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Neurophysiological research has shown that auditory and motor systems interact during movement to rhythmic
auditory stimuli through a process called entrainment. This study explores the neural oscillations underlying
auditory-motor entrainment using electroencephalography. Forty young adults were randomly assigned to one
of two control conditions, an auditory-only condition or a motor-only condition, prior to a rhythmic auditorymotor synchronization condition (referred to as combined condition). Participants assigned to the auditory-only
condition auditory-ﬁrst group) listened to 400 trials of auditory stimuli presented every 800 ms, while those in the
motor-only condition (motor-ﬁrst group) were asked to tap rhythmically every 800 ms without any external
stimuli. Following their control condition, all participants completed an auditory-motor combined condition that
required tapping along with auditory stimuli every 800 ms. As expected, the neural processes for the combined
condition for each group were diﬀerent compared to their respective control condition. Time-frequency analysis
of total power at an electrode site on the left central scalp (C3) indicated that the neural oscillations elicited by
auditory stimuli, especially in the beta and gamma range, drove the auditory-motor entrainment. For the
combined condition, the auditory-ﬁrst group had signiﬁcantly lower evoked power for a region of interest representing sensorimotor processing (4–20 Hz) and less total power in a region associated with anticipation and
predictive timing (13–16 Hz) than the motor-ﬁrst group. Thus, the auditory-only condition served as a priming
facilitator of the neural processes in the combined condition, more so than the motor-only condition. Results
suggest that even brief periods of rhythmic training of the auditory system leads to neural eﬃciency facilitating
the motor system during the process of entrainment. These ﬁndings have implications for interventions using
rhythmic auditory stimulation.

1. Introduction
The auditory and motor systems of the brain interact during
movement to rhythmic auditory stimuli through the process of entrainment (Molinari et al., 2003). Entrainment or sensorimotor synchronization is described as a form of behavior wherein an action is
temporally coordinated with a predictable external stimulus (Pressing,
1999). Rhythmic synchronization between the auditory and motor
system underlies and facilitates many functional everyday behaviors.
For example, studies examining rhythm in speech suggest that disrupting the natural rhythm of a sentence hampers intelligibility (Peelle
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and Davis, 2012). Moreover, researchers have found that rhythm in
speech and other sounds provide a predictive cue to the time of onset of
the subsequent stimuli (Giraud and Poeppel, 2012). These predictions
occur via stimulus-driven entrainment or phase-locking of neural oscillations, which modulate neuronal excitability and generate maximal
sensitivity during the subsequent critical time period (Giraud and
Poeppel, 2012). Thaut et al. (1998a, b) postulated that rhythmic entrainment can be mediated by adaptive neural timing networks that are
physiologically equipped to lock motor responses to rhythmic sensory
patterns and create temporal response stability over time.
Studies examining entrainment have often used ﬁnger tapping as
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results with signiﬁcant activity in the prefrontal-parietal-temporal
network during unpaced tapping (without external pacing stimuli)
alone but not during synchronized tapping (Jantzen et al., 2007). Activity in these areas is linked with working memory load, which implies
an increased demand on working memory to maintain temporal pace
during tapping in the absence of the rhythmic input (Jantzen et al.,
2007). Collectively, these studies indicate that synchronized tapping
may require less neural activity compared to unpaced tapping.
The induced gamma band activity can be observed even during
occasional tone omissions, which suggests that auditory-motor entrainment is linked to temporal expectancy (Snyder and Large, 2005).
Studies using EEG and magnetoencephalography (MEG) measures show
that the brain synchronizes to an external rhythm even in the absence of
motor response (Lakatos et al., 2008). These oscillatory neural behaviors represent endogenous entrainment to the beat of the auditory
rhythm (Large and Snyder, 2009). Electrophysiological recordings from
the monkey auditory cortex have indicated that entrained oscillatory
activity to a train of pure tone auditory stimuli persisted even after the
stimulation ceased (Lakatos et al., 2013). This ﬁnding suggests that
exposure to rhythmic contexts could inﬂuence subsequent perception.
Additionally, researchers propose that the rhythmicity in the motor
cortical oscillations (oscillatory rhythms in the delta, theta, mu [~
10 Hz activity in the sensorimotor areas reﬂecting sensorimotor processing in the frontoparietal networks; Pineda, 2005], and beta bands)
modulates the neural oscillations of the auditory cortex, which is believed to in turn inﬂuence auditory perceptual processes (Schroeder
et al., 2008, 2010). This behavioral change associated with the repeated
processing of a stimulus also referred to as “priming eﬀects”, is observed in numerous regions of the human brain (Henson, 2003). A
decreased hemodynamic response or a reduced response is seen using
functional imaging for primed versus unprimed auditory stimuli with
reference to memory tasks (Bergerbest et al., 2004; Henson, 2003;
Schacter and Buckner, 1998). This reduced hemodynamic response is
assumed to reﬂect faster or more eﬃcient processing of the primed
stimulus (Henson, 2003). However, the eﬀect of priming on neural
oscillatory behavior during auditory-motor entrainment has not been
examined.
Interventions using rhythmic auditory stimulation have been shown
to beneﬁt motor performance in various clinical populations with motor
impairments such as Parkinson's disease (Thaut et al., 1996), traumatic
brain injury (Thaut and Abiru, 2010), and stroke (Thaut and McIntosh,
2014). Thus, the addition of rhythmic auditory stimuli results in more
eﬃcient motor processing at the behavioral level. However, little is
known about the neural mechanisms by which auditory entrainment
enhances motor performance. Researchers have yet to determine the
neural oscillations that enable people to achieve and maintain the state
of entrainment. The oscillations through which the brain spontaneously
creates internal beat representations from rhythmic auditory stimuli
remain unknown. Understanding these mechanisms may shed light on
the theoretical underpinnings of rhythmic auditory-motor entrainment.
Understanding the neural oscillations related to auditory-motor entrainment can provide useful biomarkers and guide the rehabilitation of
individuals with motor impairments. Thus, there exists a critical need
for systematic research aimed at exploring this complex neural interaction to understand the neural substrates of entrainment and movement. Recent advances in EEG analyses using time-frequency measures
have suggested that neural oscillations and their synchronization
convey crucial information about mechanisms for inter-neuronal communication and integration of information across brain regions.
The purpose of this study is to provide evidence of neural entrainment of auditory and motor information using measures of EEG oscillations. Additionally, to better understand the neural oscillations that
represent the synchrony of auditory and motor systems, we ﬁrst examine the neural oscillatory activity of a motor-only condition and an
auditory-only condition. Then we compare each of the two control
conditions to the respective within-group combined auditory-motor

the experimental movement (Repp, 2005). Evenly-spaced rhythmic
auditory stimuli are often used in ﬁnger tapping paradigms, which are
considered fairly easy to perform by most neurotypical individuals.
Several researchers have shown in tasks that require tapping to auditory or visual stimuli occurring in isochronous sequence motor responses are eﬀectively entrained to the onset of sensory stimuli (Repp,
2005; Thaut et al., 1998a, b). Furthermore, Thaut et al. (1998a, b)
demonstrated that a steady synchronization state is typically attained
within two to three stimulus repetitions and can be reliably maintained
over long timing sequences. Synchronized tapping to a beat has been
shown to be accurately maintained at intervals of 200–1800 ms, with a
maximum accuracy at about 600 ms (Repp, 2005). Within relatively
short (200–1800 ms) inter-trial intervals (ITI), the responses turn into
anticipations with the tendency of the motor taps to precede the stimuli
(Fraisse, 1982). This phenomenon of negative mean asynchrony has
been shown to be ubiquitous to ﬁnger tapping paradigms (Repp, 2005).
These studies suggest that entrainment of motor responses occurs due to
the prediction of future events and may occur unintentionally (Schmidt
and O’Brien, 1997). Thus, the ﬁnger taps in a synchronization paradigm
diﬀer from simple reaction time tasks because the former occurs as a
timed response that is delayed to coincide with the next auditory stimuli (Repp, 2005). While researchers have begun to elucidate the behavioral mechanisms underlying sensorimotor synchronization (Repp,
2005; Repp and Su, 2013), the eﬀect of entrainment at the neural level
still remains unclear.
Neural oscillation signals obtained through electroencephalography
(EEG) consistently reﬂect speciﬁc cognitive and sensory processes (Thut
et al., 2012). Frequencies in the delta (1–3 Hz), theta (4–7 Hz) and
alpha (8–12 Hz) bands are shown to be part of a hierarchical network of
oscillators involved in predictive sensory processing (Arnal et al.,
2014). Delta oscillations are associated with decision making and attentional processes (Güntekin and Başar, 2016), while theta band activity is associated with cognitive control across brain networks
(Cavanagh and Frank, 2014). Frequencies in the alpha range are associated with entrainment using visual stimuli (Keitel et al., 2014; Spaak
et al., 2014). Beta activity (13–30 Hz) is associated with anticipation
and predictive timing (Arnal et al., 2011), and gamma band activity
(30–80 Hz) is associated with top-down attentional control (Debener
et al., 2003; Tiitinen et al., 1993). When recorded EEG signals are
segmented and time-locked to a speciﬁc re-occurring event such as an
auditory tone, the event-driven data can be averaged. The process of
averaging data produces information about what is phase-locked across
trials and represents evoked responses. Additionally, across segments,
the degree of phase-locking for frequency-speciﬁc EEG oscillations can
be measured (Lachaux et al., 1999; Roach and Mathalon, 2008). When
data are summed across trials, the activity represents evoked and induced responses. To obtain a measure of induced activity, the evoked
activity is subtracted from the summed activity. Participants listening
to a sequence of isochronous beats appear to have distinct cortical oscillations, an evoked gamma band which occurs in response to the
auditory stimuli, and an induced gamma band which occurs in anticipation of the onset of the auditory stimuli (Snyder and Large, 2005).
Specialized connections between the auditory and motor systems
underlie predictive timing processing during rhythmic ﬁnger tapping
(Thaut et al., 2009). Multiple brain regions such as the cerebellum
(Molinari et al., 2007; Grahn et al., 2011), inferior colliculus (Tierney
and Kraus, 2013) and basal ganglia are involved during auditory-motor
entrainment (Thaut et al., 2009). At the basic level, neurons in the
primary auditory cortex have a dual representation of the repetition
rate of a stimulus, by discharge rate, and by synchronized ﬁring patterns of a group of neurons (Bendor and Wang, 2007; Eggermont,
2001). Serrien (2008) found higher tapping variability and greater
functional connectivity in the beta band during unpaced versus synchronized tapping. Thus, when external pacing stimuli were absent,
there was a higher demand for motor timing in areas such as the supplementary motor area (Serrien, 2008). Others have found similar
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break after their respective control condition, participants in both
groups completed an auditory-motor combined condition which required the participant to tap along with auditory stimuli every 800 ms.
The stimulus intensity of all auditory tones was set to 70 dB sound
pressure level (SPL) for this study. The tones were binaurally presented
through ER-3A inserted earphones (Etymotic Research) using E-Prime
software. The tones were generated using a 1 kHz sinusoidal wave. Each
tone had a 50 ms duration with a 10 ms rise/fall time. Participants were
instructed to tap the right key on the touchpad using their right hand
for the motor response. The participants were seated in a relaxed position in a high-back chair in a sound-attenuated and electrically
shielded chamber. Prior to the EEG recording, they were provided with
a short training to reduce artifacts caused by eye blinks and muscle
activity. Ethical approval was obtained from the Institutional Review
Board of Colorado State University and all participants provided
written consent before the study session.

synchronization condition (i.e., combined condition). This study's research questions include:
1. How do the neural oscillations for an auditory-only condition diﬀer
from a motor-only condition and are they qualitatively and quantitatively diﬀerent?
2. What neural oscillations represent the synchrony of auditory and
motor systems when both systems are active together during entrainment?
3. Does prior exposure to an auditory-only entrainment condition
(auditory priming) or a motor-only condition (motor priming) result
in diﬀerences in neural synchronization in an auditory-motor entrainment condition?
We hypothesized that participants who are engaged in tapping to
rhythmic auditory stimuli will have diﬀerent synchronized brain activity in the alpha, beta, and gamma band oscillations compared to
when participants only hear rhythmic auditory stimuli or when only
engaged in rhythmic tapping with no auditory stimuli. Additionally,
during the combined auditory-motor synchronization condition (also
referred to as the combined condition), participants who hear rhythmic
auditory stimuli (auditory-only condition) prior to tapping to auditory
stimuli will have brain activity that is more synchronized and of less
power in alpha, beta, and gamma oscillations than participants in the
motor-only group (motor-only condition) who do not receive this initial
auditory experience.

2.3. EEG data recording
All EEG data were collected using the BioSemi ActiveTwo EEG
Acquisition System (BioSemi, Wg-Plein 129, 1054 SC Amsterdam,
Netherlands). This system includes 64 pin-type Ag/AgCl sintered active-electrodes inserted into an Active Two Lycra head cap based on the
American Electroencephalographic Society nomenclature guidelines.
The system also has 8 additional ﬂat electrodes. Four ﬂat electrodes
measured electrooculograms (EOGs); two electrodes were placed on the
left supraorbital and infraorbital region to record vertical eye movements, and two were placed lateral to the external canthus of each eye
to measure horizontal eye movements. Two ﬂat electrodes were placed
on the left and right earlobes and used as the oﬄine reference.
Additionally, two ﬂat electrodes were placed on the left and right
mastoids. A Common Mode Sense (CMS) active electrode and a Driven
Right Leg (DRL) passive electrode served as the online reference and
ground (http://www.biosemi.com/faq/cms&drl.htm). Data were sampled at a rate of 1024 Hz with a bandwidth of 0–268 Hz.

2. Methods
2.1. Participants
Forty neurotypical young adults, ages 18–39 years (M = 23.78
years, SD = 4.95; 18 males, 23 females) participated in this study.
Participants were recruited through word-of-mouth from the local
university. All participants were screened using a self-report screening
questionnaire developed in our lab to ensure that they were free of
neurological injuries, disabilities, and family histories of psychological
disorders. All participants met these inclusion criteria and no participants were excluded from the analysis based on these criteria.
Participants were randomly assigned to one of two groups each with
diﬀerent control conditions: an auditory-ﬁrst group (n = 20; M = 24.7
years, SD = 4.5; 8 males) or a motor-ﬁrst group (n = 20; M = 22.5
years, SD = 4.9; 10 males). The groups were not signiﬁcantly diﬀerent
on age, t (38) = 1.5, p = .14. Twenty-two of the 40 participants reported
having played a musical instrument. Of the 22 participants who reported having played an instrument, 12 belonged to the auditory-ﬁrst
group, while 10 belonged to the motor-ﬁrst group. Participants reported
their level of musical expertise on a Likert scale ranging from 0 (no
expertise) to 5 (expert). The groups were not signiﬁcantly diﬀerent on
musical expertise, t (38) = 1.7, p = .10, with both groups having participants along the continuum from no expertise to expert level.

2.4. Electrophysiological data reduction
Brain Vision Analyzer software (Brain Products GmbH, München,
Germany) was used to conduct all oﬄine EEG analyses. First, the four
EOG channels were converted to a vertical and a horizontal bipolar
EOG. Data were ﬁltered oﬄine from the continuous EEG with a bandpass setting of .1–80 Hz. Following this, data were segmented timelocked to the onset of the target event, either the auditory stimulus or
the motor response with a duration of 1800 ms pre-stimulus onset to
1800 ms post-stimulus onset. Baseline correction relative to a baseline
of − 200–0 ms was performed. Next, an eye regression technique designed to remove eye movement from trials was performed (Segalowitz,
1996). Baseline correction was performed again relative to a baseline of
− 200–0 ms for the non-rejected segments. Next, segments with voltage
deviations greater than ± 100 microvolts (μV) on any of the EEG
channels or the bipolar EOG channels were eliminated. No more than
5% of segments out of 400 were lost for any individual for any condition. Time-frequency analyses were done using software written in
MATLAB according to equations outlined by Roach and Mathalon
(2008).

2.2. Data collection
A cross-sectional quasi-experimental quantitative study design with
convenience sampling procedures was employed to compare two
groups. Participants in the auditory-ﬁrst group completed an auditoryonly control condition where they listened to 400 trials of auditory
stimuli presented every 800 ms. Participants assigned to the motor-ﬁrst
group completed a motor-only control condition and were asked to selfpace their tapping to the desired frequency of 800 ms which was
modeled by the researcher for 5 beats (Krause et al., 2010). After the
initial ﬁrst 5 beats, participants were not given any other feedback
related to their timing. All participants were able to maintain consistent
timing following the removal of the cue, which is consistent with previous ﬁnger tapping studies (Thaut et al., 1998a, b). Following a short

2.5. Time-frequency analysis
Time-frequency analysis involves spectral decomposition of eventlocked EEG oscillations into magnitude and phase information for each
frequency present in the processed EEG segment. A continuous wavelet
transform based on the Morlet wavelet was applied using a MATLAB
program designed to convert waveforms into sine waves of various
phase angles and frequencies. The continuous wavelet transform was
used as it provides a time-frequency representation of EEG with a
104
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networks. For phase locking, the same two ROI's were identiﬁed: 1)
20–45 Hz from 10 to 60 ms, and 2) 4–20 Hz from 60 to 250 ms. One ROI
was identiﬁed for total power in the low beta band region, 13–16 Hz,
from 50 to 150 ms which has been associated with anticipation and
predictive timing. To answer the ﬁrst two research questions, data from
each ROI was analyzed using a two-factor ANOVA design, one between,
and one within factor. The two levels of the between factor, “Group”,
were the auditory-ﬁrst and the motor-ﬁrst groups. The levels of the within
factor, Condition, were the two task conditions: auditory-only or motoronly task and the auditory-motor combined task.
To answer the third research question, comparisons of the diﬀerences in the oscillatory activity between the auditory-ﬁrst group and the
motor-ﬁrst group during the combined auditory-motor task were evaluated for each of each of the 5 ROIs using univariate ANOVA procedure
with a single covariate. In each ANOVA the covariate was the corresponding ROI measure from the ﬁrst task which served as a control for
the individual diﬀerences.
To maintain a family-wise alpha level of .05, the testwise alpha
value was set at .005 using the Bonferroni correction (.05/10) for the
ten ANOVAs. After conducting the two-factor ANOVAs, a posteriori
Tukey's honestly signiﬁcant diﬀerence (HSD) post-hoc t-tests were
calculated to examine diﬀerences between cell means when signiﬁcant
interaction eﬀects were found (Kirk, 1968, pp. 265–269). All statistical
analyses were performed using the Statistical Package for Social Sciences (SPSS), version 24.0.

varying time resolution that increases with frequency (Addison, 2016).
The frequency characteristics measured included (1) total power, (2)
evoked power, and (3) phase-locking factor. Power represents the
magnitude of neuro-electric oscillations at speciﬁc frequencies (Roach
and Mathalon, 2008). Total power represents the magnitude of oscillations irrespective of the phase angles. Evoked power represents the
signal intensity of the event-related potential (ERP) and is obtained by
averaging the time-frequency data of each segment locked to the onset
of the eliciting event. Phase-locking factor is a measure of the degree of
consistency of the phase angle of the oscillations at each frequency
elicited by the event onset across trials (Roach and Mathalon, 2008).
For each individual, the time-frequency plots obtained for each segment
were averaged across each condition. Measures of the various regions of
interest (ROI) were obtained from these plots. Grand averaged timefrequency plots were then obtained for each experimental condition by
averaging across individuals as shown in Figs. 2, 3, and 4. In these
ﬁgures, the Y-axis represents the frequency ranges from 0–80 Hz and
the X-axis represents time in milliseconds. For all conditions except the
motor-only condition, time 0 represents the onset of the auditory stimulus. For the motor-only condition, time 0 represents the tap. Since
the auditory stimulus was presented every 800 ms, three events are seen
in the ﬁgures below. Due to distortion of the epoch edges caused by the
sliding ﬁlter, these plots were trimmed from ± 1800 ms to ± 1200 ms
to eliminate the distortions. The intensity scale depicts greater activity
in warm colors (red-yellow).
For descriptive purposes only, paired comparisons of data used to
generate each grand averaged time-frequency plot were calculated
using either independent-samples t-tests (for between-group comparisons) or paired-samples t-tests (for within group comparisons). The
alpha value was set at .05 for each t-test conducted. However, to provide partial control for Type I error inﬂation, at least eight consecutive
signiﬁcant comparisons around the target value were required before a
speciﬁc value was portrayed on the graph. This value was chosen as it
provided the best visual representation of the diﬀerences between the
conditions that were to be evaluated statistically using ROI measures.
Boxes C, F, G, and H in the ﬁgures represent the t-maps. The site C3 was
chosen due to its location over the primary motor cortex of the left
hemisphere as well as its proximity to the primary auditory cortex.
Additionally, since all participants used their right hand to make the
motor response, the site C3 represents motor activity during the ﬁnger
tap. Broadband topographical maps representing frequency ranges from
0 to 80 Hz for both groups were used to conﬁrm that the site C3 was
appropriate for use (see Fig. 1).

3. Results
3.1. Motor performance
Participants were asked to self-pace their motor responses to around
800 ms for 400 trials during the motor-only condition. The mean of the
IRI (SD) for the tapping for the motor-only condition was 819.22
(222.13) ms. The synchronization error for the combined condition for
the motor-ﬁrst group had a negative mean asynchrony of − 52.53
(136.23), and the IRI for the tapping had a mean (SD) of 790.68
(37.97). Similarly, the synchronization error for the combined condition, for the auditory-ﬁrst group demonstrated the well-documented
negative mean asynchrony of the tapping slightly prior to the onset of
the beat, with a mean (SD) of − 55.86 (84.10), and the IRI for the
tapping had a mean (SD) of 779.24 (24.91). There were no signiﬁcant
group diﬀerences on the synchronization error (t (38) = .093, p = .93)
or the IRI (t (38) = 1.098, p = .28).

2.6. Behavioral data analysis

3.2. Neural oscillations involved in processing auditory-only and motor-only
events

Inter-response intervals (IRI) were obtained during the motor-only
condition to ensure that participants were performing the task correctly. IRIs were also obtained for the combined conditions for both
groups. Synchronization error (SE) – the time lag between the motor
response and the auditory tones, was obtained by averaging responses
across all individual trials within each participant, and then averaged
across all participants to obtain group mean data (Thaut et al., 1998a,
b).

To answer our ﬁrst research question, “How do the neural oscillations for an auditory-only condition diﬀer from a motor-only condition
and are they qualitatively and quantitatively diﬀerent?” we examined
the evoked power and phase synchrony observed for each condition and
then report the statistical outcomes for diﬀerences in ROIs across the
conditions.
3.2.1. Evoked power
Visual inspection of the time-frequency plot depicting evoked power
indicates diﬀerences in brain activity for the auditory-only condition
(Fig. 2-A) compared to the motor-only condition (Fig. 2-B). Fig. 2-A
depicts the evoked power of the participants’ brain activity to the
presentation of the rhythmic tones and reveals evoked power primarily
in the theta, alpha, and beta bands (4 – 30 Hz) from tone onset to approximately 500 ms with high gamma band activity (45–80 Hz) evident
throughout the trials. Fig. 2-B, shows that the evoked power of the
participants’ self-paced motor responses is obtained primarily in the
high beta and low gamma bands (20–45 Hz) from 10 ms to approximately 60 ms and then in theta, alpha and low beta bands (4–20 Hz)

2.7. Statistical analysis
Synchronization error for the combined condition for the auditoryﬁrst and motor-ﬁrst groups were compared using independent samples ttests. Analysis of the time-frequency data was based on our literature
review to identify principle ROIs. Five ROIs were identiﬁed and the
diﬀerences across conditions were statistically compared using Analysis
of Variance (ANOVA) procedures. For evoked power, two ROI's were
identiﬁed, 1) 20–45 Hz from 10 to 60 ms which has been associated
with motor activation, and 2) 4–20 Hz from 60 to 250 ms which has
been associated with sensorimotor processing in the frontoparietal
105
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Fig. 1. Broadband topographical maps representing a frequency range from 0 to 80 Hz for the diﬀerent experimental conditions. Figure inlet shows Site C3.

and low beta bands (4–20 Hz) from about 60–350 ms. Low synchrony
values are also visible in the high gamma band (45–80 Hz). Fig. 3-B
shows that the synchrony of brain activity of the participants across
trials during the self-paced motor responses was brief and of low levels
in the high beta and low gamma bands (20–45 Hz) shortly after the tap
to around 60 ms. Low levels of synchrony were also present in the theta,
alpha, and low beta bands (4–20 Hz) from 0 to 250 ms.
A comparison of phase locking values obtained for these two control
conditions is shown in Fig. 3-C. For the ROI related to motor activation,
this ﬁgure reveals lower phase locking values in the high beta and low
gamma bands (i.e., 20–45 Hz) during the auditory-only condition
compared to the motor-only condition between 10 and 60 ms (depicted
in blue). The ANOVA evaluating the averaged phase locking values for
this ROI revealed a signiﬁcant Group-by-Condition interaction; F (1, 36)
= 19.07, p < .0005, ŋ2p = .35. The posteriori test indicated signiﬁcantly lower phase values in this region for the auditory-only condition (M = .06 μV2, SD = .017) compared to the motor-only condition
(M = .11 μV2, SD = .040); q (1, 19) = − 9.26, p < .01. Fig. 3-C also
reveals that for the region associated with sensorimotor processing,
greater phase locking values were found in the delta, alpha and low
beta bands (i.e., 4 − 20 Hz) between 60 and 250 ms in the auditoryonly condition compared to the motor-only condition (depicted as
yellow-red). There was a signiﬁcant Group-by-Condition interaction
eﬀect for this ROI, F (1, 36) = 53.68, p < .0005, ŋ2p = .60. The posteriori
test revealed signiﬁcantly greater phase synchrony in this region for the
auditory-only condition (M = .17 μV2, SD = .06) compared to the
motor-only condition (M = .10 μV2, SD = .04); q (1, 19) = 7.08,
p < .01.

from 60 to 250 ms when time-locked to the motor response.
A comparison of these two control conditions is shown in Fig. 2-C.
For the ROI related to motor activation, this ﬁgure reveals lower evoked
power for high beta and low gamma band oscillations (i.e., 20–45 Hz)
between 10 and 60 ms during auditory-only condition compared to the
motor-only condition with the diﬀerences depicted in blue. The ANOVA
evaluating the averaged evoked power for this ROI revealed a signiﬁcant Group-by-Condition interaction; F (1, 36) = 15.34, p < .0005,
ŋ2p = .30. The posteriori test indicated signiﬁcantly lower activity in this
region for the auditory-only condition (M = .12 μV2, SD = .06) compared to the motor-only condition (M = .22 μV2, SD = .08); q (1, 19)
= − 7.42, p < .01. Fig. 2-C also reveals that for the ROI associated
with sensorimotor processing, greater evoked power was found in the
delta, alpha and low beta bands (i.e., 4–20 Hz) between 60 and 250 ms
in the auditory-only condition compared to the motor-only condition
(depicted as yellow-red). There was also a signiﬁcant Group-by-Condition interaction eﬀect for this ROI, F (1, 36) = 54.53, p < .0005, ŋ2p
= .60. The posteriori test revealed signiﬁcantly greater activity in this
region for the auditory-only condition (M = .53 μV2, SD = .21) compared to the motor-only condition (M = .31 μV2, SD = .17); q (1, 19)
= 5.80, p < .01.
3.2.2. Phase locking factor
Visual inspection of the time-frequency plot depicting phase locking
values also indicates diﬀerences in brain activity for the auditory-only
condition (Fig. 3-A) compared to the motor-only condition (Fig. 3-B).
Fig. 3-A depicts the degree of phase locking across trials to the presentation of the periodic tones and shows synchrony of oscillations in
the high beta and low gamma bands (20–45 Hz) shortly after tone onset
to about 150 ms. Even greater synchrony is shown for the theta, alpha
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Fig. 2. Evoked power and t maps for the four conditions at site C3. The X-axis represents time in milliseconds. The Y-axis represents frequency ranges from 0 to 80 Hz.
For all conditions except the motor-only condition (Plot B), time 0 represents the auditory stimulus. For the motor-only condition, time 0 represents the ﬁnger tap.
The color bar for plot A, B, D & E represents the amplitude of the oscillations depicting greater activity in warm colors. The color bar for plot C, F, G 7 H represents the
T values. A. Auditory-only condition. B. Motor-only condition. C. T map comparing auditory-only and motor-only. D. Combined condition for the auditory-ﬁrst group.
E. Combined condition for the motor-ﬁrst group. F. T map comparing combined condition for the auditory-ﬁrst group with the motor-ﬁrst group. G. T maps comparing
auditory-only condition to combined condition for the auditory-ﬁrst group. H. T map comparing motor-only condition to combined condition for the motor-ﬁrst group.
The boxes represent two ROIs, namely 1) 20–45 Hz from 10 to 60 ms, and 2) 4–20 Hz from 60 to 250 ms.

group (Fig. 2-B) follow-up posteriori t-tests were conducted for each of
the two ROIs for evoked power based on the signiﬁcant Group-byCondition interactions reported above. In the ROI related to motor
activation, when the rhythmic tone is added to paced tapping, the
evoked power in the high beta and low gamma bands (20 – 45 Hz)
between 10 and 60 ms is signiﬁcantly less in the combined condition (M
= .10 μV2, SD = .034) compared to the motor-only condition (M = .22
μV2, SD = .085); q (1, 19) = 8.77, p < .01. But as expected, in the ROI
associated with sensorimotor processing, the evoked power in the delta,
alpha and low beta bands (i.e., 4– 20 Hz) between 60 and 250 ms is
signiﬁcantly greater in the combined condition (M = .45 μV2, SD =
.112) compared to the motor-only condition (M = .31 μV2, SD = .17); q
(1, 19) = −3.84, p < .05.
A similar pattern of oscillations for auditory and motor activity was
expected to be seen in Fig. 2-G which depicts the diﬀerences between
the auditory-only condition and the combined condition for the auditory-ﬁrst group. However, despite the additional requirement of motor
activation for tapping along with the tone presentations, follow-up
posteriori t-test revealed that the evoked power in the ROI related to
motor activation (i.e., 20 – 45 Hz between 10 and 60 ms) is not

3.3. Neural oscillations during the auditory-motor combined condition
To answer our second research question, “What neural oscillations
represent the synchrony of auditory and motor systems when both
systems are active together during entrainment?” we examined the
evoked power, phase synchrony, and total power of the auditory-motor
combined condition and made within-subject statistical comparisons to
the measures obtained from the motor-only or auditory-only conditions,
respectively.
3.3.1. Evoked power
Figs. 2-D and 2-E, representing the combined condition for the auditory-ﬁrst group and the motor-ﬁrst group respectively, show evoked
power primarily in the theta, alpha and low beta bands (4–20 Hz) between 60 and 250 ms with the greatest power in the theta band
(4–7 Hz) around 200 ms. A comparison of the evoked power for the
combined condition (Fig. 2-E) to that of the motor-only condition of the
motor-ﬁrst group (Fig. 2-B) is shown in Fig. 2-H.
To statistically compare the evoked power for the combined condition (Fig. 2-E) to that of the motor-only condition of the motor-ﬁrst
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Fig. 3. Phase locking and t maps for the four conditions at site C3. The X-axis depicts time in milliseconds. The Y-axis depicts the frequency ranges from 0 to 80 Hz.
For all conditions except the motor-only condition (Plot B), time 0 represents the auditory stimulus. For the motor-only condition, time 0 represents the ﬁnger tap.
The color bar for plot A, B, D & E represents the amplitude of the oscillations depicting greater activity in warm colors. The color bar for plot C, F, G 7 H represents the
T values. A. Auditory-only condition. B. Motor-only condition. C. T map comparing auditory-only and motor-only. D. Combined condition for the auditory-ﬁrst group.
E. Combined condition for the motor-ﬁrst group. F. T map comparing combined condition for the auditory-ﬁrst group with the motor-ﬁrst group. G. T maps comparing
auditory-only condition to combined condition for the auditory-ﬁrst group. H. T map comparing motor-only condition to combined condition for the motor-ﬁrst group.
The boxes represent two ROIs, namely 1) 20–45 Hz from 10 to 60 ms, and 2) 4–20 Hz from 60 to 250 ms.

signiﬁcantly diﬀerent in the combined condition (M = .10 μV2, SD =
.045) when compared to the auditory-only condition (M = .12 μV2, SD
= .064); q (1, 19) = 1.41. However, the follow-up posteriori t-test for the
ROI associated with sensorimotor processing (i.e., 4–20 Hz between 60
and 250 ms) revealed that the evoked power is signiﬁcantly less in
combined condition (M = .37 μV2, SD = .161) compared to the auditory-only condition (M = .53 μV2, SD = .208); q (1, 19) = 4.19,
p < .01.

signiﬁcantly greater in the combined condition (M = .15, SD = .029)
compared to the motor-only condition (M = .10, SD = .036); q (1, 19)
= −5.09, p < .01. Thus, the addition of the rhythmic tones to ﬁnger
tapping leads to greater synchrony of the oscillations than associated
with self-paced rhythmic tapping in this region as would be expected.
Fig. 3-G shows the comparison of the combined condition (Fig. 3-D)
to the auditory-only condition (Fig. 3-A) for the auditory-ﬁrst group. The
follow-up posteriori t-tests revealed that despite the additional requirement of motor activation for tapping along with the tone presentations,
the phase synchronization in ROI related to motor activation (i.e., 20 –
45 Hz between 10 and 60 ms) was not signiﬁcantly diﬀerent in the
combined condition (M = .05, SD = .015) when compared to the auditory-only condition (M = .06, SD = .017); q (1, 19) = 1.45. But in the
ROI associated with sensorimotor processing (i.e., 4 − 20 Hz between
60 and 250 ms), the follow-up posteriori t-test revealed that the phase
synchronization is signiﬁcantly less in combined condition (M = .13,
SD = .048) compared to the auditory-only condition (M = .17, SD =
.058); q (1, 19) = 3.69, p < .05.

3.3.2. Phase Locking Factor
Fig. 3-H compares the phase locking values for the auditory-motor
combined condition (Fig. 3-E) to the motor-only condition (Fig. 3-B) for
the motor-ﬁrst group. In keeping with the ﬁndings for evoked power,
when the rhythmic tone is added to paced tapping, the follow-up posteriori t-test revealed that the phase synchronization for the ROI related
to motor activation (20 – 45 Hz between 10 and 60 ms) is signiﬁcantly
less for the combined condition (M = .05, SD = .012) compared to the
phase synchronization of the motor-only condition (M = .11, SD =
.040); q (1, 19) = 10.13, p < .01. The follow-up posteriori t-test also
revealed that mean phase locking value in the ROI associated with
sensorimotor processing (i.e., 4–20 Hz between 60 and 250 ms) is

3.3.3. Total power
Figs. 4-D and 4-E, representing the combined condition for the
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Fig. 4. Total power and t maps for the four conditions at site C3. The X-axis depicts time in milliseconds. The Y-axis depicts the frequency ranges from 0 to 80 Hz. For
all conditions except the motor-only condition (Plot B), time 0 represents the auditory stimulus. For the motor-only condition, time 0 represents the ﬁnger tap. The
color bar for plot A, B, D & E represents the amplitude of the oscillations depicting greater activity in warm colors. The color bar for plot C, F, G 7 H represents the T
values. A. Auditory-only condition. B. Motor-only condition. C. T map comparing auditory-only and motor-only. D. Combined condition for the auditory-ﬁrst group. E.
Combined condition for the motor-ﬁrst group. F. T map comparing combined condition for the auditory-ﬁrst group with the motor-ﬁrst group. G. T maps comparing
auditory-only condition to combined condition for the auditory-ﬁrst group. H. T map comparing motor-only condition to combined condition for the motor-ﬁrst group.
The boxes represent an ROI at 13–16 Hz from 50 to 150 ms.

3.4. Prior exposure leads to diﬀerences in neural synchronization during
auditory-motor entrainment

auditory-ﬁrst group and the motor-ﬁrst group respectively, show that total
power is concentrated in the lower oscillation bands below 30 Hz
throughout the inter-trial interval with greatest power in the low beta
band (13–16 Hz) between 50 and 150 ms. For this ROI associated with
anticipation and predictive timing, the ANOVA evaluating the averaged
total power also revealed a signiﬁcant Group-by-Condition interaction;
F(1, 36) = 34.88, p < .0005, ŋ2p = .49.
Comparisons of the total power for the combined condition (Fig. 4E) to that of the motor-only condition of the motor-ﬁrst group (Fig. 4-B)
is shown in Fig. 4-H. The posteriori test revealed that the brain activity
in this ROI is slightly greater but not signiﬁcantly so for the combined
condition (M = 2.30 μV2, SD = .62) compared to the motor-only
condition (M = 2.23 μV2, SD = .54); q (1, 19) = −.59, p > .05.
Comparisons of the total power for the combined condition (Fig. 4-D) to
that of the auditory-only condition of the auditory-ﬁrst group (Fig. 4-A)
is shown in Fig. 4-G. The posteriori test revealed signiﬁcantly less activity in this ROI for the combined condition (M = 2.08 μV2, SD = .40)
compared to the auditory-only condition of the auditory-ﬁrst group (M
= 2.56 μV2, SD = .63); q (1, 19) = 3.79, p < .05.

To answer the third research question, “Does prior exposure to an
auditory-only entrainment condition (auditory priming) versus a
motor-only condition (motor priming) result in diﬀerences in neural
synchronization in an auditory-motor entrainment condition?” statistical comparisons of the combined condition of the motor-ﬁrst group to
the combined condition the auditory-ﬁrst group were made using univariate ANOVAs with the measure from the ﬁrst task serving as the
covariate. Each of the ROIs from the evoked power, phase synchrony
and total power from the time-frequency analyses were evaluated.
For the two ROIs associated with motor activation (i.e., 20–45 Hz
between 10 and 60 ms), statistically signiﬁcant diﬀerences were not
found between the combined condition of the auditory-ﬁrst group and
the combined condition of the motor-ﬁrst group. Speciﬁcally, comparisons of evoked power revealed that the combined condition of the
auditory-ﬁrst group (M = .10 μV2, SD = .045) was not signiﬁcantly
diﬀerent from that of the motor-ﬁrst group (M = .10 μV2, SD = .034);
i.e., the Group eﬀect was not signiﬁcant, F (1, 35) = .19, p = .67, ŋ2p
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quantitatively diﬀerent.
The second question related to determining which neural oscillations represent the synchrony of auditory and motor systems when both
systems are active together during entrainment. This was examined
using within-subject statistical comparisons comparing the auditorymotor combined condition of each group to its control condition,
namely the auditory-only or the motor-only condition. For the motorﬁrst group, the addition of the auditory stimuli to the motor response
resulted in an increase in phase synchrony and evoked power in the
theta and alpha and low beta (4 – 20 Hz) frequencies in the combined
condition compared to the motor-only condition. This result was expected based on the frequencies observed in the auditory-only condition. In contrast, the auditory-ﬁrst group displayed less evoked power
and phase synchrony in the delta, alpha and low beta (4 – 20 Hz) in the
combined condition compared to the auditory-only condition. Thus,
these results demonstrate the neural oscillations in the delta, alpha, and
low beta 60 – 250 ms post-stimulus are characteristic of entrainment.
Our ﬁndings regarding which neural oscillations reﬂect the synchrony of auditory and motor systems are similar to other reports in the
literature related to beta and gamma oscillations. Several researchers
have hypothesized that beta oscillations are associated with timing and
predictive sensory processing (Arnal and Giraud, 2012; Leventhal et al.,
2012). A study examining passive listening to a regular musical beat
with the occasional omission of single tones showed that beta activity
(~ 20 Hz) decreased after each tone, followed by an increase, resulting
in a periodic modulation synchronized to the auditory stimulus (Fujioka
et al., 2009). The beta decrease was absent after omissions. Additionally, gamma activity (~ 40 Hz) showed a peak after tone and
omission. The decrease in beta and increase in gamma activity following the presentation of a tone have led researchers to believe that
these neural frequencies have diﬀerent roles, with gamma involved in
auditory stimulus encoding and beta involved in auditory-motor interactions (Fujioka et al., 2009).
In our study, delta, alpha and beta oscillations (4–20 Hz) showed a
signiﬁcant increase in evoked power and synchrony when auditory
stimuli were added to motor tapping, as seen in the combined condition
for the motor-ﬁrst group (See E plots in Figs. 2 and 3). However, for the
auditory-ﬁrst group, there was a signiﬁcant decrease in the delta, alpha
and low beta power and synchrony when adding tapping to the auditory stimuli (See D plots in Figs. 2 and 3). These ﬁndings suggest that
auditory stimuli drive delta, alpha, and low beta oscillations and are
likely to be instrumental in the auditory-motor interactions as seen in
the D plots of Figs. 2 and 3. Unique to this study based on the study
design, our results directly demonstrate increased gamma (45–80 Hz)
activity and synchrony following the presentation of an auditory stimulus with the highest level of gamma activity and synchrony seen in
auditory-only (See A plots in Figs. 2–4) compared to all other conditions. Visual inspection of the time-frequency plots of the combined
conditions (See the D and E plots in Figs. 2–4) indicate that the auditoryﬁrst group had greater gamma activity and synchrony compared to the
motor-ﬁrst group. In addition, a signiﬁcant increase in gamma activity
and synchrony occurred in the motor-ﬁrst group for the combined condition compared to the motor-only condition. Collectively, the results of
this study demonstrate that the auditory stimuli produce neural oscillations that drive the auditory-motor entrainment.
Related to the third question about prior exposure inﬂuencing auditory-motor entrainment, time-frequency analysis of the combined
condition for the two groups indicated a robust priming eﬀect.
Speciﬁcally, the group that had participated in the auditory-only condition ﬁrst, had less neural synchronization of delta, alpha and low beta
frequencies (4 – 20 Hz), and reduced evoked power in these same frequencies and reduced total power in low beta (13 – 16 Hz) bands
compared to the group that had participated in the motor-only condition. Thus, the auditory-only condition in the auditory-ﬁrst group appears to have primed the neural system such that less power (i.e., neural
activity) was required in the combined condition compared to the

= .005. And the comparison of phase synchrony revealed that the
combined condition of the auditory-ﬁrst group (M = .05 μV2, SD =
.015) was not signiﬁcantly diﬀerent from that of the motor-ﬁrst group (M
= .05 μV2, SD = .012); i.e., the Group eﬀect was not signiﬁcant, F (1, 35)
= .24, p = .63, ŋ2p = .007.
In contrast, for the two ROIs associated with sensorimotor processing (i.e., 4 − 20 Hz between 60 and 250 ms), the mean ROI values for
the combined condition of the auditory-ﬁrst group were signiﬁcantly
lower than for the combined condition of the motor-ﬁrst group.
Comparisons of evoked power revealed that the combined condition of
the auditory-ﬁrst group (M = .37 μV2, SD = .16) was signiﬁcantly lower
than that of the motor-ﬁrst group (M = .45 μV2, SD = .11); i.e., a signiﬁcant Group eﬀect was found, F (1, 35) = 32.37, p < .0005, ŋ2p = .48.
The comparison of phase synchrony also revealed that the combined
condition of the auditory-ﬁrst group (M = .13, SD = .048) was signiﬁcantly less than that of the motor-ﬁrst group (M = .15, SD = .029);
i.e., a signiﬁcant Group eﬀect was found, F (1, 35) = 20.19, p < .0005,
ŋ2p = .37.
In addition, the comparison of total power in the low beta band
region for the one ROI associated with anticipation and predictive
timing (i.e., 13 – 16 Hz, from 50 to 150 ms) revealed that the combined
condition of the auditory-ﬁrst group (M = 2.08 μV2, SD = .40) was
signiﬁcantly lower than the combined condition of the motor-ﬁrst group
(M = 2.30 μV2, SD = .62); i.e., a signiﬁcant Group eﬀect was found, F
2
(1, 35) = 29.96, p < .0005, ŋp = .46.
4. Discussion
The purpose of this study was to examine the neural oscillations
underlying auditory-motor entrainment using EEG. Speciﬁcally, we
examined the oscillations for auditory-only and motor-only conditions
and compared those results to the oscillations in a combined auditorymotor synchronization condition. Finally, we examined priming eﬀects
of auditory-only and motor-only conditions on combined auditorymotor synchronization. To empirically examine the inﬂuence of auditory stimuli on motor performance, two groups of participants were
engaged in a condition requiring tapping to rhythmic auditory beats,
but the groups diﬀered in regard to the control condition. One group
participated in the auditory-only control condition, which involved
listening to 400 trials of auditory tones presented every 800 ms, and a
second group participated in a motor-only control condition, which
involved ﬁnger tapping every 800 ms without any external stimuli.
The ﬁrst question of this study involved comparing the neural oscillations for an auditory-only and a motor-only condition. Time-frequency analysis of the auditory-only condition revealed activity in the
theta, alpha, and low beta bands to the presentation of the auditory
tone (See the A plots in all time-frequency ﬁgures). Additionally, during
the auditory-only condition, continuous activity around 10 Hz oscillations is seen in the plot of total power in Fig. 4-A indicating the presence of an entrained alpha rhythm. Some of the observed power is
evoked shortly after the onset of the auditory stimuli (See Figs. 2-A and
3-A) but this alpha oscillation is also present in the induced power (plot
not included in the article). Several researchers examining visual stimuli have found similar results of alpha entrainment (De Graaf et al.,
2013; Spaak et al., 2014). Time-frequency plots for the motor-only
condition showed oscillatory activity in theta, alpha, and beta bands
corresponding to the motor response (See the B plots in all time-frequency ﬁgures). The evoked power in beta and gamma bands for the
motor-only condition was found to be greater than the auditory-only
condition and the evoked delta, alpha, and low beta activity was found
to be reduced compared to the auditory-only condition. These ﬁndings
are consistent with research examining the role of the beta band (Romei
et al., 2016). Activity in the beta band has been associated with the
cortical control of motor output (Engel and Fries, 2010). Thus, answering the ﬁrst question, the neural oscillations for an auditory-only
condition compared to a motor-only condition are qualitatively and
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motor-ﬁrst group that did not hear the auditory beats prior to the combined condition.
As shown in our study using time-frequency analysis of the evoked
and total power, a reduced neural response occurred during the combined condition for the auditory-ﬁrst group compared to the auditoryonly condition. Studies using functional magnetic resonance imaging
(fMRI) in humans and single cell recording in non-human primates
provide some insight into the underlying mechanisms in the reduction
of brain activity following priming. Using fMRI techniques in humans,
Bergerbest and colleagues (2004) found that repeating an auditory
stimulus (i.e., repetition priming or suppression) resulted in reduced
activation of the auditory cortex and brain regions other than the auditory cortex suggesting a network underlying the priming eﬀect.
Researchers have also found decreased hemodynamic responses using
functional imaging for primed versus unprimed auditory stimuli with
reference to memory conditions (Bergerbest et al., 2004; Henson, 2003;
Schacter and Buckner, 1998). This reduced hemodynamic response is
assumed to reﬂect faster or more eﬃcient processing of the primed
stimulus (Henson, 2003). In non-human primate studies, it has been
shown that when a stimulus is repeated, neurons show a decreased
ﬁring rate even after a single exposure to the stimulus (for reviews see
Brown and Xiang, 1998; Desimone, 1996). This repetition suppression,
an intrinsic property of cortical neurons, has been hypothesized to
occur due to the sharpening of neuronal connections, such that experience leads to both a smaller representation and a more selective
representation in the sensory cortex (Desimone, 1996; Wiggs and
Martin, 1998). This sharpened representation would, in turn, lead to a
better neural synchronization of primed stimuli.
While previous work using functional imaging or behavioral measures have shown evidence of priming, our study has two novel ﬁndings. Firstly, this study demonstrated that the auditory system drives
the motor system through the process of entrainment. Speciﬁcally, due
to the temporal resolution of EEG and the time-frequency analysis, our
results demonstrated sharpening of neural signals in oscillations associated with sensorimotor processing (i.e., 4–20 Hz) during the combined auditory-motor condition as compared to the motor-only condition for the motor-ﬁrst group. Thus, we have shown more synchronized
brain activity during auditory-motor entrainment (external clock)
compared to unpaced tapping (internal clock). Secondly, the results of
this study have indicated that auditory priming requires less neural
activity during an auditory-motor combined task compared to motor
priming.
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