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Abstract

Quick and accurate reactions to environmental stimuli are often required. Researchers have investigated ways to improve
these reactions, which are critical components of perceptual-motor abilities. To optimize individual performance, different
techniques, such as embodied interventions and brain stimulation, have been examined. The evidence from EEG studies
shows that upper limb muscle contractions lead to changes in brain oscillations associated with changes in mental states and
behavioral outcomes. Much research has been conducted on whether muscle contractions of a particular hand have a greater
effect on a perceptual-motor ability, as a trigger to facilitate cortical processes (a mediator) for skilled motor performance.
While previous studies have shown that left- (vs. right-) hand contractions can lead to greater alpha activation, we hypoth-
esized that left dynamic handgrips have different impacts on motor performance, reflected by simple RT (SRT) and choice
RT (CRT). We recruited 64 right-handers, for a within/between-subjects experiment consisting of performance measurements
in SRT and CRT tasks after the intervention (either right or left dynamic handgrip approximately twice a second for 30 s for
each hand) or assignment to paired passive control groups. We did not find left-hand contractions improve response accuracy
in neither SRT nor CRT tasks. Further, left-hand contractions did not affect RTs. The findings indicate that the effects of
dynamic handgrips are smaller on behavioral outcomes such as RTs than what can be inferred from published studies. More
research is needed to establish the effect of dynamic handgrips on optimizing performance.
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Introduction

In many domains, individuals frequently encounter situ-
ations that require efficient processing of environmental
stimuli and speedy responses. An individual’s quick and
accurate reaction to stimuli is therefore a critical aspect of
their perceptual-motor abilities. As a result, researchers have
been looking for ways to improve reaction times using differ-
ent techniques, ranging from simple cognitive training (see
e.g., Simpson et al. 2012) to more complicated approaches
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such as brain stimulation (see e.g., Angelakis et al. 2007),
to treat impairments in these abilities caused by mental dis-
orders and/or to optimize individual performance (see e.g.,
Hashemian et al. 2013; Hatfield et al. 2009; Jeunet et al.
2019). Embodied interventions—bodily actions intended to
change cortical activity in order to change behaviors (Beck-
mann et al. 2013; Mirifar et al. 2020)—have also attracted
attention in this area because they offer a practical, eas-
ily accessible, and affordable approach. One such simple
but effective embodied intervention is dynamic handgrip;
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however, its effect on reaction times (RTs) has not yet been
investigated.

Behavioral studies have provided evidence that unilat-
eral upper limb muscle contractions have positive effects on,
among others, motivated behavior (Harmon-Jones 2006),
affect and emotion (Peterson et al. 2008; Propper et al.
2017), and creative thinking (Goldstein et al. 2010). In the
field of sports, a series of experiments by Beckmann et al.
(2013) showed that performance under pressure of self-
paced motor skills improved only after dynamic left-hand
grip.

Unilateral upper limb muscle contractions lead to EEG
oscillations in contralateral hemispheres of the brain, pre-
dominantly in the form of an increase in the power/ampli-
tude of alpha waves (8—13 Hz; Harmon-Jones 2006; Hirao
and Masaki 2018). This phenomenon was mostly tested
during the contraction phase and, based on the behavioral
outcomes, was usually assumed to persist after termination
of contractions (see e.g., Harmon-Jones 2006). However, no
secondary resting states had been assessed post-contraction,
until Cross-Villasana et al. (2015) and Mirifar et al. (2020),
who tested the neurophysiological after effects of such uni-
lateral hand contractions. These studies showed a long last-
ing reduction in cortical activity (indicated by an increase in
the power/amplitude of alpha waves) after unilateral upper
limb contractions, a change which was especially evident
when the left hand was dynamically contracted. This has
been termed left-hand dynamic handgrip or LDH. The data
from these studies also showed that a depression of corti-
cal excitability (i.e., increase power in alpha waves) in both
hemispheres after the left-hand (but not the right hand) inter-
vention was terminated (Cross-Villasana et al. 2015; Mirifar
et al. 2020). Thus, LDH appeared to generate a relaxation
effect that can reduce or eliminate performance deterioration
in motor tasks under pressure (Beckmann et al. 2013; Gropel
and Beckmann 2017).

An increase in the power of brain activity in the range
of 8—15 Hz is generally recognized as a state of (relaxed)
readiness for processing information and preparing for
motor action (Egner and Gruzelier 2004; Taylor and Thut
2012; Wyrwicka and Sterman 1968). Therefore, there may
be a link between increased alpha wave power, better men-
tal processing, and consequently, faster RTs. In line with
this hypothesis, empirical evidence has shown that older
people respond to stimuli more slowly than younger peo-
ple, and this phenomenon has been linked to a reduction in
alpha wave power in older people’s electroencephalogram
(EEG; Gajewski and Falkenstein 2014; Porciatti et al. 1999;
Roubicek 1977). In contrast, studies in the field of neuro-
feedback training (NFT) have shown that increasing alpha
wave power fails to reduce RTs, and in fact, that decreasing
alpha wave power led to significantly faster RTs (Wood-
ruff 1975). In line with this finding, increasing the power/
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amplitude of faster brain frequencies, such as sensory-motor
rhythm (SMR 12-15 Hz, Doppelmayr and Weber 2011),
or a combination of decreasing slow waves (such as theta
waves in the range of 4-8 Hz) and increasing fast waves
(such as beta waves in the range of 13-30 Hz), tends to lead
to faster RTs (Egner and Gruzelier 2004). These changes in
the response time were observed in both simple (SRT) and
choice reaction time (CRT) tasks; however, inconsistencies
were reported when the training frequency differed. RT is
the most widely used measure in neuroscience and psychol-
ogy for noninvasively assessing brain processing of a stimu-
lus; furthermore, RT is speculated to reflect the time needed
to complete the perceptual and motor-planning computations
required to prepare a response (Wong et al. 2017). Previous
research has established that response time can variate due
to latency variations in different brain regions, e.g., areas
involved in sensory perception, sensory-motor transfor-
mation, or motor execution (Rizzolatti and Luppino 2001;
Schall 2003; Sternberg 1969) due to, e.g., differences in the
components of RT tasks. Several lines of evidence suggest
that unilateral hand contractions can influence some cogni-
tive components underlying RT, such as working memory
(e.g., episodic recall, Andreau and Torres Batan 2019; Prop-
per et al. 2013; and semantic processing, Turner et al. 2017)
and global/local attentional processing (Gable et al. 2013).
The current study addresses the following questions: (a)
do unilateral upper limb muscle contractions have an effect
on RT, and if yes, how do these effects differ between hands;
and (b) which types of RT are affected and in what way? An
SRT task typically creates a situation in which only one type
of response follows a given stimulus. In contrast, a CRT task
is characterized by at least two different responses mapped
onto different stimuli. Each stimulus is associated with a
specific response, and participants must select the correct
response to the given stimulus. This additional stage of pro-
cessing goes beyond what is required for an SRT task. As
other parameters, such as motor and perceptual speed, are
considered identical for both SRT and CRT tasks, compari-
sons between these two types of tasks enable assessment of
the underlying internal motor-cognitive processes, notably
attentive sensory-motor mapping and response selection
(Ives 2013). A shorter time, therefore, is required to respond
to a stimulus in a SRT task and a longer time in a CRT task.
From a neurophysiological perspective, it is known that a
faster response time is associated with faster EEG oscillatory
activity and an increased level of arousal, but this association
may not necessarily lead to a more accurate response. In fact,
this association has been connected with increased levels of
arousal induced by activation of the noradrenergic network
of alertness/vigilance and attention (Posner and Petersen
1990; Posner and Raichle 1994). Therefore, we hypothesize
that LDH will have different effects on SRT and CRT. This
hypothesis is based on the fact that the LDH has been shown
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to increase alpha power across the whole cortex (a finding
that has been robustly shown in several EEG studies, e.g.,
Cross-Villasana et al. 2015; Hirao and Masaki 2018; Mirifar
et al. 2020), which might influence perception and the under-
lying internal motor-cognitive processes—notably attentive
sensory-motor mapping and response selection—in response
time tasks. An accumulating body of data suggests that inter-
areal alpha-phase synchronization could support attentional,
executive, and contextual functions (Palva and Palva 2011).
Further, we hypothesize that such increases in alpha power
induced by LDH will improve accuracy in CRT tasks (indi-
cated by fewer omission and commission errors), though
these increases in alpha power will slow response times,
specifically, in SRT due to a decline of arousal.

Methods and materials
Participants

Following the sample selection criteria used in previous
studies (Cross-Villasana et al. 2015; Mirifar et al. 2020), we
included participants between 18 and 30 years of age, who
were right-handed according to a laterality quotient of + 50
or higher of the Edinburgh Handedness Inventory (Oldfield
1971). We conducted a prior power analysis using G*Power
(Faul et al. 2007) to estimate the required participant sam-
ple size. Based on the effect size reported in Mirifar et al.
(Mirifar et al. 2020; Cohen’s f: 0.55), an alpha level of 0.05,
a power level of 0.8 and correlations among repeated meas-
urements 0.5, a sample size of 11 participants for each of
our four groups is sufficient. Mirifar et al. (2020), however,
only showed the difference in the electroencephalographic
alpha amplitude. Whether the difference in RTs might show
a similar magnitude was not known before the current study.
Sixty-six healthy undergraduate and graduate students were
recruited for this study. They had a mean age of 24.30 years
(SD 3.8), and their mean laterality quotient on the Edin-
berg Handedness Test (Oldfield 1971) was +79.39 (range:
+58.33 to 4+ 100). Participants were randomly assigned to
one of the four following groups: (a) left dynamic handgrip
(LDH, 16 participants), (b) right dynamic handgrip (RDH,
17 participants), (c) control group paired with left dynamic
handgrip (C-LDH, 17 participants), and (d) control group
paired with right dynamic handgrip (C-RDH, 16 partici-
pants). One participant in the LDH group was excluded from
the analysis because of a misunderstanding of the instruc-
tions. And one participant in the RDH group was excluded
from the further analysis because of high error rates in the
CRT task (larger than 35%). Thus, our final cohort consisted
of 64 right-handed participants, of which 29 were female
and 35 were male. With this sample, Cohen’s f higher than
0.44 can be detected with a power level of 0.8, an alpha level

of 0.05 and correlations among repeated measurements 0.5
by a sensitivity analysis using G¥*Power (Faul et al. 2007).

After screening prospective participants for age and
apparent handedness, we invited them individually to take
part in the experiment. We explained the experimental pro-
cedures and purpose of the study, the rights of the partici-
pant, and processes to ensure data anonymity. Afterward,
they were invited to join the study by providing signed
informed consent, according to the Declaration of Hel-
sinki. After informed consent, participants completed the
Edinburgh Handedness Inventory (Oldfield 1971), and then
received instructions on how to execute a dynamic handgrip
by giving a demonstration of its execution. All participants
were then asked to demonstrate the correct execution prior
to task participation. The study did not involve any invasive
or potentially dangerous methods and therefore, in accord-
ance with the German Research Foundation (DFG) and the
guidelines of the first author’s institution, did not require
formal ethical approval.

Procedure

The experiment consisted of three phases: (a) pretest, (b)
intervention, and (c) test. The pretest was conducted to
examine if there is a difference between the intervention
groups with their paired control groups in perceptual-motor
ability (SRT and CRT) before the intervention phase. Each
participant completed a 10-trial SRT task and a 20-trial CRT
task (details described below). The results of independent
samples t tests showed that both reaction times and error
rates of the intervention groups did not differ from those
of their paired control groups (ps <0.05). That means par-
ticipants in different groups were initially similar in per-
ceptual-motor ability. (This analysis displayed by figures in
the supplementary materials named S1.) The main body of
the experiment was divided into two blocks; each of which
consisted of an intervention phase and a test phase. Partici-
pants from the intervention groups (i.e., left or right dynamic
handgrip) underwent their respective dynamic handgrip,
whereas those from the control groups rested silently and
were immobile during this phase. The test phase consisted
of the SRT task first, followed by the CRT task. In the SRT
task, participants were asked to respond to target stimuli
with the required hand depending on the block. In the CRT
task, participants were asked to respond to target and dis-
tracting stimuli with different hands depending on the block;
for instance, either with the ipsilateral or contralateral hand
in reference to the intervention side (i.e., hand squeezing).
With regard to fatigue of the human motor system (which
e.g., may be caused by repetitive hand contractions), as a
moderator in response time performance, Soto-Leon et al.
(2020) have shown that fatiguing tasks impair response
times. The benefit of our approach (switching hands in
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response to target stimuli depending on the block) is that
we can control the effects of fatigue of the human motor
system on the simple and choice reaction time performance.
Our study design is shown in Fig. 1.

Intervention

We used dynamic handgrip as the intervention in these
experiments. It consisted of holding a soft rubber ball (6 cm
in diameter) in either the left or right hand depending on
group allocation, and repeatedly squeezing it completely
with all fingers for a period of 30 s (adapted from Beck-
mann et al. 2013). Participants were instructed to squeeze
and release the ball at their own pace, but to maintain an
approximate rate of two squeezes per second. The other hand
was kept on the matching thigh with the palm facing down.

RT tasks and response conditions

RT tasks were programmed and implemented in MATLAB
(MathWorks Inc., Natick, MA, USA) and Psychtoolbox
extensions (http://psychtoolbox.org/).

SRT

In the SRT task, 40 stimuli in each block were presented,
using a mean interstimulus interval (ISI) of 2.5 s, which was
derived from a rectangular distribution with a minimum of
1 s and a maximum of 4 s. The stimulus in the SRT task
was a red circle (2° visual angle) shown on a gray back-
ground. Participants responded to the stimulus in the first
block by pressing either the “K” key with the right index
finger or the “D” key with the left index finger, following
left- and right-hand contractions, respectively. The response
keys were switched for the second block. Stimulus durations

(a)
20 trials 20 trials
[ 100 ms [ 1-4 Sec. |
| Response keys in Block 1 INT | Response keys in Blo.ck 2 \

30 sec. | K K 30 sec. D D
R | T
contractions ! f contractions
30sec. 3 | 30sec.
RH § D . D | RH K K
contractions ' [ contractions

Fig.1 Schematic of the experimental procedure and tasks. Note: A
SRT task and blocks; B CRT task and blocks. INT stands for inter-
vention. In the CRT task, the colored letters (blue P, orange P, blue
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were fixed at 100 ms. An error of omission was calculated
if participants failed to perform a necessary step or action
to respond to target items within 1500 ms. Task perfor-
mance for each block was indexed by the mean of correct
responses from all 40 response times and presented as SRT.
(The analysis based on the median is provided in the sup-
plementary materials named S2.) Each block of the simple
RT task required ~ 2 min.

CRT

The CRT task was adapted from previous studies (Mirifar
et al. 2019; Woods et al. 2015), and consisted of two types
of stimuli: target (the letter “P” in blue font, “blue P”’) and
distractor (“orange P,” “blue F,” or “orange F”’). A total of
100 stimuli were presented, of which 40 (40%) were target
stimuli. Stimuli were presented on the same gray background
as the SRT task. In the first block, participants from the LDH
group responded to target stimuli with the “K” key and to
distracting stimuli with the “D” key, using the right or left
index finger, respectively. The response keys for target and
distracting stimuli were then switched in the second block.
In contrast, in the first block, participants from the RDH
group responded to target stimuli with the “D” key and to
distracting stimuli with the “K” key, using the respective left
or right index finger. Similar to the LDH group, the response
keys for target and distracting stimuli were switched in the
second block. This switch was also implemented for both
of the paired control groups in the second block. All stimu-
lus durations were fixed at 200 ms. To make the CRT task
challenging, ISI began at 2.5 s (see Mirifar et al. 2019),
and it was adapted as a function of accuracy. Two consecu-
tive correct responses (hits) resulted in a 3% ISI decrease,
whereas each error, miss, or nonresponse resulted in a 3%
IST increase. Performance in the CRT task was indexed by

(b)
40% 60%

[_a0% 60% ]

P+|IP+||F+||IF+‘ P+IP+HF¢HF+I
wl[eelloel[er]  Torfor[[or o]
= Simlosduraions 200 ms—|
INT | Response keys in Block 1 | INT Response keys in Block 2

30 sec. K D D D 30sec. §
L-H LH

contractions contractions §

S| DK K K‘K D D D

D K K K

contractions contractions §

F, or orange F) were randomly presented, subtending 0.5° of visual
angle, to the left or right hemifield, 1.6° from the fixation cross (4)
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the mean of correct responses of the 40 target response times
and presented as CRT. (The analysis based on the median is
provided in the supplementary materials named S2.) Each
block of the choice RT required ~ 6 min. (To control for the
potential effects of the intervention within this ~ 6 min, the
analysis of the performance in the first 40 trials of each block
in the CRT task is provided in the supplementary materials
named S3.)

Edinburgh handedness inventory

Handedness was assessed using a revised version of the
Edinburgh Handedness Inventory (Oldfield 1971). Partici-
pants were asked to indicate their hand preference for each
listed activity by marking a cross (+) in the appropriate
column. Scores are continuous and calculated as a percen-
tile of handedness, with laterality coefficients ranging from
— 100 (completely left-handed) to 4+ 100 (completely right-
handed). A person with a laterality quotient + 50 or higher
is considered right-handed (Oldfield 1971).

Data analyses

For the SRT task, trials with latencies exceeding 1500 ms
were counted as missing, and SRTs faster than 100 ms were
considered to be anticipated. Trials with response omission
and anticipation were excluded from analyses of SRTs. For
each intervention-control pair, mean SRTs and error rates
(excluding anticipation trials) computed for each factor com-
bination were analyzed using mixed 2 (group: intervention,
control) X 2 (response hand: left, right) ANOVAs with group
as the between-subject variable.

For the CRT task, trials with latencies exceeding 1500 ms
were counted as missing, and CRTs faster than 250 ms were
considered to be anticipated. The anticipation threshold was
adapted from previous studies (this setting was adapted from
a previous studies, Mirifar et al. 2019; Woods et al. 2015),
and wrong keypress, response omission, and anticipation
were excluded from analyses of CRTs. For each interven-
tion-control pair, mean CRTs and error rates (excluding
anticipation trials) computed for each factor combination
were analyzed using mixed 2 (group: intervention, con-
trol) X 2 (response hand: left, right) ANOVAs with group as
the between-subject variable.

Results
SRT task
Based on ANOVA of SRTs of the left handgrip-control

pair, there was no significant difference in SRT perfor-
mance between the left handgrip group and the left control

group [F(1, 30)=0.01, p=0.91, 113 < 0.001], which was
inconsistent with our expectations. We observed a sig-
nificant difference in SRT between right-hand response
and left-hand response [F(1, 30)=6.35, p=0.017, ;1; =
0.18]; the right-hand response (M =308 ms) was faster
than the left-hand response (M =321 ms). And there was
no significant interaction between group and response
hand [F(1, 30)=0.95, p=0.34, n}f = 0.03]. In addition,
we found that response errors were infrequent in both the
intervention and control group (1.3% and 0.7%, respec-
tively), and ANOVA of error rates did not produce any
effect, [Fs<2.41, ps>0.13, ;75 $<0.07; see Figs. 2, 3].
Similar results were found for the right handgrip-con-
trol pair. ANOVA of SRTs showed there was no significant
difference in SRT performance between the right hand-
grip group and the right control group [F(1, 30)=0.1,
p=0.94, n[% < 0.001]. We observed a significant differ-
ence in SRT between right-hand response and left-hand
response [F(1, 30)=20.85, p<0.001, n}f = 0.41]; the right-
hand response (M =309 ms) was faster than the left-hand
response (M =325 ms). And there was no significant inter-
action between group and response hand [F(1, 30) =0.34,
p=0.57, n* = 0.01]. Response errors were infrequent
(2.1% and 2.4% in the intervention and control group,
respectively), and ANOVA of error rates did not produce
any effect [Fs<1.51, ps>0.23, 115 $<0.05; see Figs. 2, 3].

Simple RT
0.61 -
-0-Left hand response
055 |-O-Right hand response|
0.5+
0.45-
¢ .
g 0.4
c o [ ] . C
g . . / . 6
g3 o . 3: 'H 0
€ 0 '3%' —_— i
0.3- 0 . ]
o0 vg
0.25/ B . 0
0.2
0.15 - ! - . .
Left handgrip Left control Right handgrip Right control

Group

Fig.2 SRT of groups when the SRT task was executed under two dif-
ferent conditions. Note: Participants were asked to respond to target
stimuli with the required hand, depending on the block, either with
the ipsilateral or contralateral hand with reference to the intervention
side (i.e., hand squeezing). Error bars represent standard errors
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Simple RT Choice RT
02r —o—Left hand response 03 -0~ Left hand response
~——Right hand response -0-Right hand response
0.7}
0.15+ 0
0.6r
[
2 £
g 0.1+ ® ‘g‘ 0.5+
e £ :
I D . g !
Q L]
© 0.4+ e 0O o O
0.05- @ L] ) 0
]
o o> ® ano o _om - 0 0.3-
0 o COTED I o TED ot
0.2/
Left handgrip Left control Right handgrip Right control Left handgrip Left clontrol Right handgrip Right control
Group Group

Fig.3 Error rate of groups when the SRT task was executed under
two different conditions. Note. Participants were asked to respond to
target stimuli with the required hand, depending on the block, either
with the ipsilateral or contralateral hand with reference to the inter-
vention side (i.e., hand squeezing). Error bars represent standard
errors

CRT task

Next, we evaluated performance on the CRT task. For the
left handgrip-control pair, from ANOVA of CRTs, we did
not observe any significant difference in CRT between
the left handgrip group and the left control group [F(1,
30)<0.001, p=0.97, nﬁ < 0.001], or between right-
hand response and left-hand response [F(1, 30)=2.53,
p=0.12, ;15 = 0.08]. There was also no significant interac-
tion between group and response hand [F(1, 30)=0.04,
p=0.85, '713 = 0.01]. In addition, we found that response
errors were infrequent in both the intervention and control
group (7.6% and 6.0%, respectively), and ANOVA of error
rates did not produce any effect, [Fs < 1.67, ps>0.21, 11[%
$<0.05; see Figs. 4, 5].

Based on ANOVA of CRTs of the right handgrip-
control pair, we found that there was no significant dif-
ference in CRT between the right handgrip group and
the right control group [F(1, 30)=0.37, p=0.55, nz =
0.01]. There was also no significant interaction between
group and response hand [F(1, 30)=0.06, p=0.81, 11;
= 0.002]. We observed a significant difference in CRT
between right-hand response and left-hand response [F(1,
30)=7.44, p=0.011, nj = 0.20]; the right-hand response
(M =465 ms) was faster than the left-hand response
(M =484 ms). Response errors were infrequent (8.3% and
7.3% in the intervention and control group, respectively),
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Fig.4 CRT of groups when the CRT task was executed under two
different conditions. Note: Participants were asked to respond to tar-
get stimuli and distracting stimuli with the required hand, which was
dependent on the block, either with the ipsilateral or contralateral
hand with reference to the intervention side (i.e., hand squeezing).
Error bars represent standard errors

Choice RT
03r —+—Left hand response
—o—Right hand response
0.25~
0.2} .
0 o 0 e
3
2015~ o D) ® o
6 . 0
= ) for ®
w o o a
0.1 e 2 ™ o
o . —
DI « — T —w
0.05 L4 @ - am © - e
. o] o
(] - L]
-
0- @ 0 . @ -
Left handgrip Left control Right handgrip Right control

Group

Fig.5 Error rate of groups when the CRT task was executed under
two different conditions. Note: Participants were asked to respond to
target stimuli and distracting stimuli with the required hand, which
was dependent on the block, either with the ipsilateral or contralateral
hand with reference to the intervention side (i.e., hand squeezing).
Error bars represent standard errors
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and ANOVA of error rates did not produce any effect
[Fs<1.80, ps>0.19, nj s < 0.06; see Figs. 4, 5].

Discussion

In this study, we investigated the effects of dynamic handgrip
on perceptual-motor task performance by assessing speed
(RT) and accuracy (error rate) of the response to stimuli in
SRT and CRT tasks in the final cohort of 64 right-handed
participants. Previous neural and behavioral studies found
prevention of performance decrements or even increases
in performance on motor tasks with dynamic handgrip
(Beckmann et al. 2013; Hoskens et al. 2020). However, RTs
and error rates in perceptual-motor tasks have not yet been
addressed with this embodiment technique. We hypothesized
that participants making left-hand contractions would show
improved response accuracy (as behavioral after effects)
when performing SRT and CRT tasks, which would be indi-
cated by fewer omission and commission errors, compared
with the participants in the passive control groups, who
would show no improved response accuracy during tasks.
In the same line, we did not expect to see any changes in the
right-hand contraction group, as this group was supposed
to only play the role of an active control group. Moreover,
we hypothesized that making left-hand contractions would
lead to slower RTs, whereas participants engaged in right-
hand contractions, and those from the passive control groups
would show no changes in response time. Contrary to expec-
tations, LDH was not found to improve response accuracy
in neither the SRT nor CRT task. Furthermore, left-hand
contractions did not lead to slower RTs.

We based our hypotheses on previous findings showing
both neurophysiological effects (i.e., increased alpha power,
Cross-Villasana et al. 2015; Mirifar et al. 2020) and behavio-
ral effects of dynamic handgrip (e.g., Beckmann et al. 2013;
Gropel and Beckmann 2017). More specifically, using this
approach, researchers have been able to show positive effects
on some cognitive components underlying RT, such as work-
ing memory (e.g., episodic recall, Andreau and Torres Batan
2019; Propper et al. 2013, and semantic processing; Turner
et al. 2017) and global/local attentional processing (Gable
et al. 2013). However, recent studies also found no effects
of left-hand contraction. As a pre-performance routine,
dynamic handgrip did not lead to greater accuracy in a beach
volleyball service under pressure (Wergin et al. 2020). Our
results are also in accord with those of Stankovi¢ and Nesi¢
(2020), who investigated the effects of dynamic handgrip
on emotional perception. They did not find any difference
in the emotional perception of photographs from either uni-
lateral (intrahemispheric) or bilateral (interhemispheric)
hemispheres as a function of hand contraction. Our find-
ings also compare well with those of Hoskens et al. (2020),

who reported that contralateral hemisphere activity was
revealed for left- versus right-hand contraction conditions.
Specifically, left-hand contractions rather than right-hand
contractions led to significantly lower T7-Fz connectivity,
indicating brain regions involved in conscious engagement
in movement control and motor performance during motor
planning. However, Hoskens et al. (2020) found no evidence
of changes in brain oscillatory activity and neural networks
induced by left-hand contractions influenced motor perfor-
mance (i.e., more accurate performance in the golf-putting
task). Further, no changes were found from additional physi-
ological markers, such as electrocardiograms and electro-
myograms, as well as kinematics. The authors further used
mediation analyses to examine whether these markers and
kinematics mediated the relationship between hand con-
tractions and golf-putting performance (mean radial error).
Although there was no significant difference in performance
between the different hand contraction conditions, there was
a significant indirect effect from hand squeezing on perfor-
mance via T7-Fz connectivity (Hoskens et al. 2020). The
T7-Fz connectivity mediated the relationship between hand
squeezing and motor performance (distance from the tar-
get). In a more recent study, however, Hoskens et al. (2021)
reported that unilateral hand contractions prior to practicing
the golf-putting task did not affect performance differently
from the no hand contraction (control) group. The authors
even reported hand contractions resulted in worse perfor-
mance compared to the no hand contraction group during
the retention tests. In addition, the performance disrupted in
the dual-task transfer in both left- and right-hand contraction
groups (Hoskens et al. 2021).

Considering these equivocal results, some moderators or
boundary conditions for the effectiveness of dynamic hand-
grip should be considered. First, the role—either causal or
epiphenomenal—of the EEG alpha oscillations for human
behavior has been a topic of intense discussion for decades.
This might e.g., be due to the fact that there are separable
thalamic and cortical alpha pacemakers which become dif-
ferently active and coupled under different behavioral con-
ditions (Halgren et al. 2019; Saalmann et al. 2012). Previ-
ous scalp studies of human traveling alpha waves have also
found varying propagation directions and, further, show such
alpha waves traveling in different directions traversing dis-
tinct cortical hierarchies (Ito et al. 2005; Lozano-Soldevilla
and VanRullen 2019). Therefore, a note of caution is due
here, as an increase in alpha power through LDH may not
necessarily lead to changes in RTs and accuracy in RT tasks.
The neurophysiological effect induced by left-hand contrac-
tions, additionally, may be small as evidenced by the small
effect sizes reported in studies that actually investigated
the effects of dynamic handgrip on brain oscillations (see
e.g., Cross-Villasana et al. 2015; Mirifar et al. 2020). These
small physiological effects are likely not strong enough to
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lead to significant effects at behavioral levels. In fact, such
a discrepancy between neurophysiological and behavioral
changes has recently been demonstrated by Tinga et al.
(2019), who showed that the effect sizes of neurophysiologi-
cal outcomes are smaller than those of behavioral outcomes.
Another moderator could be the strength of squeezing the
ball. Squeezing a ball harder or squeezing a harder ball may
lead to a greater reduction in alpha activity during the execu-
tion time and consequently, a stronger alpha rebound after
the intervention. As in previous studies of neural (Cross-
Villasana et al. 2015; Mirifar et al. 2020) and behavioral
investigations (Beckmann et al. 2013; Wergin et al. 2020),
control of muscle contractions (i.e., applied strength) was
limited by the size and resistance of the ball, and by the
instructions provided to participants. In our study, we used
the same experimental design and instructions to confirm the
results of these studies in a new task condition. As the causal
role of the strength of muscle contraction in the reduction in
alpha activity during execution has recently been confirmed
by Hirao and Masaki (2018), the impact of the strength of
muscle contractions on subsequent alpha band activity
should be incorporated in future studies. Wergin et al. 2020
argued for a further moderator: the experience of “pressure.”
It was proposed that pressure induction, such as that caused
by simulated competition or the presence of audiences,
would help researchers more elegantly detect the effects of
intervention (i.e., increase in the power/amplitude of alpha
waves) as pressure induction generally increases the level of
performer anxiety.

The current study was limited by the absence of neuro-
physiological data, which in such experiments can be con-
sidered a manipulation check. Therefore, because experi-
ments have already shown induced alpha power lasts for at
least two minutes (Cross-Villasana et al. 2015; Mirifar et al.
2020), future experiments could add a brief resting period
after contractions (such as 30 s) to assess the EEG for after
effects, followed by the (cognitive) task of interest to assess
effects on the behavioral level. Further, the same experi-
ments would also allow investigation of how the effect of
the intervention (i.e., alpha wave power) affects the course
of task-related EEG modulations in the preparation for and
execution of a physical or cognitive action.

Conclusions

We were unable to show that contractions of the left-hand
lead to a more accurate response during task execution, nor
were we able to show that intervention had an impact on
response time. In context of the continuing debate regarding
the effectiveness of changing brain oscillatory activity and
brain circuits on optimizing performance, our results do not
support the effectiveness of dynamic handgrip on optimizing

@ Springer

behavioral outcomes; therefore, future research needs to be
done to determine whether this noninvasive approach is
effective for other task conditions. In addition, future studies
may benefit from having more varied populations (such as
including elderly participants) and more complicated tasks
(with different levels of cognitive load).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10339-022-01080-7.

Funding Open Access funding enabled and organized by Projekt
DEAL. This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Declarations

Competing interests The authors have declared that no competing
interests exist.

Ethical approval All procedures performed in studies involving human
participants were in accordance with the ethical standards of the insti-
tutional research committee and with the 1964 Helsinki declaration and
its later amendments or comparable ethical standards.

Informed consent Informed consent was obtained from all individual
participants included in the study. All authors consent to publication.

Open practices statement Stimulus materials, raw data, and analysis
scripts are available on the Open Science Framework (https://osf.io/
4d5xs/).

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Andreau JM, Torres Batan S (2019) Exploring lateralization during
memory through hemispheric pre-activation: differences based
on the stimulus type. Laterality 24(4):393—416. https://doi.org/
10.1080/1357650X.2018.1531422

Angelakis E, Stathopoulou S, Frymiare JL, Green DL, Lubar JF,
Kounios J (2007) EEG neurofeedback: a brief overview and an
example of peak alpha frequency training for cognitive enhance-
ment in the elderly. Clin Neuropsychol 21(1):110-129. https://doi.
org/10.1080/13854040600744839

Beckmann J, Gropel P, Ehrlenspiel F (2013) Preventing motor skill
failure through hemisphere-specific priming: cases from choking
under pressure. J Exp Psychol Gen 142(3):679-691. https://doi.
org/10.1037/a0029852


https://doi.org/10.1007/s10339-022-01080-7
https://osf.io/4d5xs/
https://osf.io/4d5xs/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1080/1357650X.2018.1531422
https://doi.org/10.1080/1357650X.2018.1531422
https://doi.org/10.1080/13854040600744839
https://doi.org/10.1080/13854040600744839
https://doi.org/10.1037/a0029852
https://doi.org/10.1037/a0029852

Cognitive Processing (2022) 23:169-178

177

Cross-Villasana F, Gropel P, Doppelmayr M, Beckmann J (2015)
Unilateral left-hand contractions produce widespread depres-
sion of cortical activity after their execution. PLoS ONE
10(12):e0145867. https://doi.org/10.1371/journal.pone.0145867

Doppelmayr M, Weber E (2011) Effects of SMR and theta/beta neu-
rofeedback on reaction times, spatial abilities, and creativity. J
Neurother 15(2):115-129. https://doi.org/10.1080/10874208.
2011.570689

Egner T, Gruzelier JH (2004) EEG biofeedback of low beta band com-
ponents: frequency-specific effects on variables of attention and
event-related brain potentials. Clin Neurophysiol 115(1):131-139.
https://doi.org/10.1016/s1388-2457(03)00353-5

Faul F, Erdfelder E, Lang AG, Buchner A (2007) G* Power 3: a flexible
statistical power analysis program for the social, behavioral, and
biomedical sciences. Behav Res Methods 39(2):175-191. https://
doi.org/10.3758/bf03193146

Gable PA, Poole BD, Cook MS (2013) Asymmetrical hemisphere acti-
vation enhances global-local processing. Brain Cogn 83(3):337-
341. https://doi.org/10.1016/j.bandc.2013.09.012

Gajewski PD, Falkenstein M (2014) Age-related effects on ERP and
oscillatory EEG-dynamics in a 2-back task. J Psychophysiol
28:162-177

Goldstein A, Revivo K, Kreitler M, Metuki N (2010) Unilateral mus-
cle contractions enhance creative thinking. Psychon Bull Rev
17(6):895-899

Gropel P, Beckmann J (2017) A pre-performance routine to optimize
competition performance in artistic gymnastics. Sport Psychol
31(2):199-207. https://doi.org/10.1123/tsp.2016-0054

Halgren M, Ulbert I, Bastuji H, Fabo D, Eross L, Rey M, Devinsky
O, Doyle WK, Mak-McCully R, Halgren E, Wittner L, Chauvel
P, Heit G, Eskandar E, Mandell A, Cash SS (2019) The genera-
tion and propagation of the human alpha rhythm. Proc Natl Acad
Sci U S A 116(47):23772-23782. https://doi.org/10.1073/pnas.
1913092116

Harmon-Jones E (2006) Unilateral right-hand contractions cause con-
tralateral alpha power suppression and approach motivational
affective experience. Psychophysiology 43(6):598-603. https://
doi.org/10.1111/7.1469-8986.2006.00465.x

Hashemian P, Farrokhi A, Mirifar A, Keihani M, Sadjadi A (2013)
The effect of neurofeedback training on attention rate in pro-
ficient track and field a athletics. J Fundam Mental Health
15(60):312-318

Hatfield B, Haufler A, Contreras-Vidal J (2009) Brain processes and
neurofeedback for performance enhancement of precision motor
behavior. In: Schmorrow DD, Estabrooke IV, Grootjen M (eds)
Foundations of Augmented Cognition. Neuroergonomics and
Operational Neuroscience: 5th international conference, FAC
2009 Held as Part of HCI international 2009 San Diego, CA,
USA, July 19-24, 2009 Proceedings. Springer Berlin Heidelberg,
Berlin, pp 810-817. https://doi.org/10.1007/978-3-642-02812-0_
91

Hirao T, Masaki H (2018) Effects of unilateral hand contraction on
the persistence of hemispheric asymmetry of cortical activity. J
Psychophysiol. https://doi.org/10.1027/0269-8803/a000215

Hoskens MCIJ, Bellomo E, Uiga L, Cooke A, Masters RSW (2020)
The eftect of unilateral hand contractions on psychophysiological
activity during motor performance: evidence of verbal-analytical
engagement. Psychol Sport Exerc 48:101668. https://doi.org/10.
1016/j.psychsport.2020.101668

Hoskens M, Uiga L, Cooke A, Capio C, Masters R (2021) The effects
of unilateral hand contractions on conscious control in early motor
learning. J Sport Exerc Sci 5(1):21-31. https://doi.org/10.36905/
jses.2021.01.04

Ito J, Nikolaev AR, van Leeuwen C (2005) Spatial and temporal
structure of phase synchronization of spontaneous alpha EEG

activity. Biol Cybern 92(1):54-60. https://doi.org/10.1007/
$00422-004-0533-z

Ives JC (2013) Motor behavior: connecting mind and body for optimal
performance. Wolters Kluwer/Lippincott Williams & Wilkins.
https://books.google.com/books?id=0AeLZsi3yisC

Jeunet C, Glize B, McGonigal A, Batail JM, Micoulaud-Franchi JA
(2019) Using EEG-based brain computer interface and neuro-
feedback targeting sensorimotor rhythms to improve motor skills:
theoretical background, applications and prospects. Neurophysiol
Clin 49(2):125-136. https://doi.org/10.1016/j.neucli.2018.10.068

Lozano-Soldevilla D, VanRullen R (2019) The hidden spatial dimen-
sion of alpha: 10-Hz perceptual echoes propagate as periodic
traveling waves in the human brain. Cell Rep 26(2):374-380

Mirifar A, Keil A, Beckmann J, Ehrlenspiel F (2019) No effects of
neurofeedback of beta band components on reaction time per-
formance. J Cogn Enhanc 3(3):251-260. https://doi.org/10.1007/
$41465-018-0093-0

Mirifar A, Cross-Villasana F, Beckmann J, Ehrlenspiel F (2020) Effects
of the unilateral dynamic handgrip on resting cortical activity
levels: a replication and extension. Int J Psychophysiol 156:40—48.
https://doi.org/10.1016/].ijpsycho.2020.07.003

Oldfield RC (1971) The assessment and analysis of handedness: the
Edinburgh inventory. Neuropsychologia 9(1):97-113. https://doi.
org/10.1016/0028-3932(71)90067-4

Palva S, Palva JM (2011) Functional roles of alpha-band phase syn-
chronization in local and large-scale cortical networks. Front Psy-
chol 2:204. https://doi.org/10.3389/fpsyg.2011.00204

Peterson CK, Shackman AJ, Harmon-Jones E (2008) The role of asym-
metrical frontal cortical activity in aggression. Psychophysiology
45(1):86-92

Porciatti V, Fiorentini A, Morrone MC, Burr DC (1999) The effects of
ageing on reaction times to motion onset. Vis Res 39(12):2157—
2164. https://doi.org/10.1016/s0042-6989(98)00288-0

Posner MI, Petersen SE (1990) The attention system of the human
brain. Annu Rev Neurosci 13(1):25-42. https://doi.org/10.1146/
annurev.ne.13.030190.000325

Posner MI, Raichle ME (1994) Images of mind. Scientific American
Library/Scientific American Books, New York

Propper RE, McGraw SE, Brunyé TT, Weiss M (2013) Correction: get-
ting a grip on memory: unilateral hand clenching alters episodic
recall. PLoS ONE 8(5):75

Propper RE, Dodd K, Christman SD, Brunye TT (2017) Relationship
between sustained unilateral hand clench, emotional state, line
bisection performance, and prefrontal cortical activity: a func-
tional near-infrared spectroscopy study. Laterality 22(6):671-689.
https://doi.org/10.1080/1357650x.2016.1268148

Rizzolatti G, Luppino G (2001) The cortical motor system. Neuron
31(6):889-901. https://doi.org/10.1016/s0896-6273(01)00423-8

Roubicek J (1977) The electroencephalogram in the middle-aged and
the elderly. J Am Geriatr Soc 25(4):145-152. https://doi.org/10.
1111/j.1532-5415.1977.tb00282.x

Saalmann YB, Pinsk MA, Wang L, Li X, Kastner S (2012) The pulvi-
nar regulates information transmission between cortical areas
based on attention demands. Science 337(6095):753-756

Schall JD (2003) Neural correlates of decision processes: neural and
mental chronometry. Curr Opin Neurobiol 13(2):182-186. https://
doi.org/10.1016/50959-4388(03)00039-4

Simpson T, Camfield D, Pipingas A, Macpherson H, Stough C (2012)
Improved processing speed: online computer-based cognitive
training in older adults. Educ Gerontol 38(7):445-458. https://
doi.org/10.1080/03601277.2011.559858

Soto-Leon V, Alonso-Bonilla C, Peinado-Palomino D, Torres-Pareja
M, Mendoza-Laiz N, Mordillo-Mateos L, Onate-Figuerez A,
Arias P, Aguilar J, Oliviero A (2020) Effects of fatigue induced by
repetitive movements and isometric tasks on reaction time. Hum
Mov Sci 73:102679. https://doi.org/10.1016/j.humov.2020.102679

@ Springer


https://doi.org/10.1371/journal.pone.0145867
https://doi.org/10.1080/10874208.2011.570689
https://doi.org/10.1080/10874208.2011.570689
https://doi.org/10.1016/s1388-2457(03)00353-5
https://doi.org/10.3758/bf03193146
https://doi.org/10.3758/bf03193146
https://doi.org/10.1016/j.bandc.2013.09.012
https://doi.org/10.1123/tsp.2016-0054
https://doi.org/10.1073/pnas.1913092116
https://doi.org/10.1073/pnas.1913092116
https://doi.org/10.1111/j.1469-8986.2006.00465.x
https://doi.org/10.1111/j.1469-8986.2006.00465.x
https://doi.org/10.1007/978-3-642-02812-0_91
https://doi.org/10.1007/978-3-642-02812-0_91
https://doi.org/10.1027/0269-8803/a000215
https://doi.org/10.1016/j.psychsport.2020.101668
https://doi.org/10.1016/j.psychsport.2020.101668
https://doi.org/10.36905/jses.2021.01.04
https://doi.org/10.36905/jses.2021.01.04
https://doi.org/10.1007/s00422-004-0533-z
https://doi.org/10.1007/s00422-004-0533-z
https://books.google.com/books?id=OAeLZsi3yisC
https://doi.org/10.1016/j.neucli.2018.10.068
https://doi.org/10.1007/s41465-018-0093-0
https://doi.org/10.1007/s41465-018-0093-0
https://doi.org/10.1016/j.ijpsycho.2020.07.003
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.3389/fpsyg.2011.00204
https://doi.org/10.1016/s0042-6989(98)00288-0
https://doi.org/10.1146/annurev.ne.13.030190.000325
https://doi.org/10.1146/annurev.ne.13.030190.000325
https://doi.org/10.1080/1357650x.2016.1268148
https://doi.org/10.1016/s0896-6273(01)00423-8
https://doi.org/10.1111/j.1532-5415.1977.tb00282.x
https://doi.org/10.1111/j.1532-5415.1977.tb00282.x
https://doi.org/10.1016/s0959-4388(03)00039-4
https://doi.org/10.1016/s0959-4388(03)00039-4
https://doi.org/10.1080/03601277.2011.559858
https://doi.org/10.1080/03601277.2011.559858
https://doi.org/10.1016/j.humov.2020.102679

178

Cognitive Processing (2022) 23:169-178

Stankovi¢ M, Nesi¢ M (2020) No Evidence of improved emotion per-
ception through unilateral hand contraction. Percept Mot Skills
127(1):126-141. https://doi.org/10.1177/0031512519888080

Sternberg S (1969) The discovery of processing stages: Extensions of
Donders’ method. Acta Physiol (oxf) 30:276-315. https://doi.org/
10.1016/0001-6918(69)90055-9

Taylor PCJ, Thut G (2012) Brain activity underlying visual perception
and attention as inferred from TMS-EEG: a review. Brain Stimul
5(2):124-129

Tinga AM, de Back TT, Louwerse MM (2019) Non-invasive neuro-
physiological measures of learning: a meta-analysis. Neurosci
Biobehav Rev 99:59-89. https://doi.org/10.1016/j.neubiorev.
2019.02.001

Turner CE, Hahn ME, Kellogg RT (2017) Semantic processing in the
left versus right cerebral hemispheres following unilateral hand
contractions. Laterality 22(2):219-232. https://doi.org/10.1080/
1357650X.2016.1154861

Wergin VV, Beckmann J, Gropel P, Mesagno C (2020) Investigating
cumulative effects of pre-performance routine interventions in
beach volleyball serving. PLoS ONE 15(1):e0228012. https://
doi.org/10.1371/journal.pone.0228012

@ Springer

Wong AL, Goldsmith J, Forrence AD, Haith AM, Krakauer JW (2017)
Reaction times can reflect habits rather than computations. Elife
6:€28075. https://doi.org/10.7554/eLife.28075

Woodruff DS (1975) Relationships among EEG alpha frequency, reac-
tion time, and age: a biofeedback study [Article]. Psychophysi-
ology 12(6):673-681. https://doi.org/10.1111/j.1469-8986.1975.
tb00073.x

Woods DL, Wyma JM, Yund EW, Herron TJ, Reed B (2015) Age-
related slowing of response selection and production in a visual
choice reaction time task [Original Research]. Front Hum Neuro-
sci 9(193):193. https://doi.org/10.3389/fnhum.2015.00193

Wyrwicka W, Sterman MB (1968) Instrumental conditioning of sen-
sorimotor cortex EEG spindles in the waking cat. Physiol Behav
3(5):703-707. https://doi.org/10.1016/0031-9384(68)90139-X

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


https://doi.org/10.1177/0031512519888080
https://doi.org/10.1016/0001-6918(69)90055-9
https://doi.org/10.1016/0001-6918(69)90055-9
https://doi.org/10.1016/j.neubiorev.2019.02.001
https://doi.org/10.1016/j.neubiorev.2019.02.001
https://doi.org/10.1080/1357650X.2016.1154861
https://doi.org/10.1080/1357650X.2016.1154861
https://doi.org/10.1371/journal.pone.0228012
https://doi.org/10.1371/journal.pone.0228012
https://doi.org/10.7554/eLife.28075
https://doi.org/10.1111/j.1469-8986.1975.tb00073.x
https://doi.org/10.1111/j.1469-8986.1975.tb00073.x
https://doi.org/10.3389/fnhum.2015.00193
https://doi.org/10.1016/0031-9384(68)90139-X

	Effects of unilateral dynamic handgrip on reaction time and error rate
	Abstract
	Introduction
	Methods and materials
	Participants
	Procedure
	Intervention
	RT tasks and response conditions
	SRT
	CRT​

	Edinburgh handedness inventory
	Data analyses

	Results
	SRT task
	CRT task

	Discussion
	Conclusions
	References




