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Abstract

Neurodevelopmental disorders like ADHD can affect rhythm perception and production, impacting performance in attention
and sensorimotor tasks. Improving rhythmic abilities through targeted training might compensate for these cognitive func-
tions. We introduce a novel protocol for training rhythmic skills via a tablet-based, serious game called Rhythm Workers
(RW). This proof-of-concept study tested the feasibility of using RW in children with ADHD. We administered an at-home
longitudinal protocol across Canada. A total of 27 children (7 to 13 years) were randomly assigned to either a finger-tapping
rhythmic game (RW) or a control game with comparable auditory-motor demands but without beat synchronization (active
control condition). Participants played the game for 300 min over 2 weeks. We collected data (self-reported and logged onto
the device) on game compliance and acceptance. Further, we measured rhythmic abilities using the Battery for the Assess-
ment of Auditory Sensorimotor and Timing Abilities (BAASTA). The current findings show that both games were equally
played in duration, rated similarly for overall enjoyment, and relied on similar motor activity (finger taps). The children who
played RW showed improved general rhythmic abilities compared to the controls; these improvements were also positively
correlated with the playing duration. We also present evidence that executive functioning improved in those who played RW,
but not in the controls. These findings indicate that both games are well matched. RW demonstrates efficacy in enhancing
sensorimotor skills in children with ADHD, which may benefit their executive functioning. A future RCT with extended
training and sample size could further validate these skill transfer effects.

Keywords Rhythmic training - Serious games - ADHD - Executive functioning - Children

The use of music as a therapeutic tool has shown consider-
able potential in addressing neurodevelopmental and neuro-
logical conditions, exploiting the brain's sensitivity to musi-
cal stimuli. In particular, research indicates that rhythmic
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training through musical activities — such as tapping fingers
to a melody, walking in sync with a beat, or clapping to
rhythmic patterns — can improve sensorimotor synchroniza-
tion, the skill of aligning movements with external rhyth-
mic cues like a musical beat, as well as enhance cogni-
tive functions. Such benefits have been observed in both
typically developing children (Frischen et al., 2019; Zanto
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et al., 2024) and in clinical conditions such as Parkinson’s
disease (Bégel et al., 2018; Dauvergne et al., 2018; Puyjari-
net et al., 2022). In recent years, digital health innovations
— such as interactive games and mobile apps — have made
these interventions more engaging and accessible (Agres
et al., 2021). Emerging research highlights the potential of
gamified, rhythm-based digital training to enhance cognitive
functioning in neurotypical populations (Zanto et al., 2024),
while non-rhythmic gamified digital interventions have also
demonstrated success in improving attention performance
in children with ADHD (Kollins et al., 2020). However, no
studies to date have examined the efficacy of rhythm-based
gamified digital training specifically in children with ADHD.
By incorporating rhythm training into digital formats, these
therapies offer a modern, scalable approach to improving
motor and cognitive skills, especially for those with neu-
rodevelopmental disorders, creating new possibilities for
rehabilitation and mental health support.

Music training and sensorimotor functioning

Playing an instrument requires a tight coordination between
focusing on sounds and controlling motor actions. This
ongoing process incorporates various sensory inputs — such
as auditory cues — that are integrated by the brain to accom-
plish complex sensorimotor tasks. Although visual and
tactile inputs play supporting roles, auditory perception is
central to this integration, a process termed auditory-motor
integration (Alho et al., 2014; Liu et al., 2020). Musical
training strengthens brain pathways that link the auditory
and motor systems (Dalla Bella, 2016; Dalla Bella, Janaqi
et al., 2024b; Herholz & Zatorre, 2012; Hyde et al., 2009;
Merrett et al., 2013). Depending on these intricate connec-
tions, music education offers a rich, multimodal experience
that requires substantial cognitive effort. The process of
learning music involves various interdependent mecha-
nisms that can support both auditory-motor skills and cog-
nitive functions like attention and communication during
child development. These mechanisms are underpinned by
broader sensorimotor networks involving superior temporal
regions (Karpati et al., 2017; Li et al., 2018) and executive
functioning such as pathways in the corpus callosum con-
necting superior frontal sensory and motor segments (Habibi
et al., 2018) and the right inferior frontal gyrus (Hennessy
et al., 2019; Sachs et al., 2017).

Music and executive functioning
An integrated theory of executive functioning by Diamond
(2013) offers a comprehensive framework for examining the

role of core executive functions, particularly inhibitory con-
trol and cognitive flexibility, in musical contexts. According
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to this theory, executive functions are interdependent pro-
cesses that operate synergistically to facilitate complex
cognitive and behavioral tasks. The present study focuses
on three key subcomponents: interference control, response
inhibition, and cognitive flexibility. In musical activities,
these processes often function together — for instance,
interference control helps suppress competing auditory or
motor responses, response inhibition allows for withhold-
ing habitual actions, and cognitive flexibility supports shift-
ing between rhythmic or melodic patterns. Together, these
capacities enable individuals to adapt effectively to the
dynamic demands of performing, practicing, and learning
to play a musical instrument.

Inhibition control, in particular, is crucial for musicians,
enabling them to suppress automatic responses and maintain
concentration during performances. It helps regulate timing
to facilitate synchronization with a beat or rhythm, and is
particularly vital in ensemble settings to prevent misalign-
ments (Medina & Barraza, 2019; Zuk et al., 2014). Musi-
cians exhibit faster behavioral response times on executive
functioning tasks and possess more efficient executive atten-
tional networks compared to non-musicians, with improve-
ments linked to years of musical training and a transfer
effect to inhibitory attentional control (Medina & Barraza,
2019). Improved performance monitoring, as evidenced by
stronger neural responses to errors (e.g., error-related nega-
tivity and N200 amplitude), has been observed in amateur
instrumental musicians, particularly those with more train-
ing, suggesting better cognitive control and error correction
that may enhance overall performance abilities (Jentschke
& Koelsch, 2009). Recent research by Jamey et al. (2024)
highlights how music training particularly strengthens inhib-
itory control, and these effects are reflected in functional
and structural neural activity (Habibi et al., 2018; Hennessy
et al., 2019; Sachs et al., 2017). Training that involves mov-
ing to a musical beat, such as clapping or drumming, relies
on inhibition control by enhancing the ability to suppress
irrelevant responses (response inhibition) and maintain focus
on rhythmic cues (interference control), helping to mini-
mize reactions to distractions (Frischen et al., 2019; Slater
et al., 2018). This type of training is particularly beneficial in
tasks requiring precise timing and attentional control, such
as complex musical performances or real-life situations that
demand managing responses to distractions or errors (Vazou
et al., 2020). Rhythmic training provides a unique lens
through which to explore the relationship between music and
cognitive functioning. Theories of rhythm perception offer
valuable insights into how attention and motor coordination
are intertwined with rhythmic processing. This connection
sets the stage for understanding rhythmic training and its
potential to enhance executive functioning.
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Rhythmic training rationale

The rationale underlying the effect of rhythmic training
on cognitive functioning is inspired by theories of rhythm
perception. Dynamic attending theory (DAT) suggests that
attention is modulated in synchrony with periodic events
in music, providing a temporal structure that facilitates the
regulation of attention (Jones, 2019; Large & Jones, 1999).
Recent research links DAT to neural oscillations, dem-
onstrating that brain activity synchronizes with external
rhythms like musical beats but also speech patterns (Falk
et al., 2017; Morillon et al., 2015; Nozaradan, 2014; Rim-
mele et al., 2018). Building on DAT, active sensing theory
(Morillon et al., 2015; Schmid, 2024) emphasizes the brain's
predictive role in perceiving rhythms, involving both sensory
and motor coordination. This approach suggests a bidirec-
tional interaction: while rhythmic entrainment can influence
sensorimotor synchronization by aligning motor actions
with external rhythms, the process of synchronization itself
might enhance the brain's ability to entrain to future rhyth-
mic cues. In this dynamic interaction, both the perception of
rhythm and the execution of motor responses become more
efficient over time through reciprocal influence. Rhythmic
entrainment, as described in a “cognitive-motor entrain-
ment” model, improves executive functioning by aligning
motor and cognitive processes, reducing cognitive load in
dual-task scenarios, and enhancing attentional control, as
evidenced by EEG data showing increased neural synchro-
nization (Conradi et al., 2016; Schmidt-Kassow et al., 2009,
2013; Schmidt-Kassow & Kaiser, 2023).

By enhancing sensory-motor coordination and atten-
tion, rhythmic entrainment helps establish more predict-
able and structured engagement with the environment
(Balasubramaniam et al., 2021; Dalla Bella, 2020; Patel
& Iversen, 2014). Rhythmic interventions have gained
recognition as effective tools for rehabilitation in neuro-
logical and neurodevelopmental conditions, drawing on
the brain's natural responsiveness to rhythm. Synchroniz-
ing actions to a beat such as finger-tapping to musical
sequences and mentally tracking a beat involves brain
areas linked to motor control, such as the premotor and
supplementary motor areas, basal ganglia, cerebellum,
and also engages executive functions (Chen et al., 2008;
Coull et al., 2011; Fujii & Wan, 2014; Grahn & Brett,
2007; Grahn & Rowe, 2009). Rhythmic synchroniza-
tion tasks require participants to align their actions with
a steady beat, relying on executive function skills like
inhibitory control to avoid off-beat distractions, as well
as cognitive flexibility when shifting between different
rhythmic patterns (Vuust et al., 2006, 2011; Zuk et al.,
2014). A recent study in preschoolers indicates that rhyth-
mic training may improve inhibitory control more effec-
tively than pitch-based training (Frischen et al., 2019).

Building on the role of rhythmic entrainment in enhanc-
ing sensory-motor coordination and executive functions,
the link between timing abilities and executive function-
ing becomes particularly relevant in understanding how
these skills interact in the context of ADHD, where defi-
cits in both areas are often observed.

Timing abilities, attention, and ADHD

ADHD, a neurodevelopmental disorder affecting 2 to 7%
of school-aged children, manifests core symptoms such as
hyperactivity, impulsivity, and inattention (Erskine et al.,
2013; Polanczyk et al., 2014; Willcutt et al., 2012). Nota-
bly, these symptoms are frequently associated with timing-
related issues (Gustafsson et al., 2023). Evidence collected
over the past two decades shows that ADHD is associ-
ated with poor treatment of single durations as well as
difficulties in tracking rhythmic sequences (Noreika et al.,
2013; Puyjarinet et al., 2017). The concurrent rhythmic
and attentional deficits observed in ADHD suggest that
there may be a strict relation between timing and executive
functioning impairments in ADHD, notably for inhibition
control and cognitive flexibility, pointing to potentially
shared mechanisms. Impulsiveness is a timing and motor-
based impairment whereby response styles are premature,
impatient, delay-aversive, and non-reflected (Puyjarinet
et al., 2017; Rubia, 2002; Rubia et al., 2009). Timing
abilities and executive functioning are closely linked as
both rely on overlapping neural circuits, particularly in
the prefrontal cortex, basal ganglia, and cerebellum (Piras
& Coull, 2011; Rubia et al., 2009). Timing tasks often
engage core components of executive functioning, such
inhibitory control, which is critical for suppressing inap-
propriate responses or distractions during precise timing
tasks (Buhusi & Meck, 2009; Schwartze & Kotz, 2013).
Enhancing rhythmic abilities through timing-based train-
ing — like the one employed in this protocol — may posi-
tively affect both sensorimotor and attentional executive
functions, offering initial evidence of a causal link between
rhythm and broader cognitive improvements. These con-
nections between timing abilities, executive functioning,
and ADHD provide a compelling framework for exploring
innovative interventions that can simultaneously address
rhythmic and cognitive deficits.

“Serious games” and mental health

One promising approach to bridging these domains is the
use of “serious games”, which combine engaging gameplay
with targeted cognitive and motor training to address specific
challenges, such as those faced by children with ADHD.
Designed with goals beyond simple entertainment, serious

@ Springer



303 Page 4 of 26

Behavior Research Methods (2025) 57:303

games have become increasingly relevant in fields such as
education and healthcare. These games use the captivating
nature of gameplay to promote learning, training, therapy,
and behavioral change (Agres et al., 2021; Michael & Chen,
2006; Susi et al., 2007). In educational environments, seri-
ous games are used to teach complex concepts, enhance
problem-solving, and encourage collaboration (Deterding
et al., 2011; Gee, 2003). In the healthcare sector, they assist
in cognitive rehabilitation and physical therapy, helping
patients enhance both motor and cognitive skills (Agres
etal., 2021; Lau et al., 2017; McCallum, 2012). For children
with ADHD, serious games designed for cognitive train-
ing can enhance executive functioning by promoting sus-
tained attention in a complex and stimulating environment
(Kollins et al., 2020). While the interactive nature of these
games offers great potential for improving engagement and
learning outcomes, their effectiveness can differ based on
factors such as design, execution, and the specific learning
mechanisms they are built to target. The success of serious
games depends not only on user engagement but also on
their alignment with targeted learning goals and the rigorous
validation of their impact (Connolly et al., 2012). Despite
their promise, there is a need for robust research to develop
standardized approaches for evaluating their effects and
addressing challenges like appropriate control group com-
parisons and randomization (Connolly et al., 2012; Girard
et al., 2013). Evidence suggests cognitive training games
often fail to produce lasting, transferable cognitive improve-
ments beyond practiced tasks (Melby-Lervag et al., 2016;
Simons et al., 2016). In contrast, music-based games may
be less limited due to music training's multi-dimensional,
multisensory nature (Russo, 2019). Music training simul-
taneously engages auditory perception, motor coordination,
memory, and attention, integrating these processes to mir-
ror real-world cognitive demands (Kraus et al., 2014) and
promoting brain plasticity (Dalla Bella, 2016). Unlike tra-
ditional cognitive training games, which focus on specific
tasks, music-based games offer a holistic approach, fostering
broader cognitive gains.

Rhythmic serious games

The past decade has seen growing interest in using rhythmic
training and new technologies to improve motor and atten-
tional functions, with studies linking multisensory rhythm
processing to brain maturation and cognitive skills in ADHD
(Park & Choi, 2017; Shaffer et al., 2001). Rhythm-based
serious games have gained attention as promising training
tools for strengthening auditory and motor functions in Par-
kinson’s disease (Bégel et al., 2017; Dalla Bella, 2022), and
more recently, for enhancing reading and inhibition control
in typically developing children (Zanto et al., 2024). By
incorporating beat-synchronization tasks, these games likely
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engage similar neural circuits as auditory-motor tapping and
tracking tasks like motor control, temporal processing, sen-
sorimotor synchronization, executive functions (Chen et al.,
2008; Coull et al., 2011; Fujii & Wan, 2014; Grahn & Brett,
2007; Grahn & Rowe, 2009). Such games are versatile and
can be tailored to various populations, including those with
developmental and neurological disorders. The combination
of structured rhythmic exercises and the engaging nature of
games provides a motivational alternative to conventional
therapies, creating an environment that fosters both cognitive
and motor development.

Rhythm workers (RW)

Although many rhythm-based games are available, few are
designed with the specific objectives required for a “seri-
ous game” focused on rhythmic training. A review by Bégel
et al. (2017) evaluated 27 rhythm-based games and found
none ideally suited for structured rhythmic training proto-
cols. Most of these games manipulate task difficulty by add-
ing distracting stimuli rather than manipulating rhythmic
characteristics, and they typically fail to focus player actions
on explicit rhythmic elements or incorporate controlled
movement training. To address this gap, our laboratory
developed a game called “Rhythm Workers” (RW), which
is specifically designed to train explicit rhythmic skills using
auditory stimuli and audio-visual targets (Bégel et al., 2018).

In the RW game, participants tap their fingers to the beat
of auditory stimuli (e.g., music) on a tablet. The goal is to
construct a building within a specific time limit, with con-
struction progress, aesthetics, and scores determined by
how accurately and consistently the player’s tapping aligns
with the beat. The game’s initial prototype featured pro-
gressively challenging levels linked to the beat saliency of
chosen auditory stimuli (Bégel et al., 2018). It was tested
with healthy adults and in an intervention study with patients
with Parkinson’s disease, where RW was compared to an
active control game (Puyjarinet et al., 2022). The aim was to
improve rhythmic abilities through finger tapping. The study
involved three groups: one playing RW, one playing Tetris
as a control, and one with no training. The rhythmic game
significantly reduced motor variability and improved rhythm
perception, with these effects not observed in the control
group. Additionally, rhythmic training benefits extended to
other motor tasks, supporting the notion of general timing
impairments in Parkinson’s disease.

The RW game has not yet been validated in neurodevel-
opmental populations. To that goal, the current prototype
has been significantly improved and adapted for children
with both typical and atypical development. In adults with
Parkinson’s, four weeks of training were possible. To ensure
that this protocol was feasible to undertake in children with
ADHD we administered 300 min of training. Based on a



Behavior Research Methods (2025) 57:303

Page50f26 303

review in typically developing children, this dosage may
even be enough to observe changes in inhibition control
(Jamey et al., 2024). The results from this feasibility study
will inform a larger randomized controlled trial.

This study introduces a new, accessible protocol for eval-
uating a serious game in a home setting (RW) using a rand-
omized control trial approach with an active control condi-
tion. The RW game aims to train rhythmic skills through
complex integrated sequences that engage various executive
functioning demands: a) Sustaining and focusing attention
when synchronizing fine-motor movement to a musical beat;
b) Starting and stopping repetitive actions like tapping a
precise moving visual target in time with the beat instead of
tapping anywhere on the screen; c) Filtering out rhythmic
distractions within the music, such as off-beat instrumen-
tal sounds; d) Regulating perceptual-motor coordination by
mentally tracking the beat at all times; e) Adapting dynami-
cally when rhythmic patterns change within a song.

Main objectives

The RW game is designed with the primary goal of improv-
ing rhythmic abilities, making rhythmic performance
enhancement an intended practice effect across various pop-
ulations. Previous research has established a link between
rhythmic abilities and executive functioning, suggesting the
potential for executive functioning improvement through
transfer by training rhythmic skills. While the direction of
the causal relationship between rhythm and executive func-
tioning remains an open question, there is a well-established,
tight connection between the two. In our study, we specifi-
cally test the possibility that rhythm training may positively
influence executive functioning. Given that executive func-
tioning is often impaired in individuals with ADHD, this
study aims to investigate whether rhythmic training can pro-
vide a pathway to remediate executive functioning. A key
objective of this pilot study is to validate the effectiveness
of RW training in enhancing rhythmic performance, specifi-
cally in children with ADHD, as this forms a critical part of
the rationale for a larger randomized controlled trial (RCT).
While improvements in executive functioning are not neces-
sarily anticipated in this pilot due to the reduced duration of
training, any observed gains in executive functioning would
further validate the approach and offer additional insights
into its therapeutic potential.

Specific aims and hypotheses

The study aimed to examine the feasibility and effectiveness
of using the RW game in children with ADHD, compared to
a relevant active control condition, the non-rhythmic digital
control game Frozen Bubble (FB). The first objective was

to assess adherence to the training protocol and the level of
acceptance of the games. It was expected that both measures
would show adequate and comparable levels across the train-
ing groups. The second aim was to evaluate the effectiveness
of RW in improving rhythmic abilities, with the hypothesis
that participants would show superior auditory-motor syn-
chronization performance after playing RW compared to FB,
as measured by a normalized rhythmic assessment battery.
Additionally, it was expected that longer training duration
would be associated with greater sensorimotor improvement.
Finally, on an exploratory note, we investigated whether RW
had a positive effect on executive functioning, particularly
inhibitory control and cognitive flexibility.

Methods
Participants

Thirty-one children were enrolled in this study, of whom 26
completed it with valid data, resulting in a completion rate of
84%. Five participants were excluded from the analyses: data
from one participant were lost during the protocol, while
four withdrew due to lack of interest. The study involved
children aged 7-13 years with ADHD (three females, one
non-binary) recruited through announcements, advertise-
ments, and targeted social media outreach within the ADHD
community. We included participants fluent in either French
or English, with 60% of participants choosing to participate
in French. All participants had an ADHD diagnosis based on
a written declaration from a parent; however, we did not ask
for an official clinical report. We also excluded participants
if parents reported comorbid neuropsychological, psychiat-
ric, or developmental disorders related to ADHD or more
than 2 years of formal musical training. Overall, 96% of the
parents provided information on their child's video gaming
history and socio-economic status. The previous video game
was assessed using parent-reported weekly playing duration.
Socio-economic status was determined by converting house-
hold income and education level into Z-scores, which were
then combined. Measuring video gaming habits and socio-
economic status (SES) helps control for prior exposure and
skill levels, as previous gaming experience may influence
adaptation to the game (Green & Bavelier, 2012; Staiano
et al., 2013). SES is important because it correlates with
cognitive development resources, stress levels, and mental
health, potentially affecting a child's ability to benefit from
the intervention (Hackman & Farah, 2009; Noble et al.,
2015). Accounting for these variables ensures more accu-
rate and generalizable findings across diverse populations
(Bradley & Corwyn, 2002). Participants received $50 upon
completing the protocol. Due to the small sample size in this
proof-of-concept study, non-parametric statistical analyses
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Table 1 Participant background and performance baselines
Characteristic Rhythm Workers Frozen Bubble
N Mean SD Min Max N Mean SD Min Max p value

Age (years) 13 10.6 2.0 7.4 134 13 10.7 2.1 73 13.7 0.9
BTI Baseline 13 0.1 1.0 -1.2 1.9 12 0.1 0.7 -0.8 1.3 0.7

EF Baseline 13 0.1 0.3 -02 0.8 13 -0.1 0.6 -13 0.9 0.8
Video Game History' 9 490.0 452.5 0 1200 11 518.2 406.5 60 1200 0.9
Socio-Economic Status 12 0.2 0.5 -04 0.7 12 -02 1.1 -24 1.2 0.7

LParent reports of minutes spent video-gaming each week prior to training

(Wilcoxon rank sum tests) were employed for group com-
parisons related to the participants' backgrounds (see Table 1
for demographic and background characteristics).

General procedure

This single-blind, two-arm, parallel-group randomized con-
trol study assigned participants to the experimental group
(playing the rhythmic game, RW) or the active control group
(playing the non-rhythmic game, FB). The general procedure
comprised a screening phase, remote testing and training,
and a final debriefing interview with parents.

Screening

A Zoom teleconferencing interview was conducted to ensure
understanding and compliance with inclusion and exclusion
criteria. Eligible participants were enrolled in the study once
they consented via e-mail.

Remote testing and training

The experiment was conducted between October 2021 and
March 2022 across Canada. The entire research protocol was
conducted remotely from the participants' homes, using the
BRAMS Online Testing Platform, teleconferencing video
meetings (Zoom), and testing equipment mailed to the par-
ticipants. The equipment was shipped to the participants
who were considered eligible for the study. Rhythmic and
cognitive abilities of each participant were assessed before
and after the 2-week training program via four video meet-
ings. This 2-week training duration was selected for prac-
tical reasons to prioritize the feasibility of the pilot study
in children with ADHD. Upon reception of the equipment,
two video meetings (separated by at least 90 min) were
scheduled with the participant. During the first meeting,
participants completed four online executive functioning
tasks on the BRAMS Online Testing Platform (https://
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brams.org/online-testing-platform-training/), comprising
Go/No-Go, flanker, and set-shifting (see below for details),
and an N-back working memory task (not included in the
present analyses). During the second meeting, participants
completed tablet-based rhythmic tests from the Battery for
the Assessment of Auditory Sensorimotor and Timing Abili-
ties (BAASTA; (Dalla Bella, Farrugia et al., 2017b, Dalla
Bella, Foster et al., 2024a); see below for details). Partici-
pants were instructed not to reveal which game they had
been assigned to the experimenter and not to use the tablet
before the rhythmic task session. The researchers conduct-
ing executive functioning and rhythmic tests were blinded
to the participants’ group assignments. At the end of the
second meeting, a research assistant (non-blinded) presented
and explained to participants how to play the game they
received. Participants were instructed to begin playing the
game once they understood the instructions explained by
the research assistant. The third and fourth video meetings,
comparable to the first two meetings, were scheduled after
the end of the training period. At the end of the fourth meet-
ing, the research assistant scheduled a debriefing meeting
to collect general comments and feedback about the game.
Given the age range of 7—13 years and the varying degrees
of support required based on symptom severity, parents
were instructed to ensure children adhered to the protocol
by playing the required amount of time and completing the
handwritten reports before and after each session. Parents
also recorded the level of support provided, if necessary.
They were instructed not to play the game on behalf of the
child and had a follow-up call with our team every 3 days.

Sampling and randomization

We employed simple random sampling to recruit partici-
pants. We targeted any Canadian parent with a child with
ADHD using social media advertising. This approach
included anyone with a Facebook or Instagram account
in Canada (~30 million users) and an interest in ADHD.
Being not confined to a single community, institution, city
or province is a unique strength of our novel remote RCT
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study design. Participants were randomized using covariate
adaptive randomization with the “minimization” approach
(Lin et al., 2015) by an experimenter who was not involved
in any other task during the protocol execution. The first six
participants were assigned via block randomization (random
permutation of three in the experimental group and three in
the control group) without regard to covariates. The seventh
and eighth participants received purely random assignments.
The remaining participants were then assigned using “biased
coin” randomization with p = .8 (Pocock & Simon, 1975)
to minimize group imbalance in the number of participants,
gender, age, language (English/French), and music expe-
rience. These variables were group-matched at p > .89 in
the final sample. Biased coin randomization is a technique
used in clinical trials to balance participant allocation across
treatment groups by increasing the likelihood of assigning
participants to the smaller group when imbalances arise,
ensuring more even group sizes and reliable comparisons,
especially in smaller trials.

Equipment and calibration

A Samsung Galaxy Tab A 8.0” 2019 Android tablet (model
SM-T290) was sent to participants for use in the experiment.
The tablet had a 2-GHz processor, 1280 x 800 pixels display
resolution, and 32 GB of RAM. Participants used the touch
screen to navigate and play the applications. JBL Tune 500
Wired On-Ear Headphones with One-Button Remote/Mic
were used to play music and sounds from the applications.
All materials required to complete the study were mailed
using postal and courier services. This material included the
tablet (the game assigned to the participant, and the rhyth-
mic assessment application BAASTA), a gooseneck phone
holder, headphones, paper questionnaires, game-specific
instructions, and sanitizing kits. The game’s scoring system
is based on a combination of touch and audio, with syn-
chronization consistency calculated via touch input. Tablet
devices typically present touch-to-audio latency resulting
from hardware factors that need to be corrected via a cali-
bration procedure to ensure proper sound-tap alignment. We
measured the mean latency from audio-based testing of five
tablets, which was 274 milliseconds (SD = 16 ms). This
latency was estimated by subtracting the impulse peak of
the metronome sound from the amplitude peak of the tap-
ping sound in the recorded audio when playing the game
to a metronome. The latency was then subtracted from the
tapping time to ensure that taps were correctly aligned with
the musical beats, providing accurate scores. This procedure
ensured that tap timing was properly aligned with the musi-
cal beat when synchronization was perfect. For BAASTA,
the online tablet-based application calculates synchroniza-
tion consistency scores using audio.

Training protocol

Participants were instructed to play their assigned game
30 min a day, 5 days a week, for 2 weeks (300 minutes of
gameplay). They were allowed to combine two 30-min ses-
sions into a 1-h session to provide more flexibility in plan-
ning. Participants received the following instructions: “I
would like you to play it for about 30 minutes a day, five
days a week, for 2.5 hours a week. You can play more if you
want, but don’t play more than an hour a day”. No child
reported playing more than 1 h a day. During the two weeks
of playing the game, participants were asked to complete a
questionnaire before and after each session. The question-
naire included nine yes or no questions about their mood
taken from a children’s mood questionnaire (Derbaix &
Pecheux, 1999). Participants also indicated their progress in
the game (level number), as well as the perceived difficulty
of the game on a five-item Likert scale (1 = very easy; 5 =
very hard) and how much they enjoyed the game on a scale
of (1 = very boring; 5 = very fun).

Stimulus selection

Before the training, we conducted a pilot study in typically
developing children to select the musical stimuli for the
rhythmic game. Fifty-eight musical excerpts (30 s each)
were chosen to be appealing to children between the ages
of 7-13 years, with tempi ranging from 78 to 135 bpm, and
including an equal proportion of electronic, classical, pop
rock, jazz funk, and traditional genres. All musical excerpts
were instrumental and did not include vocals. Half of the
excerpts were composed by musicians for the commercial
release of RW (BeatWorkers, commissioned by BeatHealth
Company). The other half of the stimuli were selected from
a royalty-free music archive composed by Kevin MacLeod
(https://incompetech.com/music/royalty-free/faq.html). In
an online experiment run on the BRAMS Online Testing
Platform, we asked 25 typically developing children aged
7-13 years (mean age = 10.23, SD = 2.11; 54% females)
to tap to the beat of each stimulus, using the space bar of
a keyboard or by tapping on the green button on a touch
screen. At the end of each excerpt, children rated the stimuli
on a five-point Likert scale in terms of enjoyment (1 = very
boring; 5 = very fun; M =2.72; SD = 1.11; range = 2.3-3.3)
and tapping difficulty (1 = very easy; 5 = very hard; M
= 2.89; SD = 0.96; range = 2.5-3.23). We computed the
synchronization consistency of tapping performance using
circular statistics (i.e., vector length; see Dalla Bella, Benoit
et al. 2017a, Dalla Bella, Farrugia et al., 2017b; Sowinski
& Dalla Bella, 2013). Synchronization consistency was
measured using vector length and was logit-transformed to
reduce data skewness, a common practice for synchroniza-
tion data (e.g., Kirschner & Tomasello, 2009; Sowiriski &

@ Springer


https://incompetech.com/music/royalty-free/faq.html

303 Page 8 of 26

Behavior Research Methods (2025) 57:303

Dalla Bella, 2013). Scores and ratings of each of the 58
musical stimuli are presented in Table 1.

To select songs for the 32 levels of RW, we primarily
relied on the synchronization consistency rankings shown in
Table 1. Music by Kevin MacLeod was prioritized because
synchronization consistency varied within a broader range
(0.07-1.51) than the commercial music of BeatHealth com-
pany (0.45-1.54) and thus provided greater margin to manip-
ulate rhythmic difficulty. Moreover, royalty-free licenses
enhance accessibility, transparency, and openness for future
research. Music from the BeatHealth company was selected
in specific situations to avoid songs that received low rat-
ings for stimulus appreciation or extremely high ratings of
perceived difficulty, as well as to diversify tempo and genre
during level progression. In total, 25 musical stimuli by
Kevin MacLeod and seven by the BeatHealth company were
used. We rated syncopation (the displacement of the normal
musical accent from a strong beat to a weak one; Scholes &
Nagley, 2011) scores based on expert judgment on a scale
between 0% (no syncopation) and 100% (full syncopation).
These syncopation scores were not used for stimuli selec-
tion but to evaluate relationships with enjoyment, difficulty
and synchronization consistency. The final order of the 32
selected songs across game levels was adjusted by KJ and
NF based on their expert judgment Table 2.

Rhythmic“serious game”

The RW “serious game” used in this proof-of-concept study
was initially developed for adults (Bégel et al., 2018). The
scoring method and synchronization condition of the game
were similar, but significant improvements were made in
terms of the visual interface, the gameplay, difficulty, and
musical stimuli to suit children. First, we replaced the
musical stimuli from simple MIDI-generated music (Bégel
et al., 2018) with complex and layered instrumentations per-
formed, recorded, and designed by professional musicians.
The objective of this modification was to make the musical
stimuli more engaging for children. Second, we added spatial
moving targets that fit the motor level and cognitive func-
tioning of 7—13-year-old children. Third, the game's scor-
ing system was also altered so fewer points were required
to build a complete building within each level’s timeframe.
Finally, the graphics and interface were also improved, giv-
ing the game a finished feel like an online commercial game
(for a version of the game for the public, see https://www.
beatworkers.com).

In this version of RW, players were asked to synchronize
their finger taps to the beat of musical excerpts. The goal of
the game was to construct a building by aligning the taps to
the musical beat. Circular statistics were employed using
data from the most recent eight taps to evaluate real-time
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tapping performance. To derive a comprehensive score,
the assessment measured synchronization consistency
(expressed as vector length) and accuracy (expressed as a
vector angle representing the extent to which tapping tended
to lead or follow the stimulus beat). The scoring process
involved multiplying synchronization consistency (rang-
ing from O to 1) by 100, yielding a score within the O to
100 range. Note that achieving maximum consistency (1.0)
is unattainable in human performance. Three points were
automatically added, resulting in a perfect score of 100
for outstanding players. Scores were then adjusted based
on synchronization accuracy. For vector angles exceed-
ing 60 degrees, deductions were made every 10 degrees,
with decreasing accuracy. For instance, between 60 and
70 degrees, five points were deducted from the final score,
and between 70 and 80 degrees, ten points were subtracted,
following a similar pattern. Players sometimes tapped in
antiphase (i.e., midway between the beats), which was con-
sidered an erroneous performance. Antiphase tapping was
identified during the level assessment when the player's
synchronization accuracy deviated by at least 120 degrees
from the beat, given that the antiphase corresponds to 180
degrees.

Players received feedback while playing at the end of
each 8-bar sequence. If the score was above 90, the expres-
sion “ACE!” showed on the screen (see Fig. 1); the building
story was constructed faster, and players scored the most
points. For a score between 70 and 90, players saw “BIG!”;
the building was constructed normally, and players scored
points. Scores below 70 showed the words “ Err!!”’; no pro-
gress was achieved on building the stories, and no additional
points were given. Players could receive medals at the end of
each level based on their total points, and this unlocked more
game levels to play. Successive levels each required a greater
number of accumulated medals to be unlocked. Accordingly,
during their progression through the game, players usually
had a range of 2—4 new levels ahead that they could access.

Prior to the start of this proof-of-concept study, the child-
friendly, adapted version of RW was tested in another in-
person laboratory survey in 13 typically developing chil-
dren between 6 and 13 years of age to ensure that the music
selection, gameplay interface, and graphics were suitable
for that age range. Feedback from these participants allowed
us to improve the game and adaptation for children further.
RW included 32 levels, each corresponding to one of the
songs selected in the stimulus pilot study. The game's pro-
gression was designed by increasing rhythmic difficulty
using the synchronization consistency scores (vector length
logit transform) obtained during the validation of the musi-
cal stimuli. Each level involved two repetitions of the same
excerpt. The first repetition, a standard rhythmic task in
which the participant taps to the beat of music without spa-
tial moving targets, served as practice. The second repetition
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Table2 Ranking of musical excerpts (in descending order with
regard to synchronization consistency), genre, tempo (beats per min-
ute; BPM), synchronization consistency (logit-transformed vector

length), syncopation, and participants’ ratings perceived difficulty
and of enjoyment (provided on a five-point scale), as well as selection

choice, are also reported

Stimulus ID Genre BPM Syncop. Vector length Perceived dif-  Enjoyment selected
ficulty

cheery_monday Pop Rock 102 0% 0.76 2.87 2.93 Yes
np_4_rouen_1 Pop Rock 100 0% 0.76 3.00 2.93
np_15_tou_loose_2 Jazz Funk 100 0% 0.76 3.33 3.27 Yes
crusade_heavy_industry Classical 90 25% 0.75 2.87 2.80

np_8_lis_le_1 Pop Rock 120 0% 0.75 3.00 3.20

tech_live Electronic 124 0% 0.75 3.00 3.07 Yes
np_19_mont-pele_3 Reggae 105 0% 0.75 3.07 2.93

np_5_roulant_2 Pop Rock 110 0% 0.74 3.27 3.07

np_3_en_g 2 Electronic 105 0% 0.74 3.13 3.13

np_9_lis_le_2 Pop Rock 125 0% 0.73 3.20 3.40 Yes
the_complex Electronic 104 0% 0.73 3.40 2.87 Yes
np_11_strass_bourge_1 Traditional 105 0% 0.73 3.33 3.00

radio_martini Classical 118 0% 0.73 3.13 2.93

kool_kats Electronic 113 25% 0.73 3.00 2.60 Yes
np_1_kaysenberg Electronic 100 0% 0.73 293 293
np_16_tou_loose_3 Jazz Funk 120 0% 0.72 2.87 2.87

bass_walker Jazz Funk 113 0% 0.71 2.87 3.07 Yes
funkorama Jazz Funk 101 25% 0.71 3.00 2.20 Yes
funin_and_sunnin Pop Rock 108 0% 0.70 2.93 3.00 Yes
np_7_bille_a_rixe_2 Jazz Funk 110 6.25% 0.70 3.33 2.87

galway Traditional 110 75% 0.70 3.13 2.60 Yes
np_26_tigre_3_135bpm Pop Rock 135 0% 0.70 3.07 2.93

the_builder Jazz Funk 123 18.75% 0.70 2.87 2.80 Yes
np_22_marcel_3 Jazz Funk 100 0% 0.70 2.20 2.33

np_25_tigre_2 Pop Rock 120 50% 0.70 2.87 3.00

mischief _maker Traditional 125 0% 0.70 2.93 2.87 Yes
industrial _cinematic Classical 110 25% 0.70 2.93 3.07

np_20_marcel_1 Reggae 95 0% 0.69 3.07 3.20
master_of_the_feast Traditional 122 100% 0.69 2.60 2.87 Yes
np_12_strasse_bourge_2 Traditional 105 75% 0.69 3.20 2.87

np_2_en_g_1 Electronic 100 0% 0.69 3.13 3.33 Yes
motherlode Pop Rock 90 25% 0.69 2.67 3.20 Yes
np_14_tou_loose_1 Jazz Funk 90 0% 0.69 3.00 2.93

chee_zee_lab Electronic 120 25% 0.68 2.93 2.73 Yes
np_21_marcel_2 Jazz Funk 89 50% 0.68 2.87 2.53

disco_medusae Jazz Funk 115 0% 0.68 3.13 3.07 Yes
np_24_tigre_1 Pop Rock 120 50% 0.67 2.87 3.13

rolling_at_five Jazz Funk 105 0% 0.67 2.63 2.90 Yes
industrious_ferret Classical 95 25% 0.66 3.00 2.67 Yes
pixellan Electronic 115 0% 0.66 2.87 3.00 Yes
np_6_bille_a_rixe_1 Jazz Funk 90 0% 0.65 3.07 2.73

np_28_par_ici_1 Electronic 130 50% 0.65 3.00 3.13

shaving_mirror Jazz Funk 78 0% 0.64 3.07 2.80 Yes
five_armies Classical 114 100% 0.64 2.93 2.73

doobly_doo Jazz Funk 85 0% 0.64 2.73 3.00 Yes
hyperfun Jazz Funk 100 100% 0.63 3.07 2.73 Yes
edm_detection_mode Electronic 128 0% 0.63 2.93 3.00 Yes
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Table 2 (continued)
Stimulus ID Genre BPM Syncop. Vector length Perceived dif-  Enjoyment selected

ficulty

np_17_mont_pele_2 Reggae 95 50% 0.62 3.13 2.80 Yes
danger_storm Electronic 80 0% 0.62 3.00 3.13 Yes
np_27_tigre_4 Electronic 130 25% 0.62 3.07 2.60 Yes
zazie Pop Rock 90 0% 0.61 3.07 3.07 Yes
np_23_marcel_4 Pop Rock 80 50% 0.58 3.13 2.87 Yes
np_17_mont_pele_1 Reggae 80 50% 0.56 3.20 3.07 Yes
surf_shimmy Pop Rock 85 50% 0.55 2.80 2.87 Yes
evil_incoming Classical 132 50% 0.50 2.47 2.73 Yes
call_to_adventure Classical 85.5 100% 0.37 2.40 2.33
mega_hyper_ultrastorm Electronic 110 75% 0.31 2.60 2.60
cool_rock Pop Rock 129 0% 0.22 3.00 2.93

Fig.1 Example of Rhythm Workers gameplay (experimental training
condition) used in this proof-of-concept study. On the left, a building
was constructed, and the player scored maximum points and received

added spatial moving targets that could be eliminated by
tapping them on the beat. We varied spatial moving target
difficulty by increasing the speed (three different speeds) at
which they moved on the screen and how many taps were
required to eliminate the enemy (one or two taps). If the
player did not destroy the spatial moving target, the spatial
moving target attacked the building, reducing the player’s
score. Spatial moving target difficulty was introduced pro-
gressively in the game, and spatial moving targets appeared
only in a sequence. During the first six levels, 1-2 spatial
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visual feedback. In the center, the player tapped on a spatial moving
target on the beat. On the right, the player saw their scoreboard once
the level was completed

moving targets appear, requiring one or two taps on the
beat to eliminate them. The first six levels were limited to
a maximum of two spatial moving targets so participants
could familiarize themselves with the spatial moving tar-
gets. For the following levels, between four and eight spatial
moving targets appeared, requiring one or two taps on the
beat to make them disappear. The number of spatial mov-
ing targets was added for variety and to guarantee sustained
attention throughout the training sessions. For this reason,
we did not increase the number of spatial moving targets
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Fig.2 Example of Frozen Bubble gameplay (control training condi-
tion). On the left, the black bubble was released in the direction of
the arrow by two finger taps (the first to arm, and the second to aim

with increasing level progression but instead attributed the
4-8 spatial moving targets randomly per level. We verified
after training that the amount of spatial moving targets pre-
sented was not related to improvement in rhythmic abilities
or executive functioning (p > .32). A sample of the musical
stimuli of the game and examples of the gameplay can be
found at the following link: https://osf.io/gykjd/?view_only=
26be79399f1e48fe838107df437e0ceb.

Non-rhythmic active control game

The control game, Frozen Bubble (FB) was based on a pub-
licly available version of the game on GitHub (https://github.
com/videogameboy76/frozenbubbleandroid) and is a puzzle
arcade shooting game in which the goal is to clear the screen
of descending bubbles using finger tapping. The arrange-
ment of bubbles progressively moved down the screen, and
the player lost if they reached the bottom of the screen. To
make the bubbles fall, players had to arrange them by color.
When three or more bubbles of the same color were stuck
together, they fell off the screen, and any bubbles attached
below became free (see Fig. 2).

The game played background instrumental music with
a beat similar to RW, except players did not synchro-
nize their motor movements to the beat. To make motor
demands comparable with RW, we modified the FB game

toward the higher two black bubbles and shoot). On the right, at a
different moment in the game, a bubble has hit its target and freed
bubbles

to double the number of taps (one to arm and one to launch
the bubble gun), as described below. Players had a choice
of three play modes: “Puzzle Mode”, “Arcade Mode, and
“Player vs. Computer”. In “Puzzle Mode” an arrangement
of bubbles of different colors was presented on the screen
for each of the 100 levels. To launch a bubble, players had
to tap twice on the place where they wanted to send the
bubble: Once to load the gun and a second time to launch
the bubble. This principle of shooting and connecting bub-
bles to clear them from the screen was the same across
the three modes. In “Arcade Mode”, the bubble arrange-
ment descended gradually on the screen, with new rows
emerging from the top edge, and the player’s goal was to
clear bubbles from the screen to survive as long as pos-
sible. In this mode, levels were not presented. In “Player
vs. Computer” mode, an arrangement of colored bubbles
was presented on the screen, and players played against
the computer, which also had a screen with bubbles to
eliminate; cleared bubbles were sent from the player to
the computer and vice-versa, adding to the counterpart’s
arrangement of bubbles to be cleared. The game’s goal was
to clear all bubbles from the screen before the computer
cleared all bubbles from its screen. This was the most chal-
lenging mode.
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Evaluation of game compliance and acceptance

The first aim of this proof-of-concept study was to evaluate
if participants adequately followed the study protocol and
played the experimental and the control games in compa-
rable ways.

Compliance

The compliance levels in this study refer to the degree to
which participants fulfilled the requested protocol targets.
Complete compliance entailed using the assigned game for
the requested time while respecting a 2-week playing time
distribution. We assessed participant compliance with pro-
tocol targets by comparing the cumulative training dura-
tion (i.e., of training sessions; self-reported and logged on
the device) and continuous playing time in minutes (i.e.,
time spent in active gameplay in game levels; logged on
the device). Participant self-reports of session times and
dates were cross-checked manually with logfiles for overall
coherence.

Game acceptance

In the context of this research, game acceptance refers to
the degree to which participants felt engaged when playing
the game. We measured game acceptance by the level of
enjoyment and frustration expressed after a gaming session
and an overall game recommendation. At the end of each
gaming session, participants were asked to use a five-scale
smiley-face Likert scale and circle their enjoyment level (1 =
very boring; 5 = very fun) and perceived difficulty (1 = very
easy; 5 = very hard). The means of all sessions for enjoy-
ment and perceived difficulty were calculated as a cumula-
tive measure of appraisal of the game participants played.
At the end of the 2 weeks, during the debriefing session,
participants were asked if they would recommend the game
on a three-point scale ranging from “Yes”, “Maybe with
changes” to “No”.

Assessment of rhythmic abilities

Rhythmic abilities were assessed with selected tests from
BAASTA. We selected tasks well suited to capture rhyth-
mic abilities' perceptual and sensorimotor dimensions (Dalla
Bella, Foster et al., 2024a) while being feasible for chil-
dren (Bégel et al., 2022; Puyjarinet et al., 2017). The tasks
involved the Beat Alignment Test (BAT), paced tapping to
a metronome, and paced tapping to music.

The BAT was initially designed by Iversen and Patel,
2008 to assess participants’ ability to perceive the beat inher-
ent to a musical stimulus. The participants were submitted
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to the abbreviated version of the BAT (24 trials, with a 600-
ms inter-beat interval, instead of the full 72-stimuli version;
Dalla Bella, Benoit et al. 2017a, Dalla Bella, Farrugia et al.,
2017b). Excerpts counting 20 beats each, taken from Bach’s
“Badinerie” and Rossini’s “William Tell Overture”, were
presented. An isochronous sequence (metronome) superim-
posed on the music was either aligned or not with the beat.
Out of 24 trials, 16 were not aligned to the beat. The non-
alignment was initiated either by a phase shift or a period
shift. Participants were asked whether the sequence aligned
with the music’s beat. They were given two examples of
aligned and non-aligned trials, followed by four training tri-
als. The duration of the test was approximately 8 min.

In paced tapping to a metronome and music, partici-
pants were asked to tap their finger in synchrony with an
isochronous sequence of piano tones and with short musi-
cal excerpts taken from Bach’s “Badinerie” and Rossini’s
“William Tell Overture” (for details, see Dalla Bella, Benoit
et al., 2017a, Dalla Bella, Farrugia et al., 2017b, Dalla Bella,
Foster et al., 2024a, Dalla Bella, Janaqi et al., 2024b for
the tablet version). The participants repeated the test twice
for each metronome or musical stimulus. The participant
was given a short training before each different tempo or
excerpt. The overall duration of these tests was approxi-
mately 10 min.

Assessment of executive functions

We administered set-switching, Eriksen flanker, and Go/
No-go tests to assess executive functioning.

Set-switching test

This test was organized into three different blocks (48 tri-
als per block): “location”, “direction” and “mixed”. In the
“location” block, participants had to identify where a red
arrow appeared on the screen while ignoring the direction
it was pointing. Conversely, in the “direction” block, par-
ticipants were asked to respond only to the direction a blue
arrow was pointing, regardless of which side of the screen
it appeared on. The “mixed” block presented red and blue
arrows in a predetermined pseudo-random order. When par-
ticipants saw red arrows, they were asked to abide by the
“location” rule, and when blue arrows appeared, they had
to switch to the “direction” rule. Participants were invited to
respond as fast as possible in all blocks. In all trials, a white
fixation cross was shown for 500 ms; then the arrow was
displayed until the participant responded (up to a maximum
of 4500 ms), and between trials, a blank screen was shown
for 750 ms. This task took approximately 6—8 min for each
participant to complete.
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Eriksen flanker fish task

Participants were presented with graphics of one or five
fish of the same size arranged in a horizontal line on the
screen. The participants were asked to respond as quickly as
possible by pressing one of two keys to indicate the direc-
tion in which the middle fish was swimming (either left or
right) while ignoring any other fish surrounding (flanking)
the middle fish. In one-third of the trials, only one fish was
presented without any flanking fish (neutral); one-third of
trials contained flanking fish that were oriented in the same
direction as the middle fish (congruent trials); and one-third
of the trials contained flanking fish oriented in the opposite
direction as the middle fish (incongruent trials). Participants
had a 2000 ms (ISI) to respond, including a 500-ms stimu-
lus and 1500-ms fixation duration. In between all trials, a
white fixation cross was shown for 750 ms; then, the stimu-
lus was shown until the participant responded. This test had
96 trials and took approximately 3—5 min for participants
to complete.

Go/No-Go task

In this test, participants were shown two different stimuli: an
orange circle or a blue circle. The participant was asked to
press the space bar on a physical keyboard as soon as pos-
sible when a blue circle appeared (Go-trial) and to refrain
from pressing any key when an orange circle appeared (No-
Go trial). Blue circles were shown in 70% of the trials, and
orange circles in the remaining 30%. After a 1500-ms white
fixation cross, the stimulus was shown on screen for 500 ms,
for a total inter-onset interval of 2000 ms. Late responses
(i.e., during the following fixation period) were accepted
during the task, and then a response timing criterion was
applied during analysis. This task used 100 trials and took
approximately 4-5 min for each participant to complete.
A minimum of ten trials was required for inclusion in the
analysis. Responses shorter than 100 ms were not consid-
ered valid inhibition control responses and, therefore, were
excluded from analysis.

Measures and statistical analyses

All statistical analyses were performed using R Studio (R
Core Team, 2022).

Compliance and acceptance

To compare the means of both games on measures related to
compliance and acceptance, we utilized the Wilcoxon rank
sum test because we did not expect data for these measures
to be normally distributed.

BAASTA

We computed d-prime (d’) scores for the BAT task to obtain
a measure of perceptual beat tracking sensitivity while
accounting for response bias. For the paced tapping tasks,
logit-transformed vector length values were used to measure
synchronization consistency, as described above (see “Stim-
ulus selection”). The synchronization consistency scores
for each subtask (three metronome tempos and two music
excerpts) were then each converted to z-scores according to
the entire sample’s pre-training mean and standard devia-
tion for the subtask. These scores were then averaged per
participant and timepoint at the task level, yielding stand-
ardized scores (i.e., derived from z-scores) of synchroniza-
tion consistency for paced tapping to metronome and paced
tapping to music.

Subsequently, to obtain a measure that reflects both per-
ceptual and sensorimotor rhythmic abilities, we computed
the Beat Tracking Index (BTI). The BTI was used because it
has a high test-retest reliability in adults (Dalla Bella, Foster,
et al., 2024a; Puyjarinet et al., 2017) and has successfully
captured individual differences in children and adults with
neurodevelopmental disorders (ADHD; Puyjarinet et al.,
2017). The BTI was calculated by averaging z-scores of the
perceptual performance (BAT d’) with the average of the
scores of tapping to metronome and music.

To assess changes in rhythmic performance (post-minus
pre-training) of participants in each game, we estimated lin-
ear models using the Im() function in R for each of the four
rhythmic performance scores (BTI, paced tapping to music,
paced tapping to metronome, and BAT d’). The dependent
value for each model was the difference scores between time
points, i.e., post-training performance minus pre-training on
the corresponding score. Due to the inherent difference in
continuous playing time (between RW and FB arising from
navigation through map levels and score screens, these mod-
els included a mean-centered term for continuous playing
time to account for this variation between the games. Moreo-
ver, previous research on RW in adults with Parkinson’s dis-
ease indicated that individuals may benefit differently from
playing the game based on their pre-training rhythmic abili-
ties (Dalla Bella et al. 2018), so the models also included
a term for the baseline pre-training performance score.
The linear models thus contained these predictors as main
effects, as well as all interactions (two-way and three-way):

Difference score = 1 + game X continuous playing time X baseline

Additionally, the effect of individual differences in train-
ing dose was assessed within each game by testing the Pear-
son correlations between rhythm scores and training dura-
tion (total training duration and continuous playing time,
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separately. Effect size interpretations of eta squared for lin-
ear regression are based on (Miles & Shevlin, 2001).

Executive functioning tasks

In the flanker and set-shifting tasks, response time (RT)
values were calculated after removing trials with incor-
rect responses, and after removing trials with early or late
responses. For both the flanker and set-shifting tasks, RT
values shorter than 200 ms were discarded. Additionally,
for the flanker task, RT values greater than 1300 ms were
discarded, whereas for the set-shifting task, longer RT val-
ues were expected due to the higher complexity task and no
maximum criterion was applied. For the set-shifting task,
we then subtracted the mean RT of non-mixed blocks of the
task (i.e., when only the “location” or “direction” rule was
applied) from the mean RT of the mixed section (when the
“location” or “direction” rule alternates pseudo-randomly).
For the flanker task, we subtracted the mean RT of congru-
ent trials from the mean RT of the incongruent trials.

Following the approach of previous studies using the
trail-making test, which is a similar task involving simul-
taneous executive functioning processes (i.e., processing
speed, inhibition, and cognitive flexibility), we calculated
a proportional score based on RT values. Such proportional
scores are used as a sensitive index of change in executive
functioning following an intervention (Periafiez et al., 2007,
Stuss et al., 2001). The mean RT of the incongruent trials
was subtracted from the mean RT of the congruent trials,
and this difference was divided by the RT of the congruent
trials, i.e., (congruent RT — incongruent RT) / (congruent
RT), where higher (less negative) scores represent higher
attentional functioning. It should be noted that this formula
differs from typical use of proportional scores in that the
order of terms in the numerator is reversed (i.e., a typical
approach would use incongruent RT minus congruent RT);
this change allowed for higher values to represent better per-
formance, and for higher difference scores (of proportional
scores between time points) to indicate improvement after
training.

We opted to merge these tasks into one comprehensive
executive functioning index. This approach aligns with
Diamond's integrated theory of executive functioning
(Diamond, 2013), which highlights the interdependence of
executive functions. Effective interference control, which
involves filtering out distractions and maintaining task-
relevant focus, depends on response inhibition to suppress
irrelevant information. Cognitive flexibility, in turn, relies
on both interference control and response inhibition to dis-
engage from one mental set and shift to another without
interference from previous task rules. RW offers a natural-
istic way to engage and improve these cognitive processes:
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Response inhibition — players must suppress premature
motor responses and adapt to correct timing;
Interference control — as musical stimuli become more
complex (e.g., with increasingly emphasized off-beat
sounds), participants must resist interference from com-
peting rhythmic patterns;

Cognitive flexibility — adapting to rhythmic modula-
tions, coordination demands for moving visual targets and
change of tempo between levels requires shifting between
response strategies.

To measure the impact of RW training on executive func-
tions, we used task-based assessments that correspond to the
targeted cognitive processes:

1) The flanker task (interference control) requires par-
ticipants to suppress distractor stimuli and focus on the
relevant target. Since RW training involves filtering out
irrelevant thythmic elements, it may primarily enhance
interference control, explaining the strongest effects
being observed in this task.

2) The Go/No-Go task (response inhibition) measures the
ability to inhibit prepotent responses, which is trained
in RW through precise motor timing and suppression of
premature movements.

3) The set-shifting task (cognitive flexibility) measures
the ability to switch between different rules or task sets.

Performance is assessed through reaction times and error
rates, reflecting the ability to inhibit previous rules and adapt
to new ones efficiently. RW training requires adapting to
changing musical patterns, which may translate to improved
cognitive flexibility performance on a set-shifting task. On
the Go/No-Go task, scoring was based on signal detec-
tion theory in order to measure the sensitivity to correctly
detect “go” stimuli, while accounting for response bias or
the general tendency to respond. We calculated A’, the non-
parametric equivalent of d’, to avoid score approximations in
the case of ceiling hit rates or zero false alarm rates, which
were common in this task. An A’ near 1.0 indicates high dis-
crimination sensitivity, while a value near 0.5 means chance
performance (Makowski, 2018).

Scores from the Go/No-Go, flanker, and set-shifting tasks
were combined into a single index for accuracy. For the com-
bined reaction time score, only the flanker and set-shifting
tasks were considered appropriate because the no-go con-
dition of the Go/No-Go is correct only in the absence of a
reaction time score. Proportional scores from both tasks at
pre- and post-training were converted into z-scores based on
the task means and standard deviations of all participants
at pre-training. These z-scores were then averaged at each
time point for each participant. Improvement was calculated
by subtracting the pre-training scores from the post-training
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Table 3 Compliance with protocol targets and acceptance for the two games

Characteristic Rhythm Workers Frozen Bubble

N Mean SD Min Max N Mean SD Min Max p value
Continuous playing time 13 141.0 60 30 244 13 275 83 103 367 <.001
Taps per minute! 13 61.2 9.1 449 78.8 13 56.6 12.5 39.3 83.9 0.3
Game enjoyment 12 35 0.6 23 4.5 13 35 1.0 1.6 5.0 0.9
Perceived difficulty 13 37 0.7 1.9 4.8 12 2.8 0.8 1.6 4.2 0.03*
Recommendation 13 13 0.9
“Yes” n==6(055%) n==6(75%)
“Maybe with changes” n=227%) n=113%)
“No” n=2(18%) n=1(3%)
Did not answer n=3 n=>5

!"Total number of logged finger-taps by game divided by training duration in minutes

scores, and the resulting changes in executive functioning
were assessed. After graphically and statistically verifying
that the scores were normally distributed between groups,
we performed ¢ tests to assess whether the difference scores
from the RW group were greater than those from the FB
group. We then tested if the within-group change was sig-
nificantly greater than 0 using a one-sample 7 test.

Results

We begin by presenting the results of compliance and the
acceptance of both games in children with ADHD, followed
by the effects of RW training on rhythmic and executive
functioning.

Compliance and acceptance

A total of 87.1% (27 out of 31) of the children with ADHD
completed the study protocol. Four children, two from the
RW group and two from the FB group, did not complete
the study due to time management issues or severe ADHD
symptom manifestations, and are not included in analyses.
Additionally, one participant was excluded from all analyses
due to a technical problem where the participant accidentally
changed the tablet’s settings, affecting the game’s progres-
sion and invalidating their training progress. One participant
had unreliable logged data regarding training compliance,
so their self-reported training duration was used instead of
their logged training duration. All remaining participants
completed seven to ten (the maximum) self-reported ques-
tionnaires about each gaming session and returned the tablet
data.

Total training duration progress was comparable between
RW (88% completion, M = 267.0, SD = 96.3, range =
90-420) and FB (100% completion, M = 321.8, SD =94 .4,

range = 136-455), p = .22), meeting the target of 300 min of
training over 2 weeks. Despite these similarities, we found
that the amount of continuous playing time in the RW group
was significantly lower than the amount of continuous play-
ing time in the FB group as shown in Table 3, W, =19, p <
0.001). The continuous playing time was 54% of the logged
training duration in RW and 86% in FB. Training duration
was strongly and positively correlated with the continuous
playing time, r(24) = .73, p < .0001, suggesting both vari-
ables reliably measure training dose.

Comparable amounts of motor movement (number of
taps) were observed between games as shown by similar tap-
ping rates per minute of training between games (p = .29).
Participants expressed above-average levels of enjoyment,
comparable for both games (p = .98). When participants
were asked if they would recommend the game, more than
half of the participants in each group responded positively,
and the distribution of responses was similar between games
(p = .90). Participants in the RW group perceived the game
as significantly more difficult than FB (W, = 119, p = .03);
however, perceived difficulty did not correlate significantly
with enjoyment in RW (p = .80) or FB (p = .09).

Figure 3 shows a correlation matrix with the relations
between vector length (1 = perfect sync; O = no sync), per-
ceived difficulty (5 = very difficult; 1 = very easy), stimuli
appreciation (1 = Don’t like the music; 5 = Really like the
music) and syncopation (1 = no clear beat; 0 = all beats
pronounced isochronously).

As shown in Fig. 3, stimuli with lower vector lengths,
which were harder to tap to, were perceived as more dif-
ficult and less appreciated, while easier-to-tap stimuli were
more appreciated. Syncopation may play an intermediate
role, as some level of syncopation is enjoyable (Matthews
et al., 2019; Vuust & Witek, 2014). More syncopated stim-
uli, though perceived as more difficult, scored high on both
vector length and appreciation, suggesting that factors such
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Fig.3 Correlation matrix showing relations between rhythmic aspects and game acceptance (all p < .05)
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Fig.4 Time series of mean enjoyment A and mean perceived difficulty over the sessions B between Rhythm Workers and Frozen Bubble. Error
bars indicate the standard error, and horizontal lines represent the means across sessions

as pulse clarity or rhythmic pattern may also influence vari-
ability in vector length. Both groups played a comparable
number of sessions, averaging five per week per game. Fig-
ure 4 shows the evolution of enjoyment and perceived dif-
ficulty over the sessions for both games.
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Rhythmic performance

Table 4 shows the rhythmic performance at both time
points between games on individual tasks of BAASTA
and the BTI.

In the BTI, which captures the general capacity to track
a beat, a positive effect of the training condition, #(17) =
—2.46, p = .025, was found for those who played the RW
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Table 4 Rhythmic performance of children with ADHD after training
Rhythmic Domain Rhythm Workers Frozen Bubble
N2 Mean SD Min Max N? Mean SD Min Max P’
BTI Pre 13 0.05 1.01 -1.17 1.79 12 0.02 0.76 -0.99 1.15 .89
Post 13 0.19 0.84 -1.33 1.45 12 -0.07 0.84 -1.19 1.17 41
A3 13 0.14 0.48 -0.60 1.11 12 -010 043 -093 0.69  .025°
Paced tapping to music' Pre 12 0.76 0.23 0.36 0.99 11 0.64 0.29 0.16 097 32
Post 13 0.79 0.22 0.36 0.98 12 0.60 0.35 0.10 097 .11
A3 12 0.19 0.47 -0.28 1.05 11 -0.05 0.52 -0.56 0.83 .015°
Paced tapping to metronome' Pre 13 0.82 0.11 0.62 0.97 12 0.81 0.12 0.57 094 .99
Post 13 0.83 0.17 0.30 0.96 12 082 0.13 0.53 096 .73
A* 13 >0.01 0.91 -2.62 0.96 12 0.01  0.62 -1.25 083 .14
Rhythm perception d’ Pre 13 1.41 1.31 -0.29 3.54 12 1.70  0.80 0.74 3.07 .53
Post 13 1.55 1.05 -0.16 3.07 12 1.74  0.76 0.76 279 .55
A3 13 0.13 0.86 -1.80 1.37 12 0.03  0.61 -1.13 10.7 .69

!Synchronization consistency score

Due to missing data for some participants who could not complete all the tasks because of task difficulty (e.g., tapping in antiphase or double-

time) or task-specific inattention
3Change scores

4 Averages based on z-scores
SWilcoxon rank sum test p value

5p value of the main effect of the game Played in linear model:

Difference score = 1 + Game Played * Cumulative Play Time * Symptom Severity

Note: In bold p < .05

game compared to those who played the FB game (see
Table 4). The model intercept was significant, #(17) = 2.58,
p = .02, and because RW was coded as 0 and FB as 1, this
finding indicates that the increase in the BTI after the train-
ing was greater than 0 in this model. The other interaction
terms in the model involving the experiment conditions
(game played * symptom severity and game played * contin-
uous playing time * symptom severity) were not significant
(p = .33) and the omnibus model (difference score = 1 +
game played * continuous playing time * symptom severity)
provided an overall good fit, F(7, 17) = 2.00, p = .12, R* =
45, with a medium effect size (4*> = 0.11).

Similarly, for tapping to music there was a positive effect
of the training condition, #(15) = —2.75, p = .015, for those
who played the RW game compared to those who played
the FB game (see Table 4). We also observed within-group
improvement for RW, as indicated by a significant model
intercept, #(15) = 3.04, p = .008). No interaction terms in
the model were significant (p > .19), and the omnibus model
provided an overall good fit (F(7, 15) = 2.69, p = .051, R?
= .56), with a medium effect size (5*> = 0.12).

The omnibus models were not statistically significant
for paced tapping to a metronome (p = .46) and the BAT
rhythm perception task (p = .30). The correlation between

improvement in rthythm perception and the music tapping
tasks was positive but not statistically significant (p = .25).

To assess whether the positive effect of the rhythmic
training was linked to the individual amount of training,
we tested the relation between continuous playing time and
rhythmic improvements (see Fig. 5). For RW, continuous
playing time was strongly and positively correlated with
improvement in paced tapping to music, r(10) = .68, p =
.008), and the BTI, r(11) = .53, p = 0.03, but not for FB
(p > .16). We found a similar trend for total training dura-
tion, which was positively correlated with improvements in
paced tapping to music, r(10) = .63, p = .01), and for the
BTIL, r(11) = .50, p = .04, for RW group, but not FB (p >
.14). We also found that pre-training scores on the BTI for
those who played RW were negatively correlated with BTI
improvement, #(11) =—0.56, p = .045.

Executive functioning

Table 5 reports the pre-, post-training, and difference scores
for the various measures of the three executive functioning
tasks, namely the Go/No-Go, flanker, and set-shifting task
according to each game.

Training with RW had a positive effect on proportional
response time scores of the combined executive functioning
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Fig.5 Relationship between training dose and improvement. In A the Beat Tracking Index and B the paced tapping to music task by game

index compared to playing FB, #(24) = 1.72, p = .049, with
a medium effect size, w* = 0.07. Children who played RW
showed an improvement (i.e., mean change greater than 0),
t(11) = 1.86, p = .045; this was not the case for FB (p = .73).

Discussion

We conducted a proof-of-concept study to test gamified
rhythmic training for children with ADHD employing a par-
allel-arm randomized control trial design. The protocol was
carried out remotely using digital training, online tools, and
equipment mailing. The rhythmic “serious game” on a tab-
let, RW, was compared to an active control condition (non-
rhythmic game, FB). The primary goal was to assess the
feasibility of the training program in children with ADHD,
whose impairments in attention are linked to rhythmic
deficits (Puyjarinet et al., 2017) — a proposed risk factor in
neurodevelopmental disorders more broadly (Ladényi et al.,
2020; Lense et al., 2021), which may in turn be associated
with deficits in executive functioning. A secondary goal was
to test the effectiveness of the training on rhythmic abilities
using BAASTA and, as an exploratory aim, on executive
functioning.

Participants achieved an 87% completion rate of the entire
research protocol, surpassing the expected rate (70%) for
pediatric mental disorders (Bogdan et al., 2023). The target
training duration of 300 min was met at 88% for RW and
100% for FB. Both games exhibited similar enjoyment lev-
els and comparable amounts of motor activity (finger taps).
Enjoyment values were high and around 3.5/5. Therefore,
we expect that children would be willing to play the game
in a more extended training program while maintaining their
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enjoyment. Despite RW being perceived as more difficult,
this was not related to the enjoyment children experienced
during the 2-week training sessions; moreover, this did
not impact the improvement of sensorimotor or executive
functioning. It is noteworthy that participants spent more
continuous time playing FB due to RW's level naviga-
tion time. Each level in RW ranged between 1 and 3 min;
then, participants spent time on the score, medal, and map
screens between levels. This imbalance worked in favor of
the study’s research objectives and showed that even less
training than anticipated is sufficient for producing specific
training effects. Another encouraging statistic was that only
18% of responding participants who played RW and 13%
of those who played FB did not recommend the game they
played. This proof-of-concept assessment provides a suitable
empirical basis for analyzing and interpreting the training’s
effectiveness in improving rhythmic and executive function-
ing abilities.

The present findings establish FB as a suitable active
control game, sharing fundamental characteristics with
RW - such as comparable graphics, music, objectives, and
motor demands — while excluding the critical experimental
manipulation of movement synchronization to a musical
beat. The inclusion of a rigorously designed active control
is essential for ensuring the validity of intervention effects,
as it mitigates the influence of confounding factors such as
placebo effects or general engagement. By replicating non-
specific elements of the intervention (e.g., duration, inter-
action) while systematically excluding the core therapeu-
tic component, an active control facilitates the isolation of
underlying mechanisms responsible for observed outcomes,
thereby enabling robust causal inferences (Grau-Sanchez
et al., 2022).
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Table 5 Executive functioning (EF) performance of children with ADHD
EF Domain Rhythm Workers Frozen Bubble
N3 Mean SD Min Max N> Mean SD Min Max P°
EF index (Accuracy)’ Pre 13 -0.03 012 -023 032 13 -008 0.11 -0.36 0.07 .26
Post 13 -0.02 0.09 -022 011 13 -005 007 -0.19 0.06 .51
At 13 >0.00 0.09 -020 0.15 13 0.04 0.13 -0.14 038 .75%
EF index (Speed)’ Pre 13 -0.11 081 -127 142 13 0.11 0.76 -0.61 209 47
Post 13 050 1.31  -1.00 405 13 0.09 085 -1.78 132 35
A4 13 0.61 094 -0.71 268 13 -0.03 096 -1.87 1.20 .05*
Go/No-Go (A") Pre 13 0.90 0.06 0.75 096 13 094 0.04 0.86 099 .05
Post 13  0.87 0.10 0.58 095 13 093 0.03  0.87 098 .07
At 13 -0.03 007 -0.17 004 13 -0.01 004 -0.10 0.06 .78%
Incongruence effect (Accuracy)’ Pre 11 -0.03 009 -025 009 13 -0.11 016 -046 0.00 .15
Post 11 -0.05 011 -034 006 13 -0.05 0.10 -0.32 0.06 .99
At 11 -0.02 008 -0.13 0.13 13  0.06 0.15 -0.13 049 .12*
Incongruence effect (Speed)? Pre 11 -005 005 -0.13 002 13 -003 006 -0.14 0.04 23
Post 11 -0.02 0.08 -0.15 011 13 -006 007 -0.24 0.04 24
A4 1 0.03 0.09 0.15 018 13 -0.03 0.07 -0.12 0.10 .04*
Cognitive flexibility effect (Accuracy)!  Pre 13 -005 014 -021 032 13 -005 010 -0.26 0.18 .99
Post 13 -0.02 0.10 -0.13 015 13 -0.04 007 -0.20 0.06 .59
At 13 0.03 0.13  -0.20 027 13 0.03 0.13 -0.23 026 .37
Cognitive flexibility effect (Speed)? Pre 13 -047 019 -072 -013 13 -047 020 -0.71 0.08 .99
Post 13 -039 030 -0098 031 13 -036 020 -061 -0.10 .75
At 13 0.08 027 -0.60 052 13 0.11 030 -0.40 0.53 .61

"Proportion of correct responses (0.00 = no incongruence)

ZProportional reaction time score (0.00 = no incongruence)

3Missing data for some tasks because of internet connectivity disruptions

4Change scores

SMeans based on z-scores

SWelch two-sample 7 test

#One-tailed hypothesis, otherwise two-tailed
Note: In bold p < .05

Effects of a “serious” rhythmic game on rhythmic
abilities in ADHD

This study presents the first empirical evidence that gamified
rhythmic training can selectively enhance rhythmic abilities
in children with ADHD, a population characterized by rhyth-
mic impairments (Noreika et al., 2013; Puyjarinet et al.,
2017). The effect of the rhythmic training was observed in
improved general rhythmic skills in BAASTA tasks (Dalla
Bella, Foster et al., 2024a). No comparable improvement
was observed with the non-rhythmic video game (FB).
Notably, time spent on RW correlated strongly with general
rhythmic improvements on the BTI (Beat Tracking Index
— BTI; Puyjarinet et al., 2017).

This study marks the first use of the BTI in neurodevelop-
mental disorders with a randomized controlled trial design
and supports the sensitivity of the tablet version of BAASTA

to detect general sensorimotor training effects in ADHD.
The use of the BTI enhanced reliability and power in this at-
home proof-of-concept study by compensating for missing
or invalid trials caused by distractions, environmental noise,
or symptom severity during remote testing. The effect in the
BTI was more heavily weighed by the specific contributions
of the music tapping subtask and the rhythmic perception
increases in RW. However, this appears to be due to a high
level of pre-training tapping consistency in metronome tap-
ping, leaving little space for improvement for that task.

An individualized approach to training is crucial, as
demonstrated by research on rhythmic cueing in Parkin-
son’s disease, where individuals with relatively preserved
abilities to track the beat showed more positive responses
(Dalla Bella, Benoit et al., 2017a, Dalla Bella et al., 2018).
In contrast, rhythmic abilities in individuals with ADHD are
impaired, though perhaps not as severely as in Parkinson’s
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disease. In this study, participants with weaker initial rhyth-
mic skills gained more from the RW training, suggesting
that those with lower baseline abilities had greater potential
for improvement. This suggests that some participants may
have reached a performance ceiling, while others were more
sensitive to skill transfer effects during the training.

Effects of a“serious” rhythmic game on executive
functions in ADHD

Beyond observing sensorimotor improvement, we investi-
gated the transfer of skills from sensorimotor synchroniza-
tion to executive functioning. Despite the limited training
time compared to full-fledged music training programs
(300-19,500 min; Jamey et al., 2024), our findings show
initial causal evidence of improved executive functioning
in children with ADHD trained with RW, but not in those
who played FB. This increase in executive functioning on
combined inhibition control and cognitive flexibility tasks
affected response speed but not accuracy, which was above
90% correct in both groups and likely at ceiling. These
results are promising and might lead to even more prominent
effects of rhythmic training on executive functioning with a
longer training duration and a larger sample size.

Our findings align with Diamond’s integrated theory
of executive functioning (Diamond, 2013), which empha-
sizes inhibitory control and cognitive flexibility as inter-
connected processes essential for adaptive behavior and
gradually developing over time. Synchronizing movements
to complex rhythmic patterns requires inhibiting premature
responses, filtering out distracting off-beat sounds, and keep-
ing a stable alignment of movement to the beat over time.
Since RW training difficulty increases via musical stimulus
complexity, it primarily engages interference control (resist-
ing irrelevant auditory information), explaining stronger
effects on the flanker task. Improvements in response inhi-
bition (Go/No-Go task) and cognitive flexibility (set-shifting
task) were also observed after RW training, likely due to
set-shifting depending on inhibition to stop the previous
rule set and inhibit previously learned sequences in order
to make way for learning new sequences; however, at this
proof-of-concept study’s sample size and training duration,
these increases did not reach statistical significance. These
results support recent reviews identifying inhibitory control
and cognitive flexibility as the most critical components of
executive functioning during music training in childhood
development (Jamey et al., 2024; Rodriguez-Gomez and
Talero-Gutié, 2022). The observed benefits of rhythmic
training on executive functioning suggest that extending
the duration of training may lead to even more pronounced
effects. The influence of rhythmic training on motor and
executive functions may be explained by the cognitive and
neural mechanisms underlying predictive timing — the ability

@ Springer

to anticipate future events based on regular temporal cues.
Predictive timing is supported by associations between
subcortical and cortical brain regions (Jones, 2019; Large
& Jones, 1999; Piras & Coull, 2011; Schwartze & Kotz,
2013). Interventions like gait rehabilitation using auditory
cues are thought to engage these neural circuits. Explicit
timing tasks, often categorized as “cognitively controlled
timing,” rely on basal ganglia-cortical networks, which are
also critical for executive functioning. Because executive
functioning depends on timing information to coordinate
perception-action sequences, improvements in predictive
timing efficiency are likely to translate into enhanced exec-
utive functioning. Response time metrics, which are cen-
tral to assessing changes in executive functioning, further
underscore this connection. Consequently, we propose that
predictive timing is closely linked to executive functioning
abilities.

Predictive timing and executive functioning are closely
connected, as both depend on timing information to coor-
dinate perception-action sequences, with response time
serving as a key metric for assessing executive function.
Recent work highlights how rhythmic entrainment, or cog-
nitive-motor entrainment, enhances executive functioning by
optimizing cognitive and motor processes through synchro-
nized neural oscillations (Schmid, 2024). Frameworks like
dynamic attending theory and active sensing explain how
rhythmic temporal structures improve attentional control and
reduce cognitive load, particularly in dual-task scenarios.
EEG studies show that active sensorimotor synchronization
boosts executive functioning, evidenced by increased P300
ERPs and beta-power peaks, underscoring the specificity of
these benefits to active entrainment processes (Conradi et al.,
2016; Schmidt-Kassow et al., 2009, 2013; Schmidt-Kassow
& Kaiser, 2023). Our findings provide behavioral support
for these theories, highlighting the potential of rhythmic
entrainment to enhance executive functioning, though future
studies should further investigate the neural mechanisms
using diverse methodologies.

Auditory rhythm-based training may target the atypical
timing abilities observed in children with ADHD, includ-
ing deficits in beat-based and interval timing (Noreika et al.,
2013; Zelaznik et al., 2012). These timing impairments,
often characterized by greater variability and reduced accu-
racy in synchronization tasks, have been linked to broader
executive functioning deficits, including attention regulation
and motor planning (Kliger Amrani & Zion Golumbic, 2020;
Marx et al., 2017; Puyjarinet et al., 2017). This reasoning
aligns with the hypothesis that rhythm-based interventions
can enhance sensorimotor synchronization and, conse-
quently, improve motor coordination, attention, and execu-
tive functioning (Dalla Bella, Benoit et al., 2017a; Teki et al.,
2011). Rhythm training may offer a structured approach to
addressing these difficulties by utilizing predictive timing
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mechanisms to enhance temporal consistency and attention
regulation. Synchronizing movements to an external rhyth-
mic cue, such as tapping to a beat, may tap into internal
neural mechanisms that strengthen both motor and cogni-
tive processes in children with ADHD. These findings are
consistent with the proposal that rhythm-based training
could mitigate attentional deficits and timing irregularities
by engaging basal ganglia-cortical networks responsible for
cognitive control and timing regulation (Rubia et al., 2009;
Teki et al., 2011).

Importantly, this type of gamified, individualized training
may also appeal to children with ADHD who face difficul-
ties engaging in conventional therapy or highly structured
behavioral interventions. At-home rhythm-based interven-
tions could offer an accessible and effective entry point for
addressing core deficits in timing and executive functioning.
At the very least, such approaches have the potential to sup-
plement existing therapeutic practices, providing an innova-
tive avenue for managing ADHD symptoms and improving
cognitive and behavioral outcomes.

Limitations and future directions

This proof-of-concept study had some methodological and
statistical limitations. In line with Whitehead et al. (2016)
guidelines for pilot studies, formal power calculations were
not necessary. Drawing from a meta-analysis on music train-
ing and inhibition control, we anticipated a medium-to-large
effect size (Jamey et al., 2024). With 80-90% power at a 5%
significance level, a sample size of 13—15 participants per
group was deemed sufficient. However, for broader gener-
alization, replication, and more advanced statistical analy-
ses, a larger sample size and extended training duration are
suggested.

The sample size was tailored for proof-of-concept, limiting
the scope of analyses. Our results did not detect a relationship
between training dose and executive functioning or general
rhythmic improvements and changes in executive function-
ing; this may be due to the small sample size of the study
and the brief training duration. Further research is required
to draw definitive conclusions about the interconnections
between rhythm-induced executive functioning improvement
via improved general rhythmic skills. A larger cohort is recom-
mended for extrapolating and replicating findings, enabling
more sophisticated statistical analyses, such as mediation
effects and longitudinal analyses (for example, of session-by-
session feedback). Modification of the Go/No-Go task's dif-
ficulty is suggested, as it reached ceiling performance. The
study lacked double-blinding verification, but the methodol-
ogy is innovative for music training because it can technically
afford a certain degree of double-blinding. When more gen-
eral music training is administered, it can be difficult for a

laboratory specializing in music and psychology to hide the
research objective from participants. By including music in
both conditions, the more subtle manipulation of synchroniza-
tion demands conceals the research objective more effectively.

A 6:1 male-to-non-male ratio resulted from simple random
sampling in the recruitment process. While parents of both
boys and girls had an opportunity to participate, the sample is
skewed towards boys, limiting generalizability to girls. How-
ever, the inclusion of three girls and one non-binary child sug-
gests RW and FB are suitable for all genders. Some subtypes
of ADHD may be more prevalent in this sample than in the
ADHD population. As the sample was not based on formal
diagnoses, future RCTs should include formal diagnoses and
ADHD symptom screening tools. To better understand how
individual differences in symptom severity may affect the
effectiveness of the training, we recommend that future studies
incorporate a measure of clinical severity. However, the cur-
rent study sets the stage for a randomized clinical trial with a
larger sample. Future research will explore structural and func-
tional brain changes, shedding light on perceptual and motor
processes in rhythmic performance. Longitudinal studies with
larger cohorts will examine the potential long-term effects of
rhythmic training using “serious games” on social activities
such as conversational skills and family quality of life.

This rhythmic training format could benefit other clinical
populations, such as children on the autism spectrum (AS)
for whom poor predictive timing and cerebellar dysfunc-
tion may contribute to social and communication challenges,
with potential effects on cognition (Geretsegger et al., 2022;
Kelly et al., 2021; Ladanyi et al., 2020; Lense et al., 2021;
Marquez-Garcia et al., 2022). Children on the AS often face
difficulties adhering to therapy schedules (Sandoval-Norton
& Shkedy, 2019), and the minimally social rhythmic "seri-
ous game" format may be particularly engaging for them.
Extending similar rhythmic training to children on the AS
would help explore how potential enhancements in sensori-
motor skills could affect other core autistic symptoms like
repetitive behaviors, speech, and communication deficits,
and whether these improvements co-occur with increases in
certain specific executive functioning (such as inhibition and
cognitive flexibility) after training. Another relevant group is
children who stutter, as evidence suggests non-verbal senso-
rimotor timing deficits in adolescents with higher levels of
stuttering severity (Falk et al., 2015). Applying the protocol
to children who stutter may yield beneficial outcomes for
restoring specific speech functions.

Conclusion
RW and the control game FB were successfully validated

in children with ADHD. The current results provide initial
causal evidence that playing RW improves these children's
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sensorimotor synchronization and specific executive func-
tions. The training duration of approximately 300 min was
sufficient for observing these improvements, with a positive
correlation between training duration and the strength of
improvement in sensorimotor synchronization. These find-
ings suggest that mechanism-driven approaches in music
training are efficient for enhancing non-musical skills,
requiring a lower dose to generate effects, and enabling
tailored training for specific clinical populations. Future
investigations could assess this protocol in other neurode-
velopmental disorders and in the context of a larger double-
blinded longitudinal RCT. To further understand the neural
underpinnings related to the training games, it is strongly
encouraged to explore brain activity while playing the
games.

Funding This work was supported by funding from grant 05453 from
the Natural Sciences and Engineering Research Council of Canada
(NSERC), grant 115050 from the Canadian Institute of Health Research
(CIHR), and grant 0160 from NSERC Tier 1 Canada Research Chairs
to Simone Dalla Bella, Canada Research Chair in Music Auditory-
Motor Skill Learning and New Technologies.

Availability of data and materials The datasets generated during and/
or analyzed during the current study are not publicly available due to
participant confidentiality but are available from the corresponding
author on reasonable request. Because of this limitation, the analysis
code is illustrated with a synthetic dataset, which allows readers to
check the correctness of their implementation. See the Open Practices
Statement for links to stimuli.

Code availability Upon request to the authors.

Declarations

Conflicts of interest/Competing interests SDB is on the board of the
BeatHealth company dedicated to the design and commercialization of
technological tools for assessing rhythm abilities such as the BAASTA
tablet and implementing rhythm-based interventions. Other authors
have no competing interests to disclose.

Ethics approval This study was conducted according to the ethical
standards of the Comité d'éthique de la recherche en éducation et psy-
chologie (CEREP) of the Université de Montréal - CEREP-20-008-P.

Consent to participate All participants consented to participate.

Consent for publication All co-authors consent to publication.

References

Agres, K. R., Schaefer, R. S., Volk, A., van Hooren, S., Holzapfel, A.,
Dalla Bella, S., Miiller, M., de Witte, M., Herremans, D., Ram-
irez Melendez, R., Neerincx, M., Ruiz, S., Meredith, D., Dimitri-
adis, T., & Magee, W. L. (2021). Music, computing, and health:
A roadmap for the current and future roles of music technology
for health care and well-being. Music and Science, 4. https://doi.
org/10.1177/2059204321997709

@ Springer

Alho, J., Lin, F. H., Sato, M., Tiitinen, H., Sams, M., & Jdiskeldinen,
I. P. (2014). Enhanced neural synchrony between left auditory
and premotor cortex is associated with successful phonetic cat-
egorization. Frontiers in Psychology, 5, Article 394. https://
doi.org/10.3389/fpsyg.2014.00394

Balasubramaniam, R., Haegens, S., Jazayeri, M., Merchant, H., Ster-
nad, D., & Song, J. H. (2021). Neural encoding and representa-
tion of time for sensorimotor control and learning. Journal of
Neuroscience, 41(5), 866—872. https://doi.org/10.1523/INEUR
OSCI.1652-20.2020

Bégel, V., Di Loreto, 1., Seilles, A., & Dalla Bella, S. (2017). Music
games: Potential application and considerations for rhythmic
training. In Frontiers in Human Neuroscience, 11, 273. https://
doi.org/10.3389/fnhum.2017.00273

Bégel, V., Seilles, A., & Dalla Bella, S. (2018). Rhythm workers:
A music-based serious game for training rhythm skills. Music
and Science. https://doi.org/10.1177/2059204318794369

Bégel, V., Dalla Bella, S., Devignes, Q., Vandenbergue, M., Lemai-
tre, M. P., & Dellacherie, D. (2022). Rhythm as an independent
determinant of developmental dyslexia. Developmental Psy-
chology, 58(2), 339-358. https://doi.org/10.1037/dev0001293

Bogdan, T., Xie, W., Talaat, H., Mir, H., Venkataraman, B., Ban-
field, L. E., Georgiades, K., & Duncan, L. (2023). Longitudinal
studies of child mental disorders in the general population: A
systematic review of study characteristics. JCPP Advances,
3(3), e12186. https://doi.org/10.1002/jcv2.12186

Bradley, R. H., & Corwyn, R. F. (2002). Socioeconomic status and
child development. Annual Review of Psychology, 53, 371—
399. https://doi.org/10.1146/annurev.psych.53.100901.135233

Buhusi, C. V., & Meck, W. H. (2009). Relative time sharing: New
findings and an extension of the resource allocation model of
temporal processing. Philosophical Transactions of the Royal
Society B: Biological Sciences, 364(1525), 1875-1885. https://
doi.org/10.1098/rstb.2009.0022

Chen, J. L., Penhune, V. B., & Zatorre, R. J. (2008). Listening to musi-
cal rhythms recruits motor regions of the brain. Cerebral Cortex,
18(12), 2844-2854. https://doi.org/10.1093/cercor/bhn042

Connolly, T. M., Boyle, E. A., MacArthur, E., Hainey, T., & Boyle, J.
M. (2012). A systematic literature review of empirical evidence
on computer games and serious games. Computers & Education,
59(2), 661-686. https://doi.org/10.1016/j.compedu.2012.03.004

Conradi, N., Abel, C., Frisch, S., Kell, C. A., Kaiser, J., & Schmidt-
Kassow, M. (2016). Actively but not passively synchronized
motor activity amplifies predictive timing. Neurolmage, 139,
211-217. https://doi.org/10.1016/j.neuroimage.2016.06.033

Coull, J. T, Cheng, R. K., & Meck, W. H. (2011). Neuroanatomical and
neurochemical substrates of timing. Neuropsychopharmacology,
36(1), 3-25. https://doi.org/10.1038/npp.2010.113

Dalla Bella, S. (2016). Music and brain plasticity. In S. Hallam, I.
Cross, & M. H. Thaut (Eds.), The Oxford handbook of music
psychology (2nd ed.). Oxford Academic. https://doi.org/10.1093/
oxfordhb/9780198722946.013.23

Dalla Bella, S. (2020). The use of rhythm in rehabilitation for patients
with movement disorders. In L. L. Cuddy, S. Belleville, & A.
Moussard (Eds.), Music and the aging brain (pp. 383-406).
Academic Press. https://doi.org/10.1016/B978-0-12-817422-7.
00015-8

Dalla Bella, S. (2022). Rhythmic serious games as an inclusive tool
for music-based interventions. Annals of the New York Academy
of Sciences,1517(1), 15-24. https://doi.org/10.1111/nyas.14878

Dalla Bella, S., Benoit, C. E., Farrugia, N., Keller, P. E., Obrig, H.,
Mainka, S., & Kotz, S. A. (2017a). Gait improvement via rhyth-
mic stimulation in Parkinson’s disease is linked to rhythmic
skills. Scientific Reports, 7, 42005. https://doi.org/10.1038/srep4
2005


https://doi.org/10.1177/2059204321997709
https://doi.org/10.1177/2059204321997709
https://doi.org/10.3389/fpsyg.2014.00394
https://doi.org/10.3389/fpsyg.2014.00394
https://doi.org/10.1523/JNEUROSCI.1652-20.2020
https://doi.org/10.1523/JNEUROSCI.1652-20.2020
https://doi.org/10.3389/fnhum.2017.00273
https://doi.org/10.3389/fnhum.2017.00273
https://doi.org/10.1177/2059204318794369
https://doi.org/10.1037/dev0001293
https://doi.org/10.1002/jcv2.12186
https://doi.org/10.1146/annurev.psych.53.100901.135233
https://doi.org/10.1098/rstb.2009.0022
https://doi.org/10.1098/rstb.2009.0022
https://doi.org/10.1093/cercor/bhn042
https://doi.org/10.1016/j.compedu.2012.03.004
https://doi.org/10.1016/j.neuroimage.2016.06.033
https://doi.org/10.1038/npp.2010.113
https://doi.org/10.1093/oxfordhb/9780198722946.013.23
https://doi.org/10.1093/oxfordhb/9780198722946.013.23
https://doi.org/10.1016/B978-0-12-817422-7.00015-8
https://doi.org/10.1016/B978-0-12-817422-7.00015-8
https://doi.org/10.1111/nyas.14878
https://doi.org/10.1038/srep42005
https://doi.org/10.1038/srep42005

Behavior Research Methods (2025) 57:303

Page230f26 303

Dalla Bella, S., Farrugia, N., Benoit, C. E., Begel, V., Verga, L., Hard-
ing, E., & Kotz, S. A. (2017b). BAASTA: Battery for the assess-
ment of auditory sensorimotor and timing abilities. Behavior
Research Methods,49(4), 1128-1145. https://doi.org/10.3758/
s13428-016-0773-6

Dalla Bella, S., Dotov, D., Bardy, B., & de Cock, V. C. (2018). Indi-
vidualization of music-based rhythmic auditory cueing in Par-
kinson’s disease. Annals of the New York Academy of Sciences,
1423(1),308-317. https://doi.org/10.1111/nyas.13859

Dalla Bella, S., Foster, N. E. V., Laflamme, H., Zagala, A., Melissa, K.,
Komeilipoor, N., Blais, M., Rigoulot, S., & Kotz, S. A. (2024a).
Mobile version of the battery for the assessment of auditory
sensorimotor and timing abilities (BAASTA): Implementation
and adult norms. Behavior Research Methods, 56, 3737-3756.
https://doi.org/10.3758/s13428-024-02363-x

Dalla Bella, S., Janaqi, S., Benoit, C.-E., Farrugia, N., Bégel, V., Verga,
L., Harding, E. E., & Kotz, S. A. (2024b). Unravelling individual
rhythmic abilities using machine learning. Scientific Reports,
14(1), 1135. https://doi.org/10.1038/s41598-024-51257-7

Dauvergne, C., Bégel, V., Gény, C., Puyjarinet, F., Laffont, 1., & Dalla
Bella, S. (2018). Home-based training of rhythmic skills with a
serious game in Parkinson’s disease: Usability and acceptability.
Annals of Physical and Rehabilitation Medicine,61(6), 380-385.
https://doi.org/10.1016/j.rehab.2018.08.002

Derbaix, C., & Pecheux, C. (1999). Mood and children: Proposition of
a measurement scale. Journal of Economic Psychology, 20(5),
571-591. https://doi.org/10.1016/S0167-4870(99)00025-2

Deterding, S., Dixon, D., Khaled, R., & Nacke, L. (2011). From game
design elements to gamefulness: defining “gamification.” Pro-
ceedings of the 15th International Academic MindTrek Confer-
ence: Envisioning Future Media Environments (pp. 9-15). ACM.
https://doi.org/10.1145/2181037.2181040

Diamond, A. (2013). Executive functions. Annual Review of Psy-
chology,64(1), 135-168. https://doi.org/10.1146/annur
ev-psych-113011-143750

Erskine, H. E., Ferrari, A. J., Nelson, P., Polanczyk, G. V., Flaxman,
A.D., Vos, T., Whiteford, H. A., & Scott, J. G. (2013). Research
review: Epidemiological modelling of attention-deficit/ hyper-
activity disorder and conduct disorder for the global burden of
disease study 2010. Journal of Child Psychology and Psychia-
try and Allied Disciplines,54(12), 1263—1274. https://doi.org/
10.1111/jcpp.12144

Falk, S., Miiller, T., & Dalla Bella, S. (2015). Non-verbal sensorimotor
timing deficits in children and adolescents who stutter. Frontiers
in Psychology, 6, 847. https://doi.org/10.3389/fpsyg.2015.00847

Falk, S., Lanzilotti, C., & Schon, D. (2017). Tuning neural phase
entrainment to speech. Journal of Cognitive Neuroscience, 29(8),
1378-1389. https://doi.org/10.1162/jocn_a_01136

Frischen, U., Schwarzer, G., & Degé, F. (2019). Comparing the effects
of rhythm-based music training and pitch-based music training
on executive functions in preschoolers. Frontiers in Integrative
Neuroscience, 13, 41. https://doi.org/10.3389/fnint.2019.0004 1

Fujii, S., & Wan, C. Y. (2014). The role of rhythm in speech and lan-
guage rehabilitation: The SEP hypothesis. Frontiers in Human
Neuroscience, 8, 7. https://doi.org/10.3389/fnhum.2014.00777

Gee, J. (2003). What video games have to teach us about learning and
literacy. Computers in Entertainment, 1(1), 20. https://doi.org/
10.1145/950566.950595

Geretsegger, M., Fusar-Poli, L., Elefant, C., Mossler, K. A., Vitale, G.,
& Gold, C. (2022). Music therapy for autistic people. Cochrane
Database of Systematic Reviews, 2022(5), CD004381. https://
doi.org/10.1002/14651858.CD004381.pub4

Girard, C., Ecalle, J., & Magnan, A. (2013). Serious games as new edu-
cational tools: How effective are they? A meta-analysis of recent
studies. Journal of Computer Assisted Learning,29(3), 207-219.
https://doi.org/10.1111/§.1365-2729.2012.00489.x

Grahn, J. A., & Brett, M. (2007). Rhythm and beat perception in motor
areas of the brain. Journal of Cognitive Neuroscience, 19(5),
893-906. https://doi.org/10.1162/jocn.2007.19.5.893

Grahn, J. A., & Rowe, J. B. (2009). Feeling the beat: Premotor and
striatal interactions in musicians and nonmusicians during beat
perception. Journal of Neuroscience, 29(23), 7540-7548. https://
doi.org/10.1523/JNEUROSCI.2018-08.2009

Grau-Sanchez, J., Jamey, K., Paraskevopoulos, E., Dalla Bella, S.,
Gold, C., Schlaug, G., Belleville, S., Rodriguez-Fornells, A.,
Hackney, M. E., & Sérkdmo, T. (2022). Putting music to trial:
Consensus on key methodological challenges investigating
music-based rehabilitation. Annals of the New York Academy of
Sciences, 1518, 12-24. https://doi.org/10.1111/nyas.14892

Green, C. S., & Bavelier, D. (2012). Learning, attentional control, and
action video games. Current Biology, 22(6), R197-R206. https://
doi.org/10.1016/j.cub.2012.02.012

Gustafsson, P., Kjell, K., Cundari, M., Larsson, M., Edbladh, J.,
Madison, G., Kazakova, O., & Rasmussen, A. (2023). The abil-
ity to maintain rhythm is predictive of ADHD diagnosis and
profile. BMC Psychiatry, 23(1), 920. https://doi.org/10.1186/
$12888-023-05401-8

Habibi, A., Damasio, A., Ilari, B., Sachs, M. E., & Damasio, H. (2018).
Music training and child development: A review of recent find-
ings from a longitudinal study. Annals of the New York Academy
of Sciences, 1423(1), 73-81. https://doi.org/10.1111/nyas.13606

Hackman, D. A., & Farah, M. J. (2009). Socioeconomic status and the
developing brain. Trends in Cognitive Sciences, 13(2), 65-73.
https://doi.org/10.1016/j.tics.2008.11.003

Hennessy, S. L., Sachs, M. E., Ilari, B., & Habibi, A. (2019). Effects
of music training on inhibitory control and associated neural net-
works in school-aged children: A longitudinal study. Frontiers
in Neuroscience, 13, 1080. https://doi.org/10.3389/fnins.2019.
01080

Herholz, S. C., & Zatorre, R. J. (2012). Musical training as a frame-
work for brain plasticity: Behavior, function, and structure. Neu-
ron, 76(3), 486-502. https://doi.org/10.1016/j.neuron.2012.10.
011

Hyde, K. L., Lerch, J., Norton, A., Forgeard, M., Winner, E., Evans,
A. C., & Schlaug, G. (2009). Musical training shapes structural
brain development. Journal of Neuroscience, 29(10), 3019-3025.
https://doi.org/10.1523/JNEUROSCI.5118-08.2009

Iversen, J. R., & Patel, A. D. (2008). The Beat Alignment Test (BAT):
Surveying beat processing abilities in the general population.
In:Proceedings of the 10th International Conference on Music
Perception and Cognition (p. 10). ICMPC.

Jamey, K., Foster, N. E. V., Hyde, K. L., & Dalla Bella, S. (2024).
Does music training improve inhibition control in children? A
systematic review and meta-analysis. Cognition, 252, 105913.
https://doi.org/10.1016/j.cognition.2024.105913

Jentschke, S., & Koelsch, S. (2009). Musical training modulates the
development of syntax processing in children. Neurolmage,
47(2), 735-744. https://doi.org/10.1016/j.neuroimage.2009.04.
090

Jones, M. R. (2019). Time Will Tell: A Theory of Dynamic Attending.
Oxford University Press.

Karpati, F. J., Giacosa, C., Foster, N. E. V., Penhune, V. B., & Hyde,
K. L. (2017). Dance and music share gray matter structural cor-
relates. Brain Research, 1657, 62-73. https://doi.org/10.1016/].
brainres.2016.11.029

Kelly, E., Escamilla, C. O., & Tsai, P. T. (2021). Cerebellar dysfunc-
tion in autism spectrum disorders: Deriving mechanistic insights
from an internal model framework. Neuroscience, 462, 274-287.
https://doi.org/10.1016/j.neuroscience.2020.11.012

Kirschner, S., & Tomasello, M. (2009). Joint drumming: Social con-
text facilitates synchronization in preschool children. Journal of

@ Springer


https://doi.org/10.3758/s13428-016-0773-6
https://doi.org/10.3758/s13428-016-0773-6
https://doi.org/10.1111/nyas.13859
https://doi.org/10.3758/s13428-024-02363-x
https://doi.org/10.1038/s41598-024-51257-7
https://doi.org/10.1016/j.rehab.2018.08.002
https://doi.org/10.1016/S0167-4870(99)00025-2
https://doi.org/10.1145/2181037.2181040
https://doi.org/10.1146/annurev-psych-113011-143750
https://doi.org/10.1146/annurev-psych-113011-143750
https://doi.org/10.1111/jcpp.12144
https://doi.org/10.1111/jcpp.12144
https://doi.org/10.3389/fpsyg.2015.00847
https://doi.org/10.1162/jocn_a_01136
https://doi.org/10.3389/fnint.2019.00041
https://doi.org/10.3389/fnhum.2014.00777
https://doi.org/10.1145/950566.950595
https://doi.org/10.1145/950566.950595
https://doi.org/10.1002/14651858.CD004381.pub4
https://doi.org/10.1002/14651858.CD004381.pub4
https://doi.org/10.1111/j.1365-2729.2012.00489.x
https://doi.org/10.1162/jocn.2007.19.5.893
https://doi.org/10.1523/JNEUROSCI.2018-08.2009
https://doi.org/10.1523/JNEUROSCI.2018-08.2009
https://doi.org/10.1111/nyas.14892
https://doi.org/10.1016/j.cub.2012.02.012
https://doi.org/10.1016/j.cub.2012.02.012
https://doi.org/10.1186/s12888-023-05401-8
https://doi.org/10.1186/s12888-023-05401-8
https://doi.org/10.1111/nyas.13606
https://doi.org/10.1016/j.tics.2008.11.003
https://doi.org/10.3389/fnins.2019.01080
https://doi.org/10.3389/fnins.2019.01080
https://doi.org/10.1016/j.neuron.2012.10.011
https://doi.org/10.1016/j.neuron.2012.10.011
https://doi.org/10.1523/JNEUROSCI.5118-08.2009
https://doi.org/10.1016/j.cognition.2024.105913
https://doi.org/10.1016/j.neuroimage.2009.04.090
https://doi.org/10.1016/j.neuroimage.2009.04.090
https://doi.org/10.1016/j.brainres.2016.11.029
https://doi.org/10.1016/j.brainres.2016.11.029
https://doi.org/10.1016/j.neuroscience.2020.11.012

303 Page 24 of 26

Behavior Research Methods (2025) 57:303

Experimental Child Psychology, 102(3), 299-314. https://doi.
org/10.1016/j.jecp.2008.07.005

Kliger Amrani, A., & Zion Golumbic, E. (2020). Spontaneous and
stimulus-driven rhythmic behaviors in ADHD adults and con-
trols. Neuropsychologia, 146, 107544. https://doi.org/10.1016/j.
neuropsychologia.2020.107544

Kollins, S. H., DeLoss, D. J., Cafadas, E., Lutz, J., Findling, R. L.,
Keefe, R. S. E., Epstein, J. N., Cutler, A. J., & Faraone, S. V.
(2020). A novel digital intervention for actively reducing severity
of paediatric ADHD (STARS-ADHD): A randomised controlled
trial. The Lancet Digital Health, 2(4), 168—178. https://doi.org/
10.1016/52589-7500(20)30017-0

Kraus, N., Hornickel, J., Strait, D. L., Slater, J., & Thompson, E.
(2014). Engagement in community music classes sparks neuro-
plasticity and language development in children from disadvan-
taged backgrounds. Frontiers in Psychology, 5, 1403. https://doi.
org/10.3389/fpsyg.2014.01403

Ladanyi, E., Persici, V., Fiveash, A., Tillmann, B., & Gordon, R. L.
(2020). Is atypical rhythm a risk factor for developmental speech
and language disorders? Wiley Interdisciplinary Reviews: Cogni-
tive Science,11(5), Article e1528. https://doi.org/10.1002/wcs.
1528

Large, E. W., & Jones, M. R. (1999). The dynamics of attending: How
people track time-varying events. Psychological Review,106(1),
119. https://doi.org/10.1037/0033-295X.106.1.119

Lau, H. M., Smit, J., Jr., Fleming, T. M., & Riper, H. (2017). Serious
games for mental health: Are they accessible, feasible, and effec-
tive? A systematic review and meta-analysis. Frontiers in Psy-
chiatry,7, Article 209. https://doi.org/10.3389/fpsyt.2016.00209

Lense, M. D., Ladanyi, E., Rabinowitch, T. C., Trainor, L., & Gordon,
R. (2021). Rhythm and timing as vulnerabilities in neurodevel-
opmental disorders. Philosophical Transactions of the Royal
Society B: Biological Sciences, 376(1835), 20200327. https://
doi.org/10.1098/rstb.2020.0327

Li, Q., Wang, X., Wang, S., Xie, Y., Li, X., Xie, Y., & Li, S. (2018).
Musical training induces functional and structural auditory-
motor network plasticity in young adults. Human Brain Mapping,
39(5), 2098-2110. https://doi.org/10.1002/hbm.23989

Lin, Y., Zhu, M., & Su, Z. (2015). The pursuit of balance: An overview
of covariate-adaptive randomization techniques in clinical trials.
Contemporary Clinical Trials, 45(A), 21-25. https://doi.org/10.
1016/j.cct.2015.07.011

Liu, D., Dai, G., Liu, C., Guo, Z., Xu, Z., Jones, J. A., Liu, P., & Liu, H.
(2020). Top-down inhibitory mechanisms underlying auditory-
motor integration for voice control: Evidence by TMS. Cerebral
Cortex, 30(8). https://doi.org/10.1093/cercor/bhaa054

Makowski, D. (2018). The psycho package: An efficient and publish-
ing-oriented workflow for psychological science. The Journal
of Open Source Software, 3(22), 470. https://doi.org/10.21105/
j0ss.00470

Marquez-Garcia, A. V., Magnuson, J., Morris, J., Iarocci, G., Does-
burg, S., & Moreno, S. (2022). Music therapy in autism spectrum
disorder: A systematic review. Review Journal of Autism and
Developmental Disorders, 9(1), 91-107. https://doi.org/10.1007/
s40489-021-00246-x

Marx, 1., Weirich, S., Berger, C., Herpertz, S. C., Cohrs, S., Wandsch-
neider, R., Hoppner, J., & HéaBler, F. (2017). Living in the fast
lane: Evidence for a global perceptual timing deficit in childhood
ADHD caused by distinct but partially overlapping task-depend-
ent cognitive mechanisms. Frontiers in Human Neuroscience, 11,
122. https://doi.org/10.3389/fnhum.2017.00122

Matthews, T. E., Witek, M. A. G., Heggli, O. A., Penhune, V. B, &
Vuust, P. (2019). The sensation of groove is affected by the inter-
action of rhythmic and harmonic complexity. PLoS One,14(1),
€0204539. https://doi.org/10.1371/journal.pone.0204539

@ Springer

McCallum, S. (2012). Serious games for health: A systematic review.
Journal of Gaming & Virtual Worlds,4(2), 147-156. https://doi.
org/10.1386/jgvw.4.2.147_1

Medina, D., & Barraza, P. (2019). Efficiency of attentional networks
in musicians and non-musicians. Heliyon, 5(3), e01315. https://
doi.org/10.1016/j.heliyon.2019.e01315

Melby-Lervag, M., Redick, T. S., & Hulme, C. (2016). Working
memory training does not improve performance on measures of
intelligence or other measures of “far transfer”: Evidence from
a meta-analytic review. Perspectives on Psychological Science,
11(4), 512-534. https://doi.org/10.1177/1745691616635612

Merrett, D. L., Peretz, 1., & Wilson, S. J. (2013). Moderating variables
of music training-induced neuroplasticity: A review and discus-
sion. Frontiers in Psychology, 4, 606. https://doi.org/10.3389/
fpsyg.2013.00606

Michael, D., & Chen, S. (2006). Serious Games: Games That Educate,
Train, and Inform. Muska & Lipman/Premier-Trade.

Miles, J., & Shevlin, M. (2001). Applying regression and correlation:
A guide for students and researchers. Sage. http://lib.ugent.be/
catalog/rug01:000733631

Morillon, B., Hackett, T. A., Kajikawa, Y., & Schroeder, C. E. (2015).
Predictive motor control of sensory dynamics in auditory active
sensing. Current Opinion in Neurobiology, 31, 230-238. https://
doi.org/10.1016/j.conb.2014.12.005

Noble, K. G., Houston, S. M., Brito, N. H., Bartsch, H., Kan, E.,
Kuperman, J. M., Akshoomoft, N., Amaral, D. G., Bloss, C. S.,
Libiger, O., Schork, N. J., Murray, S. S., Casey, B. J., Chang,
L., Ernst, T. M., Frazier, J. A., Gruen, J. R., Kennedy, D. N.,
Van Zijl, P, ... Sowell, E. R. (2015). Family income, parental
education and brain structure in children and adolescents. Nature
Neuroscience,18(5), 773-778. https://doi.org/10.1038/nn.3983

Noreika, V., Falter, C. M., & Rubia, K. (2013). Timing deficits in
attention-deficit/hyperactivity disorder (ADHD): Evidence
from neurocognitive and neuroimaging studies. Neuropsycholo-
gia, 51(2), 235-266. https://doi.org/10.1016/j.neuropsychologia.
2012.09.036

Nozaradan, S. (2014). Exploring how musical rhythm entrains brain
activity with electroencephalogram frequency-tagging. Philo-
sophical Transactions of the Royal Society B: Biological Sci-
ences. https://doi.org/10.1098/rstb.2013.0393

Park, Y. Y., & Choi, Y. J. (2017). Effects of interactive metronome
training on timing, attention, working memory, and processing
speed in children with ADHD: A case study of two children.
Journal of Physical Therapy Science, 29(12), 2165-2167. https://
doi.org/10.1589/jpts.29.2165

Patel, A. D., & Iversen, J. R. (2014). The evolutionary neuroscience
of musical beat perception: The action simulation for auditory
prediction (ASAP) hypothesis. Frontiers in Systems Neurosci-
ence,8, 57. https://doi.org/10.3389/fnsys.2014.00057

Periafiez, J. A., Rios-Lago, M., Rodriguez-Sanchez, J. M., Adrover-
Roig, D., Sanchez-Cubillo, I., Crespo-Facorro, B., Quemada, J.
I., & Barceld, F. (2007). Trail making test in traumatic brain
injury, schizophrenia, and normal ageing: Sample comparisons
and normative data. Archives Of Clinical Neuropsychology,22(4),
433-447. https://doi.org/10.1016/j.acn.2007.01.022

Piras, F., & Coull, J. T. (2011). Implicit, predictive timing draws upon
the same scalar representation of time as explicit timing. PLoS
One,6(3), €18203. https://doi.org/10.1371/journal.pone.0018203

Pocock, S. J., & Simon, R. (1975). Sequential treatment assignment
with balancing for prognostic factors in the controlled clinical
trial. Biometrics, 31(1), 103-115. https://doi.org/10.2307/25297
12

Polanczyk, G. V., Willcutt, E. G., Salum, G. A., Kieling, C., & Rohde,
L. A. (2014). ADHD prevalence estimates across three decades:
An updated systematic review and meta-regression analysis.


https://doi.org/10.1016/j.jecp.2008.07.005
https://doi.org/10.1016/j.jecp.2008.07.005
https://doi.org/10.1016/j.neuropsychologia.2020.107544
https://doi.org/10.1016/j.neuropsychologia.2020.107544
https://doi.org/10.1016/S2589-7500(20)30017-0
https://doi.org/10.1016/S2589-7500(20)30017-0
https://doi.org/10.3389/fpsyg.2014.01403
https://doi.org/10.3389/fpsyg.2014.01403
https://doi.org/10.1002/wcs.1528
https://doi.org/10.1002/wcs.1528
https://doi.org/10.1037/0033-295X.106.1.119
https://doi.org/10.3389/fpsyt.2016.00209
https://doi.org/10.1098/rstb.2020.0327
https://doi.org/10.1098/rstb.2020.0327
https://doi.org/10.1002/hbm.23989
https://doi.org/10.1016/j.cct.2015.07.011
https://doi.org/10.1016/j.cct.2015.07.011
https://doi.org/10.1093/cercor/bhaa054
https://doi.org/10.21105/joss.00470
https://doi.org/10.21105/joss.00470
https://doi.org/10.1007/s40489-021-00246-x
https://doi.org/10.1007/s40489-021-00246-x
https://doi.org/10.3389/fnhum.2017.00122
https://doi.org/10.1371/journal.pone.0204539
https://doi.org/10.1386/jgvw.4.2.147_1
https://doi.org/10.1386/jgvw.4.2.147_1
https://doi.org/10.1016/j.heliyon.2019.e01315
https://doi.org/10.1016/j.heliyon.2019.e01315
https://doi.org/10.1177/1745691616635612
https://doi.org/10.3389/fpsyg.2013.00606
https://doi.org/10.3389/fpsyg.2013.00606
http://lib.ugent.be/catalog/rug01:000733631
http://lib.ugent.be/catalog/rug01:000733631
https://doi.org/10.1016/j.conb.2014.12.005
https://doi.org/10.1016/j.conb.2014.12.005
https://doi.org/10.1038/nn.3983
https://doi.org/10.1016/j.neuropsychologia.2012.09.036
https://doi.org/10.1016/j.neuropsychologia.2012.09.036
https://doi.org/10.1098/rstb.2013.0393
https://doi.org/10.1589/jpts.29.2165
https://doi.org/10.1589/jpts.29.2165
https://doi.org/10.3389/fnsys.2014.00057
https://doi.org/10.1016/j.acn.2007.01.022
https://doi.org/10.1371/journal.pone.0018203
https://doi.org/10.2307/2529712
https://doi.org/10.2307/2529712

Behavior Research Methods (2025) 57:303

Page250f26 303

International Journal of Epidemiology, 43(2), 434—442. https://
doi.org/10.1093/ije/dyt261

Puyjarinet, F., Bégel, V., Geny, C., Driss, V., Cuartero, M.-C., De Cock,
V. C., Pinto, S., & Dalla Bella, S. (2022). At-home training with
a rhythmic video game for improving orofacial, manual, and gait
abilities in Parkinson’s disease: A pilot study. Frontiers in Neuro-
science, 16, 874032. https://doi.org/10.3389/fnins.2022.874032

Puyjarinet, F., Bégel, V., Lopez, R., Dellacherie, D., & Dalla Bella, S.
(2017). Children and adults with attention-deficit/hyperactivity
disorder cannot move to the beat. Scientific Reports, 7(1), 11550.
https://doi.org/10.1038/541598-017-11295-w

R Core Team. (2022). R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing.

Rimmele, J. M., Morillon, B., Poeppel, D., & Arnal, L. H. (2018).
Proactive sensing of periodic and aperiodic auditory patterns.
Trends in Cognitive Sciences, 22(10), 870-882. https://doi.org/
10.1016/j.tics.2018.08.003

Rodriguez-Gomez, D. A., & Talero-Gutiérrez, C. (2022). Effects of
music training in executive function performance in children: A
systematic review. Frontiers in Psychology, 13, 968144. https://
doi.org/10.3389/fpsyg.2022.968144

Rubia, K. (2002). The dynamic approach to neurodevelopmental psy-
chiatric disorders: Use of fMRI combined with neuropsychology
to elucidate the dynamics of psychiatric disorders, exemplified in
ADHD and schizophrenia. Behavioural Brain Research, 130(1—
2), 47-56. https://doi.org/10.1016/S0166-4328(01)00437-5

Rubia, K., Halari, R., Christakou, A., & Taylor, E. (2009). Impulsive-
ness as a tinning disturbance: Neurocognitive abnormalities in
attention-deficit hyperactivity disorder during temporal processes
and normalization with methylphenidate. Philosophical Trans-
actions of the Royal Society B: Biological Sciences, 364(1525),
1919-1931. https://doi.org/10.1098/rstb.2009.0014

Russo, F. (2019). Multisensory processing in music. The Oxford hand-
book of music and the brain (pp. 212-234). Oxford University
Press. https://doi.org/10.1093/0xfordhb/9780198804123.001.
0001

Sachs, M., Kaplan, J., Der Sarkissian, A., & Habibi, A. (2017).
Increased engagement of the cognitive control network associ-
ated with music training in children during an fMRI stroop task.
PloS One,12(10), e0187254. https://doi.org/10.1371/journal.
pone.0187254

Sandoval-Norton, A. H., & Shkedy, G. (2019). How much compli-
ance is too much compliance: Is long-term ABA therapy abuse?
Cogent Psychology, 6(1), 1641258. https://doi.org/10.1080/
23311908.2019.1641258

Schmid, D. G. (2024). Prospects of cognitive-motor entrainment: An
interdisciplinary review. Frontiers in Cognition,3, 1354116.
https://doi.org/10.3389/fcogn.2024.1354116

Schmidt-Kassow, M., & Kaiser, J. (2023). The brain in motion—cogni-
tive effects of simultaneous motor activity. Frontiers in Integra-
tive Neuroscience, 17, 1127310. https://doi.org/10.3389/fnint.
2023.1127310

Schmidt-Kassow, M., Schubotz, R. 1., & Kotz, S. A. (2009). Attention
and entrainment: P3b varies as a function of temporal predict-
ability. Neuroreport,20(1), 31-36. https://doi.org/10.1097/WNR.
0b013e32831b4287

Schmidt-Kassow, M., Heinemann, L. V., Abel, C., & Kaiser, J. (2013).
Auditory-motor synchronization facilitates attention allocation.
Neurolmage, 82, 101-106. https://doi.org/10.1016/j.neuroimage.
2013.05.111

Scholes, P., & Nagley, J. (2011). Syncopation. In A. Latham (Ed.), The
Oxford companion to music. Oxford University Press. https://doi.
org/10.1093/acret/9780199579037.001.0001/acref-9780199579
037-e-6605

Schwartze, M., & Kotz, S. A. (2013). A dual-pathway neural archi-
tecture for specific temporal prediction. Neuroscience and

Biobehavioral Reviews,37(10, Part 2), 2587-2596. https://doi.
org/10.1016/j.neubiorev.2013.08.005

Shaffer, R. J., Jacokes, L. E., Cassily, J. F., Greenspan, S. 1., Tuchman,
R. F,, & Stemmer, P. J. (2001). Effect of interactive metronome®
training on children with ADHD. American Journal of Occu-
pational Therapy,55(2), 155-162. https://doi.org/10.5014/ajot.
55.2.155

Simons, D. J., Boot, W. R., Charness, N., Gathercole, S. E., Chabris,
C. F., Hambrick, D. Z., & Stine-Morrow, E. A. L. (2016). Do
“Brain-Training” Programs Work? Psychological Science in the
Public Interest,17(3), 103—186. https://doi.org/10.1177/15291
00616661983

Slater, J., Ashley, R., Tierney, A., & Kraus, N. (2018). Got rhythm?
Better inhibitory control is linked with more consistent drum-
ming and enhanced neural tracking of the musical beat in adult
percussionists and nonpercussionists. Journal of Cognitive Neu-
roscience, 30(1), 14-24. https://doi.org/10.1162/jocn_a_01189.
MIT Press.

Sowinski, J., & Dalla Bella, S. (2013). Poor synchronization to the beat
may result from deficient auditory-motor mapping. Neuropsycho-
logia, 51(10), 1952-1963. https://doi.org/10.1016/j.neuropsych
ologia.2013.06.027

Staiano, A. E., Abraham, A. A., & Calvert, S. L. (2013). Adolescent
exergame play for weight loss and psychosocial improvement:
A controlled physical activity intervention. Obesity, 21(3), 598—
601. https://doi.org/10.1002/0by.20282

Stuss, D. T., Bisschop, S. M., Alexander, M. P., Levine, B., Katz, D., &
Izukawa, D. (2001). The trail making test: A study in focal lesion
patients. Psychological Assessment,13(2), 230-239. https://doi.
org/10.1037/1040-3590.13.2.230

Susi, T., Johannesson, M., & Backlund, P. (2007). Serious games — An
overview (Technical Report HS-IKI-TR-07-001). University of
Skovde, School of Humanities and Informatics. Retrieved Sep-
tember 14, 2025, from https://urn.kb.se/resolve?urn=urn:nbn:se:
his:diva-1279

Teki, S., Grube, M., & Griffiths, T. D. (2011). A unified model of time
perception accounts for duration-based and beat-based timing.
Frontiers in Integrative Neuroscience, 5, 90. https://doi.org/10.
3389/fnint.2011.00090

Vazou, S., Klesel, B., Lakes, K. D., & Smiley, A. (2020). Rhythmic
physical activity intervention: Exploring feasibility and effective-
ness in improving motor and executive function skills in children.
Frontiers in Psychology, 11, 556249. https://doi.org/10.3389/
fpsyg.2020.556249

Vuust, P., & Witek, M. A. G. (2014). Rhythmic complexity and pre-
dictive coding: A novel approach to modeling rhythm and meter
perception in music. Frontiers in Psychology, 5, 1111. https://
doi.org/10.3389/fpsyg.2014.01111

Vuust, P., Roepstorff, A., Wallentin, M., Mouridsen, K., & @stergaard,
L. (2006). It don’t mean a thing.... Keeping the rthythm during
polyrhythmic tension, activates language areas (BA47). Neuroim-
age,31(2), 832-841. https://doi.org/10.1016/j.neuroimage.2005.
12.037

Vuust, P., Wallentin, M., Mouridsen, K., @stergaard, L., & Roepstorff,
A. (2011). Tapping polyrhythms in music activates language
areas. Neuroscience Letters, 494(3), 211-216. https://doi.org/
10.1016/j.neulet.2011.03.015

Whitehead, A. L., Julious, S. A., Cooper, C. L., & Campbell, M. J.
(2016). Estimating the sample size for a pilot randomised trial to
minimise the overall trial sample size for the external pilot and
main trial for a continuous outcome variable. Statistical Methods
in Medical Research, 25(3), 1057-1073. https://doi.org/10.1177/
0962280215588241

Willcutt, E. G., Nigg, J. T., Pennington, B. F., Solanto, M. V., Rohde,
L. A., Tannock, R., Loo, S. K., Carlson, C. L., McBurnett, K.,
& Lahey, B. B. (2012). Validity of DSM-IV attention deficit/

@ Springer


https://doi.org/10.1093/ije/dyt261
https://doi.org/10.1093/ije/dyt261
https://doi.org/10.3389/fnins.2022.874032
https://doi.org/10.1038/s41598-017-11295-w
https://doi.org/10.1016/j.tics.2018.08.003
https://doi.org/10.1016/j.tics.2018.08.003
https://doi.org/10.3389/fpsyg.2022.968144
https://doi.org/10.3389/fpsyg.2022.968144
https://doi.org/10.1016/S0166-4328(01)00437-5
https://doi.org/10.1098/rstb.2009.0014
https://doi.org/10.1093/oxfordhb/9780198804123.001.0001
https://doi.org/10.1093/oxfordhb/9780198804123.001.0001
https://doi.org/10.1371/journal.pone.0187254
https://doi.org/10.1371/journal.pone.0187254
https://doi.org/10.1080/23311908.2019.1641258
https://doi.org/10.1080/23311908.2019.1641258
https://doi.org/10.3389/fcogn.2024.1354116
https://doi.org/10.3389/fnint.2023.1127310
https://doi.org/10.3389/fnint.2023.1127310
https://doi.org/10.1097/WNR.0b013e32831b4287
https://doi.org/10.1097/WNR.0b013e32831b4287
https://doi.org/10.1016/j.neuroimage.2013.05.111
https://doi.org/10.1016/j.neuroimage.2013.05.111
https://doi.org/10.1093/acref/9780199579037.001.0001/acref-9780199579037-e-6605
https://doi.org/10.1093/acref/9780199579037.001.0001/acref-9780199579037-e-6605
https://doi.org/10.1093/acref/9780199579037.001.0001/acref-9780199579037-e-6605
https://doi.org/10.1016/j.neubiorev.2013.08.005
https://doi.org/10.1016/j.neubiorev.2013.08.005
https://doi.org/10.5014/ajot.55.2.155
https://doi.org/10.5014/ajot.55.2.155
https://doi.org/10.1177/1529100616661983
https://doi.org/10.1177/1529100616661983
https://doi.org/10.1162/jocn_a_01189
https://doi.org/10.1016/j.neuropsychologia.2013.06.027
https://doi.org/10.1016/j.neuropsychologia.2013.06.027
https://doi.org/10.1002/oby.20282
https://doi.org/10.1037/1040-3590.13.2.230
https://doi.org/10.1037/1040-3590.13.2.230
https://urn.kb.se/resolve?urn=urn:nbn:se:his:diva-1279
https://urn.kb.se/resolve?urn=urn:nbn:se:his:diva-1279
https://doi.org/10.3389/fnint.2011.00090
https://doi.org/10.3389/fnint.2011.00090
https://doi.org/10.3389/fpsyg.2020.556249
https://doi.org/10.3389/fpsyg.2020.556249
https://doi.org/10.3389/fpsyg.2014.01111
https://doi.org/10.3389/fpsyg.2014.01111
https://doi.org/10.1016/j.neuroimage.2005.12.037
https://doi.org/10.1016/j.neuroimage.2005.12.037
https://doi.org/10.1016/j.neulet.2011.03.015
https://doi.org/10.1016/j.neulet.2011.03.015
https://doi.org/10.1177/0962280215588241
https://doi.org/10.1177/0962280215588241

303 Page 26 of 26

Behavior Research Methods (2025) 57:303

hyperactivity disorder symptom dimensions and subtypes. Jour-
nal of Abnormal Psychology, 121(4), 991-1010. https://doi.org/
10.1037/a0027347

Zanto, T. P., Giannakopoulou, A., Gallen, C. L., Ostrand, A. E.,
Younger, J. W., Anguera-Singla, R., Anguera, J. A., & Gazzaley,
A. (2024). Digital rhythm training improves reading fluency in
children. Developmental Science,27(3), Article e13473. https://
doi.org/10.1111/desc.13473

Zelaznik, H. N., Vaughn, A. J., Green, J. T., Smith, A. L., Hoza, B., &
Linnea, K. (2012). Motor timing deficits in children with atten-
tion-deficit/hyperactivity disorder. Human Movement Science,
31(1), 255-265. https://doi.org/10.1016/j.humov.2011.05.003

Zuk, J., Benjamin, C., Kenyon, A., & Gaab, N. (2014). Behavioral
and neural correlates of executive functioning in musicians and
non-musicians. PLoS One,9(6), €99868. https://doi.org/10.1371/
journal.pone.0099868

@ Springer

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.
Open Practices Statement Stimuli, gameplay examples, data and
code are available at: https://osf.io/gykjd/?view_only=26be79399f
1e48£e838107df437e0ceb. This proof-of-concept study was not
preregistered.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1037/a0027347
https://doi.org/10.1037/a0027347
https://doi.org/10.1111/desc.13473
https://doi.org/10.1111/desc.13473
https://doi.org/10.1016/j.humov.2011.05.003
https://doi.org/10.1371/journal.pone.0099868
https://doi.org/10.1371/journal.pone.0099868
https://osf.io/gykjd/?view_only=26be79399f1e48fe838107df437e0ceb
https://osf.io/gykjd/?view_only=26be79399f1e48fe838107df437e0ceb

	Can you beat the music? Validation of a gamified rhythmic training in children with ADHD
	Abstract
	Music training and sensorimotor functioning
	Music and executive functioning
	Rhythmic training rationale
	Timing abilities, attention, and ADHD
	“Serious games” and mental health
	Rhythmic serious games
	Rhythm workers (RW)
	Main objectives
	Specific aims and hypotheses

	Methods
	Participants
	General procedure
	Screening
	Remote testing and training
	Sampling and randomization
	Equipment and calibration
	Training protocol
	Stimulus selection
	Rhythmic “serious game”
	Non-rhythmic active control game
	Evaluation of game compliance and acceptance
	Compliance
	Game acceptance

	Assessment of rhythmic abilities
	Assessment of executive functions
	Set-switching test
	Eriksen flanker fish task
	GoNo-Go task

	Measures and statistical analyses
	Compliance and acceptance
	BAASTA
	Executive functioning tasks


	Results
	Compliance and acceptance
	Rhythmic performance
	Executive functioning

	Discussion
	Effects of a “serious” rhythmic game on rhythmic abilities in ADHD
	Effects of a “serious” rhythmic game on executive functions in ADHD

	Limitations and future directions
	Conclusion
	References


