from Air Pistol Target
Center and Shooting Latency

According to the findings, there was a statistically significant
difference between the tDCS group’s performance in sessions
1 (sham) and 2 (real). The real tDCS vs. sham could improve
mean scores by 2.3% ± 0.65 (mean ± SEM, p = 0.018)

Fig. 1 The study’s procedures for the tDCS and control groups. The
tDCS group received sham tDCS for 20 min in the first session. Then,
they performed shooting tasks for which the time of shooting and the
bullet hole distance from the Air Pistol Target were recorded. With the
intervals of 3-min rest, the mirror-tracing task and dynamic tremor task
were performed and the task times and the number of errors were

recorded. After 48 h, the tDCS group received real tDCS for 20 min in
session two, and the rest of the procedure was similar to the first session.
The control group received no brain stimulation, and instead rested for
20 min with similar position of the tDCS group. Later, they followed the
same procedure as in the tDCS group

Fig. 2 TDCSmontages for shooters. Twomilliamperes of cathodal tDCS
in the left DLPFC (F3) and anodal tDCS in the right cerebellum (CB2) for
20 min. Electrodes’ size is described in the figure
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(Fig. 4). Moreover, the average distance of each shooter’s ten
bullet holes from the Air Pistol Target center in the tDCS
group revealed a significant difference (p = 0.02). However,
brain stimulation did not significantly affect shooting time
(latency) in the tDCS group (p = 0.23). With respect to the
control group, there were no significant differences between
shooting scores (p = 0.65) and latency (p = 0.95) in sessions 1
and 2 (Fig. 4).

Mirror-tracing Task (Motor Learning)

Regarding the mirror-tracing task applied for motor learning
assessment, there was no significant difference in terms of
number of errors in the control group, while the results in
the tDCS group showed significant differences between the
sham- and real-tDCS sessions (p = 0.001). In addition, statis-
tically significant differences in the task time for both tDCS
(p = 0.008) and control (p = 0.01) groups are shown (Fig. 5).

Physiological Tremor

The results of the dynamic tremor task used for physiological
tremor evaluation showed a significantly decreased number of
errors in the real- vs. sham-tDCS sessions (p = 0.03), suggest-
ing decreased physiological tremor following brain stimula-
tion. There was however no significant difference in the task

time. Neither the number of errors nor the task time were
statistically different in the control group upon sessions 1
and 2 (Fig. 6).

Discussion

Brain stimulation in shooters is a new trend ultimately aiming
to modulate neurofunctional networks to improve shooters’
performance. Although tDCS stimulates the cortex under the
electrodes, it can affect underlying subcortical areas through
synaptic relationships between neurons [27]. To our best
knowledge, no study has yet addressed the effects of tDCS
in shooters. Most of the tDCS studies done on athletes have
assessed their endurance [28, 29]. To investigate the effects of
brain stimulation on the performance of pistol shooters, this
study applied anodal and cathodal tDCS over right cerebellum
and left dlPFC, respectively.

The findings revealed that simultaneous dlPFC inhibition
and cerebellum excitation resulted in an improved mean
shooting score in experienced pistol shooters by 2.3%.
Nevertheless, no significant effect was documented for the
average shooting time (latency). Furthermore, tDCS de-
creased the number of errors in the dynamic tremor task as
well as the mirror-tracing task, probably supporting the rela-
tionship between the potentially decreased physiological

Fig. 3 Representation of each
shooter’s five shots to the Air
Pistol Target and the distance
between bullet hole and Air Pistol
Target center measured by the
ImageJ software
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tremor and enhancement in shooting performance. As such,
we have documented that increased motor learning might
have affected shooting scores.

It has already been shown that dlPFC inhibition can sup-
press verbal working memory resulting in a decreased explicit
verbal-analytical motor learning and increased implicit motor
learning [18]. Additionally, reports have demonstrated the en-
hancement of motor and cognitive performance following an-
odal cerebellar tDCS [14]. The tDCS-induced improvement of
muscle-nerve coordination in patients suffering from ataxia

also warrants the role of anodal cerebellar tDCS in improving
motor performance [12].

The cerebellum plays an important role in balance and
motor coordination [30]. Our findings suggest that in addition
to increasing the mean shooting score, tDCSmay significantly
improve physiological tremor and nerve-muscle coordination.

According to the results, significant differences between
sessions 1 and 2 were seen for the task time in the mirror-
tracing tasks in the tDCS group. In the control group, there
was no significant difference between sessions 1 and 2 in
terms of the number of errors, while, the shooting latency
showed a significant difference.

The decreased number of errors in the mirror-tracing task
was congruent with an improved shooting performance score
in the tDCS group (from session 1 to session 2). However, this
was not observed in the control arm. Results revealed no sig-
nificant difference between their scores in two sessions indi-
cating that one session had no effect on their performance. The
time spent on the mirror-tracing task decreased also in the
control group; thus, the explanation cannot be sought in the
effects of tDCS.

Our findings were in accordance with the studies, which
reported the effectiveness of tDCS on peak power of trained
cyclists [29] and threat detection of athletes in simulated com-
bat situations [31]. Moreover, in line with [32], our study
showed that tDCS can enhance motor learning and perfor-
mance in athletes. On the other hand, anodal dlPFC turned
out to be effective in improving cognitive and behavioral
[33] performance of athletes. However, our results could not
be compared with these studies, since our study did not eval-
uate the effects of cathodal dlPFC tDCS on cognition and
behavior.

This study might have paved the path towards designing
brain stimulation protocols in shooters. The present results
may appeal to the interest of strategists in military forces,
Olympics, and world championships. While this study exam-
ined the effects of dlPFC inhibition and cerebellum excitation,

�Fig. 4 Dot plots illustrating the average of each shooter’s ten shots in
terms of score, distance from Air Pistol Target center, and shooting
latency in the control and tDCS groups in two shooting sessions with
the interval of 48 h. Panel a indicates no significant difference between
the control group’s two shooting scores in two sessions (p < 0.05). Panel b
shows that TDCS resulted in significant differences between the tDCS
group’s two shooting scores in two sessions (p < 0.05). Panel c illustrates
no significant difference between each individual’s ten shots average
bullet hole distance from the Air Pistol Target center in the control
group in two sessions (p < 0.05). Panel d shows a significant difference
between each individual’s tenshot average bullet hole distance from the
Air Pistol Target center in the tDCS group in sessions 1 and 2 (p < 0.05).
Panels e, f demonstrate that shooting latency was insignificant both in the
control and tDCS groups (p < 0.05). The lines over each dot plot represent
mean ± SEM. The statistical test applied was paired t test. To analyze the
data lacking normal distribution, Wilcoxon test was employed. The p
values below 0.05 were considered statistically significant. n. s., non-
significant
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more investigations need to be done to address each area sep-
arately to optimize the stimulation parameters.

Though the current investigation studied pistol shooters,
other research may address the effects of stimulation on other
types of shooting, such as rifle shooting, shotgun shooting,
and running target shooting. Moreover, the effects of stimula-
tion on novice shooters can be another line of research.

The present research was subject to some shortcomings,
including a limited sample size. In addition, instruments to
assess muscular activity and oxygen usage could be of help
in future research. Also, the quantitative electroencephalogra-
phy (qEEG) included study may yield a more comprehensive
understanding on the effects of tDCS in cortical networks and
brain functional connectivity and cortical level.

Based on the existing evidence that cathodal suppression of
the dlPFC has improved motor control and game performance
in golf players [18], and anodal stimulation of the cerebellum
has improved the upper limb tremor [12]; this study hypothe-
sized that the concurrent anodal and cathodal stimulation and
suppression of dlPFC and the cerebellum, respectively, may
result in an additive or synergistic effect.

There is a possibility to observe any parallel untoward ef-
fects when applying tDCS. Meanwhile, the focus of this study
was to measure the motor control capacity in professional
shooters following tDCS intervention. To arrive at the very
best protocol in terms of the efficacy and long-term safety to
even possibly apply this to shooters in real practice, further
investigations need to be pursued.

Fig. 5 Dot plots demonstrating
the average of each shooter’s task
time and number of errors in the
mirror-tracing task in two
sessions with the interval of 48 h
in the tDCS and control groups.
Panel a indicates no significant
difference between the number of
errors in sessions 1 and 2 in the
control group (p < 0.05). Panel b
demonstrates the tDCS’
significant effect on the number
of errors in two sessions in the
tDCS vs. sham group (p < 0.05).
Panels c, d show significant
difference between the latency to
task performance between the
tDCS and control groups (p <
0.05). The lines over each dot plot
represent mean ± SEM. The
statistical test used was paired t
test. For the data lacking normal
distribution, Wilcoxon test was
employed. The p values below
0.05 are considered statistically
significant
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Here, we could just demonstrate that our applied tDCS
montage resulted in a significant change in pistol shooters’
performance. The question whether at what level each ap-
proach (i.e., the dlPFC cathodal suppression or cerebellar an-
odal stimulation alone or in combination) leaves a differential
impact needs to be investigated in further randomized studies.

Conclusion

Taken together, it can be stated that the concurrent right cere-
bellar and left dlPFC tDCS (anodal and cathodal, respectively)
may increase the mean shooting scores potentially in relation
to the decreased physiological tremor. Such an impact has also

been in relation to increased motor learning reflected in de-
creased number of errors in the mirror-tracing task.
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