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ARTICLE

Effect of Tapping Bout Duration During Freely Chosen and
Passive Finger Tapping on Rate Enhancement
Anders Emanuelsen, Michael Voigt, Pascal Madeleine , Ernst Albin Hansen
Department of Health Science and Technology, Sport Sciences – Performance and Technology, Aalborg University,
Aalborg, Denmark

ABSTRACT. The present study investigated whether the dur-
ation of the first tapping bout, which could also be considered
‘the priming’, would play a role for the occurrence of the
behavioral phenomenon termed repeated bout rate enhance-
ment. Eighty-eight healthy individuals were recruited. Sixty-
three of these demonstrated repeated bout rate enhancement
and they were assigned to two different groups, which per-
formed either active or passive tapping as priming. The dura-
tions of the first tapping bouts, which acted as priming, were
20, 60, 120, and 180 s. Following the first bout there was a
10min rest and a subsequent 180 s tapping bout performed at
freely chosen tapping rate. Vertical displacement and tapping
force data were recorded. Rate enhancement was elicited inde-
pendently of the duration of the first bout in both groups. Rate
enhancement occurred without concurrent changes of the mag-
nitude of vertical displacement, time to peak force, and dur-
ation of finger contact phase. The peak force was reduced
when 180 s of tapping had been performed as priming. The
increased tapping rate following priming by as little as 20 s
active or passive tapping, as observed here, is suggested to be
a result of increased net excitability of the nervous system.

Keywords: excitability, finger tapping frequency, modulatory
effects, movement priming

Introduction

T he capacity to perform voluntary stereotyped rhyth-
mic movements is of great importance for humans

to function well. Examples of such movements include
walking, running, pedaling, and finger tapping. Improved
understanding of the control and behavior of such rhyth-
mic movements can in a long-term perspective contribute
to the improvement of motor treatment, rehabilitation,
function, and performance of injured and healthy
humans. Our current understanding of human voluntary
stereotyped rhythmic movements is that such movements
are considered to be controlled by spinal neural net-
works, termed central pattern generators (CPGs), assisted
by tonic supraspinal input, and afferent feedback
(Grillner, 2009; MacKay-Lyons, 2002; Prochazka &
Ellaway, 2012; Zehr et al., 2004; Zehr & Duysens,
2004). Briefly, it has been argued that CPGs act as a
component for the generation and modulation of rhyth-
mic movements in humans (Burke et al., 2001, Zehr
et al., 2004, Zehr, 2005). Besides, it has been described
that sensory signals play an important role for the ner-
vous system’s generation and modulation of rhythmic
movement (Grillner, 2009, Frigon, 2017).

The precise inter-relationship between CPG-activity,
central descending drive, and afferent feedback in the
human nervous system is unresolved (Dimitrijevic et al.,
1998; Zehr, 2005). Studies applying, e.g. voluntary ped-
aling (Hansen & Ohnstad, 2008, Stang et al., 2016;
Sakamoto et al., 2007) and finger tapping (Hansen et al.,
2015; Mora-Jensen et al., 2017; Shima et al., 2011) are
performed to increase our understanding. Studies of the
mechanisms underlying CPG-generated voluntary rhyth-
mic movement in healthy humans are obviously chal-
lenged by limited access to the spinal cord (Dietz, 2003;
Zehr, 2005). However, in order to further increase our
knowledge of human rhythmic movement, analysis of
motor behavior can be applied (Goulding, 2009; Klarner
& Zehr, 2018; Schlinger, 2015).
It is a rather well known phenomenon that in a syn-

chronization-continuation finger tapping paradigm (i.e.
when participants are paced by a metronome at a given
rate for a short period of e.g. 10 s and then try to con-
tinue the rate for a prolonged period without the pace),
the tapping rate drifts either to higher or lower rates
(Collyer et al., 1992; Madison, 2001) depending on the
initial tapping rate. We have previously found a similar
phenomenon during prolonged index finger tapping at
freely chosen tapping rate in a large (n¼ 102) group of
participants (Emanuelsen et al., 2019). A different rate
phenomenon, which has been observed has been termed
repeated bout rate enhancement (RBRE). RBRE can only
be revealed during repeated bouts of finger tapping at
freely chosen rates, as reported by Hansen et al. (2015).
Briefly, the phenomenon comprises of an increased

freely chosen finger tapping rate in the second of two
consecutive tapping bouts of each 180 s, separated by a
10min rest period. Thus, the first tapping bout can be
considered to act as an initial kind of ‘priming’ of a
second tapping bout. The RBRE phenomenon was
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recently replicated (Emanuelsen et al., 2018; Mora-
Jensen et al., 2017). It has been speculated, that an
increase of the freely chosen finger tapping rate in the
second bout reflects an increase of CPG-mediated move-
ment rate output (Hansen & Ohnstad, 2008; Shima et al.,
2011). It follows that an increased CPG-mediated move-
ment rate might be caused by an increased net excitabil-
ity of supraspinal centers, an increased net excitability of
spinal networks, or a combination of the two conditions
(Hansen et al., 2015; Mora-Jensen et al., 2017). For clar-
ity, the formulation of increased net excitability includes
both the possibility of an increase in facilitation of supra-
spinal structures, CPGs, and motoneurons as well as a
decrease in inhibitory input to the mentioned parts of the
nervous system. Furthermore, a recent study investigated
the effect of passive finger tapping (obtained by using a
machine to move the finger) on RBRE (Emanuelsen
et al., 2018). Based on that study, it was suggested that
sensory feedback alone during the first bout was suffi-
cient to increase the net excitability and result in an
increased tapping rate in a subsequent bout of freely
chosen tapping. However, several aspects on RBRE
remain unresolved. For example, is elicitation of RBRE
subjected to a dose (duration of priming)-response
(RBRE) relationship? Further, is a potential dose-
response relationship similar whether passive or active
tapping is performed in the first bout?
The phenomenon of RBRE appears to be similar to

what has been termed ‘repetition priming’ (Cropper
et al., 2014; Cropper et al., 2017; Siniscalchi et al.,
2016). Cropper et al. (2014) characterized repetition pri-
ming as increased performance when behavior is
repeated. It has been reported that episodic induction of
the feeding motor program in Aplysia results in dynamic
reconfiguration of CPG network activity, through intrin-
sic neuromodulators that exert effects, which summate
and persist (Cropper et al., 2017). Further, it has been
proposed that neuromodulators can exert effects at differ-
ent timescales, from short-term adjustments of neuronal
excitability and synaptic function to persistent long-term
regulation (Nadim & Bucher, 2014). For example, it has
been shown that 30 s of electrical stimulation of cerebral-
buccal interneurons, which activate and/or modulate the
feeding CPG, which drives rhythmic motor output of the
feeding motor program in Aplysia, results in an increased
cycle rate of the rhythmic ingestion buccal motor pro-
gram, although not persistent for more than 2min
(S�anchez & Kirk, 2000, 2002). The findings by S�anchez
and Kirk (2000, 2002) may suggest that a priming dur-
ation of more than 30 s could be required for inducing
increased net excitability in the nervous system, persist-
ing for up to 10min, as observed in RBRE. To elucidate
that, we performed a pilot study prior to the present
study. The data from the pilot study showed absence of
RBRE for a group of 18 individuals who performed 30 s

of priming, in form of freely chosen tapping, in an initial
tapping bout, which was followed by 10min rest and a
second bout consisting of 180 s freely chosen tapping.
Consequently, we considered it likely that a certain min-
imal duration of priming (above 30 s) would be required
to provide increased net excitability of the nervous sys-
tem, which is thought to be responsible for elicitation
of RBRE.
The aim of the present study was to test the hypoth-

esis that there is a dose-response relationship between
the duration of priming and the magnitude of RBRE.
The dose of priming ranged from 20 to 180 s of active or
passive tapping. As a part of the hypothesis, we expected
that more than 20 s of priming would be needed to
elicit RBRE.

Methods

Participants

A total of 88 healthy individuals (37 men, 51 women,
height: 1.74 ± 0.09 m, body mass: 72.7 ± 12.3 kg, age:
25.6 ± 5.3 years) were recruited for the present study.
Handedness (78 right-handed, 10 left-handed) was self-
reported. The participants received written and oral infor-
mation about the procedures of the study as well as the
overall aim. Still, the participants were not informed
about the specific aims and hypotheses of the study, with
the intention to avoid any particular conscious control of
the performed finger tapping. Exclusion criteria were: 1)
any history of neural or musculoskeletal diseases or dis-
orders, and 2) recent exposure to considerable execution
of rhythmic movements with their fingers, such as play-
ing computer games or playing an instrument, more than
one hour weekly. The participants were informed not to
consume alcohol or euphoric substances during the final
24 hr before testing. Additionally, they were informed
not to consume coffee during the final 3 hr before test-
ing. Written informed consent was obtained from the
participants. The study conformed to the standards set by
the Declaration of Helsinki and the procedures were
approved by The North Denmark Region Committee on
Health Research Ethics (N-20170017).

Overall Design

For the present study, a repeated measures design was
applied. Each participant reported to the laboratory five
times in total. The five attendances were separated by
three to four week washout periods (Hansen et al., 2015;
Hansen & Ohnstad, 2008; Sardroodian et al., 2016).
During each of the five attendances, a single test session
was performed. Figure 1 illustrates the experimental
design. At the first attendance, the participant performed
a baseline tapping bout to determine the freely chosen
tapping rate. Subsequently, the participant had a 10-min
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rest period followed by a second tapping bout.
Participants who showed RBRE from the first to the
second bout in the baseline tapping session continued to
participate in the study. Following the baseline tapping
session, the participants were assigned, in a balanced
fashion, to a group performing either active priming or a
group performing passive priming. The balancing was
performed to create similar group averages in relation to
the relative tapping rate enhancement. Both groups had
to perform four additional tapping sessions. For detailed
description of the applied test protocols during the differ-
ent test sessions, the reader is referred to the text below.
The following four test sessions were performed in a
counterbalanced order, within each group. It applies to
all five test sessions that the participant reported to the
laboratory at the same time of the day, to avoid any
potential influence of circadian rhythm on finger tapping
rate (Moussay et al., 2002). Additionally, there was no
warm-up or familiarization before testing, with the pur-
pose to prevent any form of priming before performing
the first tapping bout.

Baseline Tapping Session

The baseline tapping session was started by determin-
ing the participant’s age, body height, and body mass.
Next, a demonstration was done by the experimenter on
how to perform finger tapping and on the test procedure
in general. The participant was shown and explained
how to perform tapping with the index finger of the right
hand at a freely chosen rate, while the remaining four

fingers of the right hand were relaxed, extended and in
contact with the table (Emanuelsen et al., 2018; Hansen
et al., 2015; Mora-Jensen et al., 2017; Sardroodian et al.,
2016). It was emphasized to the participant that tapping
was not required to be performed at a constant rate or as
fast as possible, but rather at “a comfortable rhythm” or
at “an individually preferred rhythm” while at the same
time “thinking about something else”. After the demon-
stration, a light emitting-diode (LED) tracker, a part of a
motion capture system (Standard VZ-4000v, Phoenix
Technologies Inc., Burnaby, BC, Canada), was attached
to the midpoint of the nail of the participant’s index fin-
ger of the right hand. Next, the participant was comfort-
ably seated in an office chair in the test position. During
all tapping bouts, the participant assumed a standardized
test position. The participant was instructed to keep the
palm flat on the table. The participant’s back was
straight, while shoulder and elbow joints were flexed
approximately 50� and 45�, respectively. The lower arm
was resting on the table. For detailed setup, including an
illustration of the test position, the reader is referred to
Sardroodian et al. (2016).
Following the demonstration and preparation, a 180-s

tapping bout was performed at a freely chosen tapping
rate. Finger tapping was performed on a force transducer
(FS6–250, AMTI, Watertown, MA, USA). Subsequent to
the first tapping bout, the participant had a 10-min rest
period. The rest period was followed by a second 180-s
tapping bout performed at a freely chosen tapping rate.
At the end of the baseline tapping session, the participant
was familiarized with a custom built machine used to

FIGURE 1. Illustration of the experimental design. The sessions including active tapping as priming (A20, A60, A120, and
A180) were counterbalanced. Besides, the sessions including passive tapping as priming (P20, P60, P120, and P180) were
counterbalanced. In total, data from 28 and 29 participants in the active and passive group, respectively, were analyzed (for
further details see the results section).
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move the finger and perform passive tapping
(Emanuelsen et al., 2018).
Participants who showed RBRE from the first to the

second bout in the baseline tapping session were selected
for participation in four additional tapping sessions
applying either active or passive tapping as priming. In
line with previous work by Emanuelsen et al. (2018), a
criterion of a minimum increase of 3% of the freely
chosen tapping rate from the first to the second bout
was applied.

Active Tapping as Priming

For this, there were four different test sessions per-
formed, on four separate days, in a counterbalanced
order. Each session consisted of two bouts of active,
freely chosen, tapping. The duration of the first bout was
either 20 (A20), 60 (A60), 120 (A120), or 180 s (A180).
A 10-min rest period followed the first bout. The session
was finalized by a 180-s bout of freely chosen tapping
(equivalent to the A180 bout). See also Figure 1. It
applies to all four test sessions that they were initiated
by a demonstration of the test procedure done by the
experimenter. Thereafter, the LED-tracker was mounted
as described for the baseline tapping session. Then, fin-
ger tapping was performed on the force transducer.

Passive Tapping as Priming

For this, there were also four different test sessions
performed, on four separate days in a counterbalanced
order. Each session consisted of a first bout of passive
tapping. For this, passive tapping constituted of an
imposed approximately tapping-like movement of the
index finger while the participant was instructed to
abstain from an activation of the involved muscles to
avoid interference with the imposed movement. The dur-
ation of the first bout was either 20 (P20), 60 (P60), 120
(P120), or 180 s (P180). A 10-min rest period followed
the first bout. The session was finalized by a 180-s bout
of freely chosen tapping on the force transducer. See
also Figure 1. It applies to all four test sessions that they
were initiated by a demonstration of the test procedure
done by the experimenter. Thereafter, the LED-tracker
was mounted as described for the baseline tapping ses-
sion. Then, passive finger tapping in the first bout was
applied to the index finger using a custom-built machine
with a rocker arm (see Emanuelsen et al. (2018) for
photo and detailed information). The participant was
instructed to “relax as much as possible” while the tip of
the right index finger was placed at the end of the rocker
arm, in conformity with Emanuelsen et al. (2018). The
vertical displacement during the passive tapping was set
to 24mm, based on previous findings of vertical dis-
placement during tapping (Mora-Jensen et al., 2017).
The tapping rate for each participant during the passive

tapping bout corresponded to the average tapping rate
that the participant had applied during the first tapping
bout in the baseline tapping session.

Data Recordings and Analyses

Tapping Rate and Force

The force transducer was checked for accuracy and
linearity before the beginning of each test session, using
a range of fixed loads. Tapping force was measured in
the vertical direction. The force signal was amplified
4000 times, analogue low-pass filtered at 1050Hz, and
digitalized using a 12 bits NI BNC-2090A A/D-board
(National Instruments, Austin, TX, USA). The entire dur-
ation of the tapping bouts was sampled at 2000Hz. The
force recordings were digitally low-pass filtered at
200Hz. The recordings were stored and visualized using
a Lab-VIEW-based (National Instruments Co., Austin,
TX, USA) custom-programmed software (Mr. Kick III
software, Knud Larsen, Aalborg University, Aalborg,
Denmark). Force recordings were analyzed using a cus-
tom-written MATLAB script developed for a previous
study (Emanuelsen et al., 2018). Parameters were
extracted on a tap-to-tap basis and the averages were cal-
culated across the entire duration of tapping bouts.
Briefly, a baseline force value was determined as the
mean transducer output 1 s just before the tapping
started. After the recording, the baseline output was sub-
tracted from the signal obtained for each tap during the
tapping bout, and the initiation of each tap was deter-
mined as the last time the signal crossed the baseline
force value before the force increased due to the finger
contact. The end of the period of finger contact was
determined as the first time following the finger contact
the force decreased below the baseline force value again.
For a representative recording example of an individual
tap see Figure 2. The following variables were calculated
for each tapping bout: (a) Tapping rate (taps min�1) was
calculated as 60 s divided by the time (in s) between two
consecutive force onsets. (b) Peak force (N) was deter-
mined as the difference between the maximal force value
detected during the contact time and the reference force
value. (c) Time to peak force (ms) was determined as
the time from the force onset to the peak force during
each tap. (d) Duration of finger contact phase (ms) was
determined as the time between force onset and force
offset. Force onset was determined as the time point of
initial finger contact. Force offset was determined as the
time point where the force returned to the baseline
force value.

Vertical Displacement

The motion capture system was calibrated to define a
3D scaled local coordinate system. Vertical displacement
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of the fingertip in the sagittal plane was measured from
the vertical coordinate of the LED-tracker. Data were
sampled at 100Hz, synchronously with the tapping force,
using VZSoftTM software (Phoenix Technologies Inc.,
Burnaby, BC, Canada). Data were analyzed using
MATLAB version R2013a (The MathWorks, Inc.,
Natick, MA, USA). For this analysis, the custom-written
script was used to detect local maxima and minima on
the position trace across the entire duration of the tap-
ping bouts. Vertical displacement (mm) for the active
situation was calculated by subtracting the minimum
value from the maximum value for each tap, determined
by the force trace. For the passive tapping condition, ver-
tical displacement was calculated by subtracting the min-
imum value from the maximum value for each tap,
determined by the position trace. Averaged values of
vertical displacement across the bouts were computed
prior to statistical analyses. The motion capture system
was used as trigger for synchronization with the
force recordings.

Statistical Analysis

The Shapiro-Wilk test was applied to evaluate whether
data resembled a normal distribution. The performed

tests revealed that all variables, except vertical displace-
ment, were not normally distributed. Thus to not nor-
mally distributed data, log10 transformations were
applied for data to resemble a normal distribution (Bland
& Altman, 1996). A student’s paired two-tailed t-test
was used to evaluate the difference in tapping rate from
the first bout to the second bout in the baseline tapping
session. For this particular evaluation, all participants in
the study were included (i.e., n¼ 88). A two-way
repeated measures mixed analysis of variance (ANOVA)
was performed to evaluate the effects of tapping session
(baseline, 20 s, 60 s, 120 s, and 180 s) and group (active
and passive). Repeated measures were performed across
the five sessions. Thus, differences between tapping ses-
sions within groups were evaluated as a within-subjects
factor. Differences between groups performing active
tapping and passive tapping were evaluated as a
between-subjects factor. In the event that significant
main effects or interactions were identified, post hoc
pairwise comparisons with Bonferroni correction were
performed. To additionally scrutinize the effect of ses-
sion on freely chosen tapping rate, a similar two-way
repeated measures mixed ANOVA was performed. This
time, however, data on tapping rates was constituted of
the first 20 s of the first bout in the baseline tapping

FIGURE 2. Representative recordings of individual taps from a single participant. Upper row: index finger displacement in
the vertical direction (mm). Lower row: tapping force (N). Left column (A): active tapping. Right column (B): passive
tapping. Each cycle was defined to begin when the tip of the finger was at its lowest point during each tap.
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session and the first 20 s in the second bout in tapping
sessions including A20, A60, A120, A180, P20, P60,
P120, and P180. A student’s paired two-tailed t-test was
used to evaluate any within-session difference in tapping
rate from the first 20 s of the first bout to the first 20 s
of the second bout in all tapping sessions including
active tapping as priming (A20, A60, A120, and A180).
A one-way repeated measures ANOVA was performed
to evaluate a potential carryover effect of tapping session
on tapping rate, vertical displacement, and peak force.
For this analysis, average values of absolute tapping rate,
vertical displacement, and peak force across the first 20 s
of the first tapping bout from all test sessions for the
active group were used. Data were pooled according to
the performed tapping sessions in a time-wise chrono-
logical order and used as a within-subjects factor. A post
hoc pairwise comparison using Bonferroni correction
was performed to identify significant simple effects.
Between-day test–retest reliability of the freely chosen
finger tapping rate was analyzed by comparing tapping
rates from the first bout in the baseline tapping session
and in the bout of A180 by intraclass correlation coeffi-
cient (ICC), using a Two-way Mixed model for absolute
agreement (ICC(3,1)). The statistical analyses were per-
formed using IBM SPSS 25.0 (SPSS Inc., Chicago, IL,
USA). Data are presented as average ± SD, unless other-
wise indicated. p< 0.05 was considered statistically
significant.

Results

Sixty-three participants showed RBRE from the first
to the second bout in the baseline tapping session (25
men, 38 women, 1.74 ± 0.10 m, 72.8 ± 12.3 kg, 26.2 ± 5.8
years; 55 right-handed and 8 left-handed). Based on the
balancing, a total of 31 participants were allocated to the
group in which active tapping was applied as priming
and a total of 32 participants were allocated to the group
in which passive tapping was applied as priming. Three
participants, who were selected for further participation

in the experiment, withdrew their participation from the
study (n¼ 2 from the active group; n¼ 1 from the pas-
sive group). Furthermore, two participants did not per-
form the passive tapping bouts as demonstrated and were
consequently excluded prior to the data analysis. In add-
ition, data from one participant from the active group
was lost due to a technical error during data recording.
In total, data from 28 and 29 participants in the active
and passive group, respectively, were analyzed. A
Shapiro-Wilk test was performed on the differences from
the first bout to the second bout. The test showed that
for the baseline tapping session, tapping rate (p¼ 0.013),
peak force (p¼ 0.002), time to peak force (p< 0.001),
and duration of finger contact phase (p< 0.001) were not
normally distributed.

Tapping Rate

For all participants (n¼ 88), the tapping rate amounted
to 161.4 ± 52.2 taps min�1 in the first bout and
174.2 ± 57.7 taps min�1 in the second bout (p< 0.001) in
the baseline tapping session.
For the selected participants, the main results of the

two-way repeated measures mixed ANOVA of tapping
rate, vertical displacement, and peak force are presented
in Table 1. The tapping rates from the first bout in the
baseline tapping session and second bouts in the test ses-
sions containing A20, A60, A120, A180, P20, P60,
P120, and P180 are depicted in Figure 3. The post hoc
analysis revealed that the tapping rate was increased
from the first bout in the baseline tapping session to the
second bout in sessions applying 20 s priming
(11.0 ± 15.4%, p< 0.001), 60 s priming (12.4 ± 15.6%,
p< 0.001), 120 s priming (12.6 ± 14.1%, p< 0.001), and
180 s priming (13.7 ± 13.0%, p< 0.001), respectively.
The additional analysis of the effect of session on

the average values of tapping rate across the first 20 s
of the first tapping bout in the baseline tapping session
and the first 20 s of the second bout in all other test ses-
sions showed the following. A two-way repeated meas-
ures mixed ANOVA of tapping rate revealed a

TABLE 1. Results of the two-way repeated measures mixed ANOVA of tapping rate, vertical displacement,
peak force, time to peak force, and duration of finger contact phase. Bold text indicates statistical
significance.

Tapping rate Vertical displacement Peak force
Time to

peak force
Duration of
contact phase

F p ƞp2 F p ƞp2 F p ƞp2 F p ƞp2 F p ƞp2

Session 17.364 < 0.001 0.240 1.408 0.237 0.028 3.956 0.008 0.069 1.681 0.165 0.033 1.503 0.211 0.028
Group 0.117 0.734 0.002 0.120 0.731 0.002 0.034 0.854 0.001 0.178 0.675 0.004 1.088 0.302 0.020
Session�Group 0.399 0.753 0.007 0.399 0.768 0.008 1.299 0.276 0.024 0.697 0.575 0.014 0.386 0.784 0.007
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significant main effect of Session (F¼ 24.019, p< 0.001,
ƞ p

2 ¼ 0.304). No main effect was found for Group
(F¼ 0.144, p< 0.705, ƞ p

2 ¼ 0.003) as well as for
Session�Group interaction (F¼ 0.233, p< 0.878, ƞp

2 ¼
0.004). The post hoc analysis revealed that the freely
chosen tapping rate was increased from the first 20 s of
the first bout in the baseline tapping session to the first
20 s in the second bout in sessions applying 20 s priming
(13.1 ± 17.1%, p< 0.001), 60 s priming (15.0 ± 16.7%,
p< 0.001), 120 s priming (14.5 ± 16.6%, p< 0.001), and
180 s priming (16.7 ± 15.5%, p< 0.001), respectively.
For the selected participants who performed active tap-

ping as priming, the freely chosen tapping rate was
increased from the first 20 s of the first bout to the first
20 s of the second bout in tapping sessions including
A20 (2.9 ± 0.8%, p¼ 0.035), A60 (3.5 ± 3.4%,
p¼ 0.025), A120 (6.4 ± 1.1%, p< 0.001), and A180
(8.0 ± 1.5%, p< 0.001), respectively.

Peak Force

Absolute values of peak force are presented in table 2,
along with vertical displacement, time to peak force, and
duration of finger contact phase. The post hoc analysis

revealed that the peak force decreased (on average
7.9 ± 12.2%) from the first bout in the baseline tapping
session to the second bout in the session applying 180 s
priming (p¼ 0.007).

Examination of Carryover Effect

To assess a potential carryover effect, average val-
ues of absolute tapping rate, vertical displacement,
and peak force across the first 20 s of the first tapping
bout from all test sessions for the active group were
analyzed. A one-way repeated measures ANOVA on
the tapping rate was significant (F¼ 8.679, p< 0.001,
ƞ p

2 ¼ 0.243). The post hoc analysis revealed a ten-
dency toward an increased tapping rate between the
first bout in the baseline tapping session and the first
bout in the second tapping session (p¼ 0.063). No dif-
ferences were found between the first bout in the
second tapping session and the first bout in the third
tapping session (p¼ 1.000), between the first bout in
the third tapping session and the first bout in the
fourth tapping session (p¼ 0.275), and between the
first bout in the fourth tapping session and the first
bout in the fifth tapping session (p¼ 1.000). A one-

FIGURE 3. Average freely chosen tapping rates (± SD). The solid line represents data from the first bout in the baseline
tapping session (BTS) and second bouts in the sessions, which included active tapping as priming (A20, A60, A120, and
A180). The broken line represents data from the first bout in BTS and second bouts in sessions, which included passive
tapping as priming (P20, P60, P120, and P180). �Different from the first bout in the BTS (p< 0.001). For clearness, SD bars
are only shown in one direction.
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way repeated measures ANOVA on vertical displace-
ment was not significant (F¼ 1.568, p¼ 0.211, ƞ p

2 ¼
0.059). A one-way repeated measures ANOVA on
peak force was not significant (F¼ 0.170, p¼ 0.912, ƞ
p
2 ¼ 0.006).

Test-Retest Reliability

The between-day reliability of the freely chosen tap-
ping rate in the present study was high (i.e., ICC(3,1) >
0.80). Thus, ICC(3,1) was 0.85 (p< 0.001) for the freely
chosen tapping rate in the first bout in the baseline tap-
ping session versus the tapping rate in the A180 tap-
ping bout.

Discussion

The present study revealed that the phenomenon of
RBRE occurred when considering all participants in the
study (i.e. n¼ 88), i.e. before making a selecting of par-
ticipants for further participation in the study. This find-
ing supported previously reported findings (Emanuelsen
et al., 2018; Hansen et al., 2015; Mora-Jensen et al.,
2017). For selected individuals, i.e. only those who
showed RBRE in a baseline session, priming with active
or passive tapping for a range of durations between 20
and 180 s resulted in an enhanced tapping rate. It was in
contrast to our expectation that merely 20 s of tapping
elicited an enhanced tapping rate.
For the group performing active tapping as priming in

the first bout (i.e. by performing A20, A60, A120, and
A180), the freely chosen tapping rate was higher in the
second bout in all tapping sessions compared with the
first bout in the baseline tapping session. In the present
study, the relative magnitude of rate enhancement from
the first bout in the baseline tapping session to the
second bout in the test session containing A180 was on
average 17.6%. For comparison, this rate enhancement
was higher than a previously reported RBRE of 12.9%
from Emanuelsen et al. (2018). It is possible that the dis-
crepancy can be explained by differences between the
group samples of participants. Of note, approximately
28% of the gross group of participants in the present
study did not elicit RBRE. This is comparable to previ-
ous reports of 33% (Mora-Jensen et al., 2017) and 36%
(Emanuelsen et al., 2018). The average increases in tap-
ping rate from the first bout in the baseline tapping ses-
sion to the second bout in the test sessions containing
A20, A60, and A120 ranged from 14.2% to 17.0%. The
differences in the relative rate enhancement following
A20, A60, and A120 were not different from the differ-
ence in the relative rate enhancement following A180.
These results show that elicitation of RBRE in the pre-
sent study occurred independently of the duration of the
first bout performed at a freely chosen tapping rate.
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It was in contrast to our expectation, that rate enhance-
ment occurred in the test session containing A20. Prior
to the study, pilot test data were collected from 18 indi-
viduals, where RBRE was not elicited following 30 s pri-
ming of active tapping. However, the reason for this
discrepancy could be that individuals performing the
pilot test were not selected based on showing RBRE, as
it was done in the present study. Another possibility is
that the sample size of 18 individuals in the pilot study
resulted in low statistical power with a type II error as a
consequence. In other words, it indeed appears that indi-
viduals susceptible to RBRE merely require 20 s or even
less time of priming to elicit rate enhancement. It has
previously been speculated that RBRE could be the
result of an increased net excitability of the nervous sys-
tem, either 1) of the spinal CPG itself, 2) of supraspinal
centers, or 3) by a combination of spinal and supraspinal
mechanisms (Emanuelsen et al., 2018; Hansen et al.,
2015). For interpretation of the present results from the
group performing active tapping, in relation to the
abovementioned three possibilities, mechanisms regulat-
ing elicitation of RBRE could be further speculated
upon. It has previously been reported that increased
supraspinal excitability, but not spinal motoneurone
excitability, is present prior to the rhythmic movement of
arm cycling when compared to rest (Power &
Copithorne, 2013). The finding by Power and
Copithorne (2013) was suggested to reflect that supraspi-
nal strategies are used to prime the motor system prior
to the movement, before spinally located CPG’s assume
the control for the regulation of rhythmic movement.
Thus, it seems possible that contribution from both spi-
nal and supraspinal mechanisms for the regulation of
rhythmic movement, can occur separately in humans.
Additionally, it has previously been reported that during
repetitive activation of the CPG of the feeding program
in Aplysia, effects of modulators become cumulative and
leads to a progressive alteration in neuron activity, which
results in enhancement of the feeding movement
(Cropper et al., 2014, 2017). Furthermore, it has been
reported that an increase in cycle rate of the feeding
motor program in Aplysia, controlled by a CPG, is
induced by 30 s of electrical stimulation of cerebral-buc-
cal-interneurons, resulting in short-term synaptic
enhancement persisting for approximately 2min
(S�anchez & Kirk, 2000, 2002). Summarizing the above-
mentioned findings, it appears possible that the observed
elicitation of rate enhancement after 20 s of priming in
the first tapping bout, could be a result of an increased
net excitability of the nervous system from either a spi-
nal, a supraspinal, or a combination of spinal and supra-
spinal contribution. Of note, the present result generates
the obvious question of actually how short a duration of
finger tapping, which is required for the elicitation
of RBRE?

For the group performing passive tapping as priming
in the first bout (i.e. by performing P20, P60, P120, and
P180), the freely chosen tapping rate was also higher in
the second bout for all tapping sessions compared with
the first bout in the baseline tapping session. In the pre-
sent study, the relative magnitude of rate enhancement
from the first bout in the baseline tapping session to the
second bout in the test session containing P180 was on
average 14.3%. This rate enhancement was higher than a
previously reported RBRE magnitude of on average
9.9% (Emanuelsen et al., 2018). The equally higher
reports of tapping rate enhancement from both the active
and passive groups compared to Emanuelsen et al.
(2018) could possibly be a reflection of a gross group of
participants being more responsive toward elicitation of
the phenomenon of RBRE. Also, the increase in tapping
rate from the first bout in the baseline tapping session to
the second bout in test sessions containing P20, P60, and
P120 ranged from 10.5% to 12.8%. The differences in
the relative rate enhancement following P20, P60, and
P120 were not different from the difference in the rela-
tive rate enhancement in P180. These results show that
elicitation of rate enhancement in the present study
occurred independently of the duration of the first bout
of imposed passive tapping. Furthermore, the similar
results for the two groups in the present study might
reflect that similar mechanisms account for elicitation of
RBRE after imposed passive and active tapping. We
have previously suggested that increased net excitability
of spinal CPG’s and/or involved supraspinal centers,
could be caused primarily by peripheral afferent feed-
back (Emanuelsen et al., 2018). The present results fur-
ther supports this notion as elicitation of rate
enhancement occurred during all test sessions including
passive tapping as priming. Although the present results
do not provide further evidence of differentiation
between spinal and supraspinal mechanisms on elicitation
of RBRE, possible explanations could be speculated
upon. Altered excitability of spinal CPG’s has been
shown through pharmacological neuromodulation
(Chapman & Sillar, 2007; Katz & Harris-Warrick, 1990),
and electrical stimulation of afferents (Edgerton et al.,
2008, Etlin et al., 2010; Finkel et al., 2014) in animals.
In addition, spinal cord stimulation in combination with
pharmacological neuromodulation in humans results in
excitation of the spinal circuitry (Angeli et al., 2014;
Gad et al., 2017). Also, it has been argued that increased
corticospinal excitability could be induced by passive
movement-associated afferent input (Nakagawa et al.,
2017). In addition, passive movements, compared to rest,
have been reported to show activation of cortical areas
involved in motor control (Carel et al., 2000).
Furthermore, altered cortical activation has been sug-
gested to be induced by input of afferent feedback
accompanying passive movements (Reddy et al., 2001).
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Thus, it is possible that elicitation of rate enhancement
after passive movements, was a result of a combination
of spinal and supraspinal mechanisms. This is in line
with the proposed explanation for the group performing
active tapping as priming. Elicitation of rate enhance-
ment following passive tapping possibly points toward
afferent feedback as the primary contributor for an
increased net excitability in the nervous system. For fur-
ther clarification of possibly neural mechanisms involved
in elicitation of RBRE, studies applying techniques such
as e.g. magnetic resonance spectroscopy (Wyss et al.,
2016) can perhaps be performed in the future.
We have previously investigated the within-bout

change (first 30 s compared to last 30 s in 3min bouts)
in freely chosen tapping rate and found it to amount to
on average 3%-6% (Hansen et al., 2015). Moreover, we
have previously investigated the within-bout change in
3min tapping bouts (using three 8-s epochs from the
start (0-8 s), mid (86-94 s), and end of the bout (172-
180 s)). We found that the tapping rate increased from
start to mid (on average 4.6%), from start to end (on
average 6.7%), and from mid to end (on average 2.2%)
(Emanuelsen et al., 2019). To additionally scrutinize the
inter-session effects on rate enhancement, an additional
analysis on freely chosen tapping rate restricted to the
first 20 s of the tapping bouts was performed. Similar
results to the analysis of the 180 s tapping bouts were
found. These findings suggest that rate enhancement is
present early in the 180 s tapping bouts. Moreover,
RBRE was documented to occur within sessions for the
selected participants who performed active tapping as
priming (i.e. A20, A60, A120, and A180). The magni-
tude of RBRE as a result of active priming ranged from
2.9% to 8.0%. Of note is that these results were calcu-
lated for the initial 20 s of the tapping bouts investigated.
And this can explain the lower values than the rate
enhancement calculated across the entire 180 s of
the bouts.
It has previously been reported that the vertical dis-

placement of the index finger is reduced during RBRE
(Emanuelsen et al., 2018; Mora-Jensen et al., 2017).
However, the present study did not reveal statistically
significant changes in the vertical displacement of the
index finger from the first bout in the baseline tapping
session to any of the second bouts in the test sessions.
The reason for this is not obvious, although the involve-
ment of different participants could be a possible explan-
ation. The tapping force was reduced from the first bout
in the baseline tapping session to the second bout in the
test sessions containing 180 s of priming. This was in
line with previous reports (Emanuelsen et al., 2018).
However, no statistically significant changes in tapping
force were observed from the first bout in the baseline
tapping session to the second bout in the test sessions
containing 20, 60, and 120 s of priming. Although not

obvious, it could be that this was due to type II errors.
Thus, a main effect of session on tapping force was
found, and as mentioned the post hoc analysis revealed
that only 180 s of tapping was significant, in line with
Emanuelsen et al. (2018). However, test sessions con-
taining 20 and 60 s of tapping showed tendencies for a
reduced tapping force, whereas the test session contain-
ing 120 s of tapping was not different.
The analysis of a possible carryover effect revealed

that the freely chosen tapping rate performed in each of
the first tapping bouts in all tapping sessions for the
active group, did not change during the experiment.
However, it should be noted for completeness that there
was a tendency for the freely chosen tapping rate to
increase from the first bout in the baseline tapping ses-
sion to the first bout in the second test session. It has
previously been reported that a two-week washout period
is sufficient for the freely chosen tapping rate to return
to baseline (Hansen & Ohnstad, 2008). This was further
supported by Hansen et al. (2015), who reported an ICC
of 0.94 from a between-day reliability test comparing the
freely chosen tapping rate from an initial bout in a ses-
sion and comparable data obtained 16 ± 4 days later. A
similar between-day reliability test was performed in the
present study, replicating a high relative reliability
(ICC(3,1) of 0.85). Still for completeness, it should be
noted that the experimental designs in Hansen and
Ohnstad (2008) and Hansen et al. (2015) did not apply a
selection of participants, as in the present study.
A few limitations and strengths of the present study

should be considered. During the passive tapping bout,
the amount of possible voluntary muscle activation of
the involved flexor and extensor muscles were not quan-
tified as previously done (Emanuelsen et al., 2018). In
the study by Emanuelsen et al. (2018), we reported the
amount of voluntary muscle activation (in terms of
sEMG activity) to be inconsiderable, when performing
this type of passive tapping. Besides, participants in the
present study had a more comprehensive familiarization
to passive tapping (approximately 5-10min) than the
reported familiarization period in Emanuelsen et al.
(2018) (< 5min). Thus, they were better prepared to per-
form the tapping bout in the intended passive manner. In
an attempt to evaluate the possible amount of voluntary
muscle activation during the passive tapping bouts, the
participants were first assessed subjectively through vis-
ual inspection of the interaction between the participant
and the machine. Muscle activation tended to decrease
the amplitude of the imposed movement. Alternatively,
the finger lost contact with the rocker arm of the
machine. In order to make an objective evaluation of
unintended voluntary muscle activation, it was defined
that participants who needed more than 2 s of adaptation
to the passive tapping were excluded. This criterion of
2 s corresponded to more than 10% of the duration of
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A20 and more than 1% of A180. As a result of this cri-
terion, data from two participants were excluded from
the data set. Furthermore, it has recently been reported
that corticospinal excitability is increased when paying
attention to passive finger movements (Tsuiki et al.,
2019). In the present study, the participants were neither
instructed to pay attention, nor not to pay attention, to
the passive movement of the finger. Rather, they were
instructed to relax in order to perform the passive tap-
ping. However, it cannot be ruled out that some partici-
pants performed the passive tapping with attention and
that this possibly contributed to an increased corticospi-
nal excitability. The lack of concurrent changes in tap-
ping rate and tapping force and/or vertical displacement
could be attributed to the fact that the results are based
on group averages that are calculated on the basis of var-
iables, which in turn are averages of variables from ser-
ies of taps. In this process it could be that information is
lost, as a given increase in tapping rate can be obtained
by different combinations of tapping force and displace-
ment. Future studies could investigate the potential effect
of warm up on elicitation of RBRE. This could e.g. be
done by passively warming up the involved muscles.

Conclusion

The main finding of the present study was that pri-
ming, in form of active or passive tapping for a range of
durations between 20 and 180 s, elicited rate enhance-
ment. The increased tapping rate following priming is
suggested to be a result of increased net excitability of
the nervous system.
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