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Abstract

Musical instrument training has been linked to improved academic and cognitive abili-
ties in children, but it remains unclear why this occurs. Moreover, access to instrument
training is not always feasible, thereby leaving less fortunate children without oppor-
tunity to benefit from such training. Although music-based video games may be more
accessible to a broader population, research is lacking regarding their benefits on aca-
demic and cognitive performance. To address this gap, we assessed a custom-designed,
digital rhythm training game as a proxy for instrument training to evaluate its ability
to engender benefits in math and reading abilities. Furthermore, we tested for changes
in core cognitive functions related to math and reading to inform how rhythm train-
ing may facilitate improved academic abilities. Classrooms of 8-9 year old children
were randomized to receive either 6 weeks of rhythm training (N = 32) or classroom
instruction as usual (control; N = 21). Compared to the control group, results showed
that rhythm training improved reading, but not math, fluency. Assessments of cognition
showed that rhythm training also led to improved rhythmic timing and language-based
executive function (Stroop task), but not sustained attention, inhibitory control, or
working memory. Interestingly, only the improvements in rhythmic timing correlated
with improvements in reading ability. Together, these results provide novel evidence
that a digital platform may serve as a proxy for musical instrument training to facil-
itate reading fluency in children, and that such reading improvements are related to
enhanced rhythmic timing ability and not other cognitive functions associated with

reading performance.
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timing ability

1 | INTRODUCTION

Music is deeply intertwined with both math and language. Musical
scales can be expressed as mathematical ratios (Crocker, 1964), and the
origins of music may have common roots with that of language (Brown,
2017). As such, much research has been dedicated to understand-
ing whether music engagement and instruction may facilitate math
and language ability—particularly their acquisition in children who
are in the process of learning these essential skills. Meta-analyses on
the relationship between music engagement and math/language have
been somewhat mixed. Several meta-analyses have converged to show
music engagement can have a positive effect on math and language
abilities in children (Cogo-Moreira et al., 2012; Cooper, 2020; Gor-
don et al., 2015; Vaughn, 2000), but a recent meta-analysis describes
a null effect when accounting for study quality (Sala & Gobet, 2020).
However, it should be noted that music engagement can take many
forms—including instrument, song, or dance training, music theory, or
music listening to name a few. Therefore, when controlling for study
quality and music engagement type, musical instrument training (but
not other forms of music engagement) was shown to be related to
better language and cognitive abilities (Roman-Caballero et al., 2022).

While it is encouraging to know that musical instrument training
can improve academic performance in children, there are numerous
challenges associated with implementation of such training at home
or in school en masse. Two of the largest barriers to entry are that of
cost and convenience (Burland, 2020; Henley & Barton, 2022). Musi-
cal instruments can be expensive, and even if a cheap used instrument
can be procured, the recurring costs of professional instruction results
in high long-term costs that will inevitably price-out low-income fami-
lies and the school districts that serve them. Beyond prohibitive costs,
instrument training is often inconvenient. Many working families, par-
ticularly those living in rural areas, simply do not have time to escort
their children to and from music lessons. Similarly, schools typically
do not have time in their curriculum to make available proper music
lessons (Russell-Bowie, 2009). Therefore, there is a critical need for a
new approach to bridge the gap that limits access to musical instrument
training and the benefits it may engender.

One possibility to address the issue of cost and convenience is to
provide digital musical instruction via a mobile app as a proxy to instru-
ment training. Indeed, 97% of the US population (83% worldwide) own
a smart mobile device (e.g., smartphone, tablet) (Pew Research Cen-
ter, 2021; Statista Research Department, 2022). Interestingly, in the
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* Improvements in reading fluency were positively correlated with enhanced rhythmic

» Alterations in reading fluency were not predicted by changes in other executive
functions that support reading
» Adigital platform may be a convenient and cost-effective means to provide musical

rhythm training, which in turn, can facilitate academic skills

US, smartphone ownership is only slightly less in low-income families
(97% when income < $30k) compared to high income families (100%
when income > $75k) (Pew Research Center, 2021). As such, a mobile
app that could offer musical training akin to instrument training would
provide a widely accessible solution with unparalleled convenience due
to the mobile platform. Despite the rise in popularity of music-based
video games (e.g., Dance-Dance Revolution, Guitar Hero, Rock Band,
Beat Saber, etc.), research into the potential efficacy of digital music
training is lacking.

Our primary goal was to assess whether playing a digital musical
rhythm training game, Coherence, could improve math and reading abil-
ities in children—similar to prior research indicating traditional musical
instrument training provides academic and cognitive benefits (Roman-
Caballero et al., 2022). Rhythm training was selected because rhythm is
a core feature of most forms of musical instrument training. It is impor-
tant to learn how to maintain a steady beat before one can create more
complex rhythms or melodies. Moreover, rhythm ability is thought to
be related to reading (Bonacina et al., 2021; Goswami, 2011; Ozernov-
Palchik & Patel, 2018) as language utilizes rhythmic structures. On the
other hand, math may benefit from rhythm training due to common
demands on memory (Brower, 1993; Raghubar et al., 2010) or pattern
identification ability (Edelson & Johnson, 2012). Thus, Coherence was
designed to be an easy way for non-musicians to learn a fundamental
aspect of musical performance—rhythm.

Here we utilize tablets to deliver the rhythm training because
a touch screen interface is ideal for tapping rhythms, analogous to
certain forms of drumming. Furthermore, the software enables closed-
loop adaptive algorithms that adapt to the ability level of individuals
to challenge the student similar to in-person instruction. This adaptiv-
ity provides a distinct advantage over commercial music-based games.
Thus, Coherence may serve as a proxy to musical instrument training
with a lower barrier to entry as it focuses on a core aspect of musical
performance (rhythm) without the need to learn to read sheet music,
access to a musical instrument, a music teacher, or a dedicated space to
play.

To achieve the primary goal of assessing efficacy of this interven-
tion, elementary school classrooms were randomized to receive either
digital rhythm training (Coherence) for 6 weeks or receive classroom
instruction as usual (Control). Math and reading fluency were assessed
pre- and post-training. It was hypothesized that only the Coherence
(rhythm training) group, and not the Control group, would exhibit
improvements in math and reading fluency.
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Our secondary goal was to provide mechanistic insight into why
digital rhythm training improves math and reading fluency—if such
improvements were observed. It has been hypothesized that musi-
cal training results in improvements in cognitive control (Hannon &
Trainor, 2007), which in a domain-general manner then facilitates math
and language abilities (Kljajevi¢, 2010; Patel, 2003; van de Cavey &
Hartsuiker, 2016). Indeed, we have recently demonstrated that digital
rhythm training can improve cognitive control in healthy older adults,
specifically, temporal attention (the ability to orient attention in time)
(Nandi et al., 2023) and short-term memory (Zanto et al., 2022). It is
therefore plausible that children will also exhibit improvements in cog-
nitive control functions following rhythm training, which may predict
alterations in math and language ability.

To address this secondary goal, we assessed various forms of cogni-
tive control function pre- and post-training, including working memory,
sustained attention, inhibitory control and temporal attention (via, sen-
sorimotor synchronization). The allocation of attention, and hence the
prioritization of the input of information, at a particular point in time
is called temporal attention. Exogenously oriented temporal attention
often occurs in response to rhythmic stimuli or stimuli with a pre-
dictable temporal structure, which is also referred to as beat-based
or rhythmic timing (Coull & Nobre, 1998; Krampe et al., 2001; Repp,
2005; Teki et al., 2011). Thus, exogenous temporal attention refers to
the process by which attention is oriented to the environment to drive
internal timing representations. Temporal attention was assessed as
it is a critical component of rhythm production, such as sensorimo-
tor synchronization (Large & Jones, 1999; Vibell et al., 2021; Zalta
et al., 2020). Moreover, prior research has linked this ability to orient
attention in time with math (Landerl & Willburger, 2010) and language
development (de Diego-Balaguer et al., 2016; Ruffino et al., 2014).

Similar to temporal attention, working memory is critically involved
in musical performance (Berz, 1995), as well as math (Bull et al., 2008;
Menon, 2016; Raghubar et al., 2010) and language skills (Archibald,
2016; Baddeley, 2003). Moreover, prior research has demonstrated
that musical training can improve working memory in children (Nutley
et al.,, 2014; Roden et al., 2013). Therefore, we aimed to test whether
digital rhythm training may also improve working memory, particularly
as it may underlie alterations in math or reading performance. Sus-
tained attention was assessed because it can be enhanced in musicians
(Strait & Kraus, 2011) and deficient sustained attention has been linked
to learning disorders (Dainer et al., 1981; Finneran et al., 2009; Smolak
et al., 2020; Stern & Shalev, 2013). As such, we tested whether rhythm
training may alter sustained attention, which may have downstream
effects on math or reading. Finally, inhibitory control was assessed
because it has been shown to be higher in percussionists compared to
vocalists or non-musicians (Slater et al., 2017), and inhibitory control is
also utilized during math and language performance (Gandolfi & Viter-
bori, 2020; Kieffer et al., 2013). And so, we assessed changes in these
cognitive functions to provide important insight regarding the underly-
ing mechanism for how rhythm training may benefit math and reading

abilities.

Developmental Science

2 | METHODS
2.1 | Procedure

Three classrooms of students, aged 8-9 years, were recruited from
the same school in England. One classroom was randomly selected
to participate in a digital rhythm training intervention (i.e., Coher-
ence) three times per week, 20 min each day, for 6 weeks. The
other two classrooms participated in classroom instruction as usual,
which served as the Control. Pre- and post-intervention, all three
groups were given assessments of math and reading fluency (pri-
mary outcome measures), as well as cognitive abilities: working
memory, sustained attention, inhibitory control, and sensorimotor syn-
chronization (secondary outcome measures). However, one of the
two Control groups completed the post-assessments 8 weeks late.
Therefore, data analysis focused on the two groups that adhered
to the planned research schedule. All outcome assessments were
conducted on computers in the school’s media center. The order
of the outcome assessments were fixed so that all participants
at each time point (pre/post) conducted the tasks in the same
order: reading fluency, math fluency, sensorimotor synchronization,
working memory, sustained attention, inhibitory control, executive

function.

2.2 | Participants

Parents of the students (Coherence N = 34; Control N = 22) pro-
vided informed consent as approved by the University of Bedfordshire
Institutional Review Board. Each child participant also provided assent
prior to participation. Two students from the Coherence group and
one from the Control group did not complete both the pre- and post-
intervention assessments (i.e., missed all pre or all post assessments).
These students were therefore excluded from analysis, resulting in
32 students in the Coherence group (mean = 8.91 years; 16 female)
and 21 students in the Control group (mean = 8.91 years; nine
female). Of note, some students did not complete some of the out-
come assessments at both time-points. This was due to the research
being conducted in the school, where missing data points occurred
for various reasons. This includes sick days (absent on testing day),
not understanding or following task directions (resulting in unusable
data), technical problems, and running out of time to complete all
outcomes (some children took more time between tasks). Students
missing data at one time point were included in the linear mixed model.
However, students missing data at both time points were excluded
from analysis of that specific outcome. Thus, we chose to analyze
the usable data available, rather than discarding each participant’s
dataset due to a missing outcome measure. Similarly, participants
who exhibited performance two standard deviations or more out-
side mean performance were excluded from analysis of that specific

outcome.
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FIGURE 1 Screenshot of coherence.

2.3 | Digital rhythm training

Musical rhythm training was conducted using a custom-designed
video game, Coherence (Figure 1). Coherence was created at UCSF
Neuroscape and incorporates closed-loop adaptive algorithms to con-
sistently challenge the participant at a high level, an approach which is
thought to optimize training effects (Mishra et al., 2016; Ziegler et al.,
2022) and lead to transfer of benefits to an array of cognitive abilities
(Angueraetal., 2013,2022; Mishraet al.,2014; Nandi et al., 2023; Wais
etal., 2021; Zanto et al., 2022; Ziegler et al., 2019). It was played in the
classroom on an iPad tablet that permits tapping on the screen akin
to certain types of drumming. Although Coherence was played in the
classroom three times per week, the specific days of training periodi-
cally shifted from week-to-week, because finding time to train during
the school day was at the discretion of the teacher.

Participants tapped the screen of the tablet in synchrony with the
musical “beat”, which was also visually cued by moving colored orbs.
Specifically, colored orbs fly from a tree in the distance towards a semi-
transparent target region in the foreground (see Figure 1). Participants
were instructed to tap the target region when the orb fully overlaps
it, which temporally coincided with the musical beat. The game was
designed to challenge rhythm and timing abilities, such that a non-
musician could learn to tap a steady rhythm. Personalized adaptivity
was built into Coherence so that with practice and skill acquisition, the
rhythms become increasingly difficult, but if performance falters, the
rhythmic demands become easier. As difficulty increases in response to
sufficient progress, participants earn stars that can be used to unlock

new songs.

ZANTOET AL.

Combo Performance

X25 )

Difficulty of rhythms adapted along three dimensions: temporal
complexity, spatial complexity, and memory load. Each song within
Coherence started at the lowest (of four) temporal complexity levels,
and the lowest (of four) spatial complexity levels, resulting in 16 total
difficulty levels per song to be sequentially passed. Temporal complex-
ity refers to the metrical position of the requested tap. For example,
easy rhythmic patterns consist of taps that coincide with “down” beats
(i.e., first & third beat of ameasure in a 4/4 time signature), while amore
difficult rhythm includes taps that are syncopated. Every song started
with a basic temporal pattern (e.g., tap on the first beat of a measure)
and successful performance resulted in an increase in complexity (e.g.,
tap on the first two beats of a measure). As performance faltered,
temporal complexity became easier. Spatial complexity refers to the
number of spatial positions invoked by the rhythmic pattern. Each song
within Coherence started with two spatial target positions—one for
each hand—and works up to as many as four spatial positions per hand
(eight positions total). In order to advance to a higher level of spatial
complexity, participants must first pass four increasingly difficult
levels of temporal complexity. Once the highest level of temporal
complexity (for that song) is passed, spatial complexity increased and
temporal complexity started back at the easiest level. Memory load
was manipulated in two ways. First, memory was taxed by altering the
number of taps required before the rhythm repeats. When beginning
Coherence, only four “beginner” songs were available, which required
a limited number of taps before the pattern repeated. Upon sufficient
performance, new songs unlocked that required a greater number of
taps per rhythmic pattern. Second, memory was further challenged

by having the visual cues disappear after participants demonstrated
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FIGURE 2 Screenshots of outcome measures tasks: (a) Rhythmicity, (b) Working memory task, (c) Sustained attention task, (d) Flanker task, (e)

Stroop task.

sufficient performance in tapping the rhythmic pattern with the visual
cues present. During these training periods the cues were “invisible”,
and participants were forced to rely on their memory to produce the
rhythmic pattern. Participants were required to pass this “invisible
mode” prior to advancing to the next level of temporal or spatial
complexity.

2.4 | Primary outcome measures

Computerized math and reading fluency tests served as the pri-
mary outcome measures and were similar to subtests from the
Woodcock-Johnson IV Tests of Achievement (WJ4) (Schrank et al.,
2014). Specifically, math was assessed using addition and subtraction
problems similar to the Math Facts Fluency subtest of the WJ4. In this
assessment, simple arithmetic problems were presented (e.g., 1 + 6,
4 — 2, etc.) and participants were instructed to answer as many as pos-
sible within 3 min. Reading fluency was assessed in a manner similar
to the Sentence Reading Fluency subtest of the WJ4. In this assess-

» o«

ment, a short sentence was presented (e.g., “The sky is blue.”, “A cow

can dance.”) and participants were instructed to indicate whether the
sentence was true or false. Again, participants were given 3 min to
answer as many correctly as possible. To account for potential speed-
accuracy trade-offs, in both assessments, we calculated an efficiency
metric as the trial-wise accuracy (1 = correct, O = incorrect) divided by
the trial-wise response time and then all trials are averaged together.
Thus, higher values indicate better performance. This efficiency metric
is related to the Rate Correct Score (Woltz & Was, 2006) and inversely
related to the Inverse Efficiency Score (Townsend & Ashby, 1983),
except this approach has the advantage of accounting for the trial-
wise relationship between speed and accuracy. These math and reading
efficiency metrics were then used in statistical analyses.

2.5 | Secondary outcome measures

Computerized tests of sensorimotor synchronization, working mem-
ory, sustained attention, and inhibitory control served as the secondary
outcome measures. Each of these cognitive abilities, except sensorimo-

tor synchronization, were assessed via Neuroscape software: Adaptive
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Cogpnitive Evaluation-Explorer (ACE-X) (Hsu et al., 2021; Younger et al.,
2021; Younger et al., 2021) and sensorimotor synchronization was
assessed using Neuroscape software: Rhythmicity (Johnson et al,
2020; Zanto et al., 2019).

2.5.1 | Sensorimotor synchronization

To assess sensorimotor synchronization, participants engaged in
Rhythmicity, a rhythmic synchronization test (see Figure 2). Briefly,
this paradigm required participants to tap different metronome-
like sequences using the spacebar on a keyboard across 12 levels.
These levels parametrically manipulated three variables: tempo of
the metronome, the audio-visual information provided, and the rhyth-
mic task performed. The tempo varied between medium (525 ms)
and fast (350 ms) inter-onset intervals (IOls). The stimuli presented
varied between a visual-only stimulus where the movement of a
ball between two lines on each side of the screen denoted the
metronome “beat”, an audio-only stimulus where a distinct tone
denoted the metronome “beat”, and an audio-visual stimulus where
these cues were integrated. Lastly, participants were asked to per-
form two tasks: (1) On-beat: tap along with each stimulus event (i.e.,
sound onset and/or when the ball touched the lines at either side
of the screen) or (2) Continuation: after four stimulus events (i.e.,
four beats), the stimuli were discontinued, and participants had to
continue the metronomic rhythm by tapping for four beats without
disrupting the tempo. After the four-beat “silent period” where par-
ticipants were to tap, stimuli were resumed for another four beats
and followed by another four-beat “silent period” where participants
were instructed to tap. The stimuli and silent periods continued to
alternate for the duration of the level. Together, the rhythmic syn-
chronization paradigm consisted of 12 levels (2 tempos x 3 stimulus
types x 2 tasks) each lasting approximately 30 s. To characterize
performance, tap asynchrony and variability were assessed. Asyn-
chrony was calculated as the absolute offset in milliseconds from the
instructed tap onset. Variability was calculated as the standard devi-
ation of tap offsets. Data were averaged over stimulus types and
tasks in order to obtain an estimate of sensorimotor synchronization
ability.

2.5.2 | Working memory

The working memory task was based on the Corsi block-tapping task
(Kessels et al., 2010). Participants observed a distribution of squares
on a computer screen that became illuminated one at a time (see
Figure 2b). Participants were then instructed to use a mouse to click
onthe reverse order of illumination. To start, three squares were illumi-
nated. After two correct trials, an additional square became illuminated
(i.e., increased set size). This continued until three consecutive incor-
rect trials occurred. The average set size correctly recalled was used as

an index of working memory capacity.

ZANTOET AL.

2.5.3 | Sustained attention

Sustained attention was assessed via two Continuous Performance
Tasks from ACE-X (Figure 2c) based on the Test of Variables of Atten-
tion (Greenberg et al., 1996). During both tasks, a symbol appeared
either at the top or bottom of the screen and participants were
instructed to respond only when the symbol appeared at the top
of the screen (target). For the vigilant attention task (80 consec-
utive trials), target probability was 20% (infrequent condition). For
the impulsive attention task (40 consecutive trials), target proba-
bility was 80% (frequent condition). Sustained attention was then
indexed by response time variability (standard deviation of response

times).

2.5.4 | Inhibitory control

Inhibitory control was assessed in two tasks, the Flanker task (Eriksen
& Eriksen, 1974) and the Stroop task (Mead et al., 2002). In the Flanker
task (Figure 2d), participants were presented five arrows in a row
and were instructed to indicate the direction of the center arrow. For
congruent trials (50% probability) all five arrows pointed in the same
direction. For incongruent trials (50% probability), the center arrow
pointed in the opposite direction on the flanking arrows. In total, 28
trials were presented (not including practice trials). During the Stroop
task (Figure 2e), participants were presented with a word that was the
name of a color and they were instructed to indicate the color of the
text, not the word itself. For congruent trials (50% probability), the
word and its color matched (e.g., the word “green” in green font). For
incongruent trials (50% probability), the word and the color of the word
did not match (e.g., the word “green” in white font). In total, 40 trials
were presented (not including practice trials). To account for potential
speed-accuracy trade-offs, in both the Flanker and Stroop tasks, we cal-
culated an efficiency metric as accuracy (1 = correct, O = incorrect)
divided by response time. Thus, higher values indicate better perfor-
mance. These inhibitory control efficiency metrics were then used in
statistical analyses.

2.6 | Statistical analyses

Data from the outcome measures were submitted to linear mixed
models with Group (Coherence, Control), Session (Pre, Post), and
Group x Session interaction as fixed effects and intercepts as ran-
dom effects. For analysis of sustained attention and inhibitory control
data, Condition (Frequent, Infrequent; Congruent, Incongruent) and
the corresponding interactions were also included as fixed effects.
These analyses were conducted using the JASP software (JASP Team,
2020). Permutation tests using 5000 iterations were used to assess
interactions in MATLAB. To assess the relationship between outcomes,
Spearman’s rho was used. A p-value of <0.05 was used for significance

testing.
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TABLE 1 Assessment scores for both the coherence and control groups pre- and post-intervention.

Rhythm training

Assessment Pre

Math fluency (N =31/19) 0.17 (0.01)
Reading fluency (N =31/19) 0.22(0.02)
SMS: asynchrony (N =29/21) 94 (3) ms
SMS: variability (N = 29/21) 98 (3) ms
Working memory (N =29/17) 4.05(0.13)
Sustained attention (N = 23/16) 181 (17) ms
Inhibitory control: Flanker (N = 27/19) 0.85(0.04)
Inhibitory control: Stroop (N = 29/19) 0.70(0.04)

Control

Post Pre Post
0.18(0.01) 0.18(0.02) 0.18(0.02)
0.28(0.02) 0.24(0.02) 0.26 (0.02)

87 (3) ms 89 (4) ms 94 (4) ms

86 (3) ms 93 (4) ms 92 (4) ms
4.49(0.12) 4.47(0.16) 4.66(0.17)
187 (17) ms 225(20) 175 (20)
1.09 (0.04) 0.90(0.05) 1.14(0.05)
0.94 (0.04) 0.81(0.05) 0.94 (0.05)

Note: Numbers in parentheses indicate standard error of the mean. Bold values indicate significant (p < 0.05) within group changes. N = Number of

participants analyzed in the Rhythm/Control groups.
Abbreviation: SMS, sensorimotor synchronization.

3 | RESULTS
3.1 | Primary outcomes
3.1.1 | Math fluency

Results from the linear mixed model on math efficiency scores indi-
cated no main effect for Group [F(1,48.09) = 0.267, p = 0.608] or
Session [F(1,46.57) = 0.465, p = 0.499]. Importantly, no Group x Ses-
sion interaction was observed [F(1,46.57) = 0.125, p = 0.725]. Indeed,
the Coherence group and the Control group each exhibited similar per-
formance pre- and post-intervention (Table 1). This indicates digital

rhythm training did not significantly improve math performance.

3.1.2 | Reading fluency

Results from the linear mixed model on reading efficiency scores
indicated no main effect for Group [F(1,47.80) = 0.000, p = 0.999].
However, a main effect of Session [F(1,47.04) = 22.898, p < 0.001]
was observed such that performance generally improved. More impor-
tantly, there was a Group x Session interaction [F(1,47.04) = 4.210,
p = 0.046] indicating the Coherence group improved more than the
Control group (Figure 3a). Permutation tests were then used to assess
within group changes pre- to post-intervention. Results demonstrated
that the Coherence group [p = 0.006, Cohen’s d = 0.707], but not
Control group [p = 0.385, Cohen’s d = 0.275], exhibited a significant
improvement in reading fluency (Figure 3b). No baseline differences
were observed between groups [p = 0.580]. To assess whether the
observed training effects may be attributed to regression to the mean,
we implemented the extended Mee-Chua Test (Ostermann et al,
2008). Results showed that when the true mean reading efficiency
score is less than 0.31, the training effects are not likely driven by
regression to the mean (ty. = 6.928, pmin < 0.001). Given that all
observed sample means were less than 0.31 (see Table 1), it is unlikely

that regression to the mean played a role in the observed training

effects. Thus, these results reveal that digital rhythm training improved

reading fluency.

3.2 | Secondary outcomes
3.2.1 | Sensorimotor synchronization

Performance was first assessed via asynchrony data from the sensori-
motor synchronization task. Results from a linear mixed model showed
no main effects for Group [F(1,48)= 0.161, p = 0.690] or Session
[F(1,48) = 0.055, p = 0.815]. However, a Group x Session interaction
was observed [F(1,48) = 5.279, p = 0.026] such that the Coherence
group exhibited a slight decrease in asynchrony (better performance)
post-intervention, while the Control group displayed a slight increase
in asynchrony (Figure 4a). Permutation tests were then used to assess
within group changes pre- to post-intervention. Results showed that
neither the Coherence group [p = 0.109, Cohen’s d = 0.433], nor the
Control group [p = 0.294, Cohen’s d = 0.333], exhibited a significant
change in asynchrony (Figure 4b). Thus, the observed interaction is due
to differential change between groups pre- to post-intervention.
Performance variability was then assessed in a linear mixed model.
Results showed no main effect for Group [F(1,48) = 0.008, p = 0.931].
However, there was a main effect of Session [F(1,48) = 4.097,
p = 0.049] and a trend toward a significant Group x Session inter-
action [F(1,48) = 3.924, p = 0.053] such that the Coherence group
exhibited a greater decrease in variability post-intervention compared
to the Control group (Figure 4c). Permutation tests were then used to
assess within group changes pre- to post-intervention. Results showed
that only the Coherence group [p = 0.008, Cohen’s d = 0.648], and not
the Control group [p = 0.837, Cohen’s d = 0.057], exhibited a signifi-
cant improvement in performance variability (Figure 4d). No baseline
differences were observed between groups [p = 0.304]. Results from
an extended Mee-Chua Test showed that when the true mean vari-
ability is greater than 93, the training effects are not likely driven by
regression to the mean [tax = 4.567, Pmin < 0.001]. Given that several
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for all participants pre- and post-intervention. *p < 0.05, ***p < 0.001.

sample means were around this threshold (see Table 1), it is possible
that regression to the mean played a small role in the observed training

effects on timing variability.

3.2.2 | Working memory

Working memory capacity scores were assessed with a linear mixed
model and exhibited no main effect of Group [F(1,43.62) = 2.775,
p = 0.103]. However, a main effect of Session was observed
[F(1,42.62) = 8.510, p = 0.006], such that working memory capac-
ity improved from pre [mean (SEM) = 4.21 (0.11)] to post [mean
(SEM) = 4.56 (0.09)]. Although the Coherence group showed a
significant improvement pre- to post-training (p = 0.020; Table 1),
no Group X Session interaction was observed [F(1,42.62) = 1.369,
p = 0.249]. Thus, working memory capacity was not likely affected by
digital rhythm training.

3.2.3 | Sustained attention

Sustained attention variability was assessed via response time stan-
dard deviation in a linear mixed model. Results yielded no main effect
of Group [F(1,37) = 0.686, p = 0.413] or Session [F(1,111) = 1.787,
p = 0.184]. However, a main effect of Condition was observed
[F(1,111) = 15.817, p < 0.001] such that performance was less vari-
able during the Frequent [mean (SEM) = 159 (13) ms] compared to
the Infrequent condition [mean (SEM) = 225 (13) ms]. Importantly, no
interactions were observed (all p > 0.100). Most notably, there was
no Group x Session [F(1,111) = 2.727, p = 0.102] or Group X Ses-
sion x Condition interaction [F(1,111) = 0.001, p = 0.982]. Of note,
d-prime, a metric of signal detection based on hits and false alarms,
showed no main effects or interactions (all p > 0.380). Together,
there was no evidence that digital rhythm training affected sustained

attention ability.
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Performance data via Stroop task. (a) Violin plot of the change in efficiency score for each group. (b) Ladder plot of efficiency scores

3.24 | Inhibitory control
Inhibitory Control was assessed via the Flanker and Stroop tasks.
Efficiency scores from the Flanker task were submitted to a linear
mixed model and exhibited no main effect of Group [F(1,44) = 0.799,
p = 0.376]. However, main effects were observed for Session
[F(1,132) = 52.662, p < 0.001] and Condition [F(1,132) = 21.274,
p < 0.001], such that performance improved post-intervention [mean
(SEM): pre = 0.87 (0.03), post = 1.12 (0.03)] and was better during
congruent trials [mean (SEM): Congruent = 1.07 (0.03), Incongru-
ent = 0.92 (0.03)]. No interactions were observed (all p > 0.18). Most
notably, there was no Group x Session [F(1,132) = 0.006, p = 0.937] or
Group x Session x Condition interaction [F(1,132) = 0.827, p = 0.365].
Next, efficiency scores from the Stroop task were submit-
ted to a linear mixed model and exhibited no main effect of
Group [F(1,46) = 0.703, p = 0.406]. However, main effects were
observed for Session [F(1,138) = 78.867, p < 0.001] and Condition
[F(1,138) = 46.008, p < 0.001], such that performance improved post-
intervention [mean (SEM): pre = 0.75 (0.04), post = 0.94 (0.04)] and was
better during congruent trials [mean (SEM): Congruent = 0.92 (0.04),
Incongruent = 0.77 (0.04)]. Importantly, there was a Group x Session
interaction [F(1,138) = 6.182, p = 0.014] indicating the Coherence
group had greater improvement in performance post-intervention
compared to the Control group (Figure 5a). Permutation tests were
then used to assess within group changes pre- to post-intervention.
Results demonstrated that the Coherence group [p < 0.001, Cohen’s
d = 1.008], but not Control group [p = 0.118, Cohen’s d = 0.526],
exhibited a significant improvement in inhibitory control (Figure 5b).
No baseline differences were observed between groups [p = 0.131].
Results from an extended Mee-Chua Test showed that when the true
mean efficiency score is less than 1.10, the training effects are not
likely driven by regression to the mean [t.x = 10.092, pnin < 0.001].
Given that all sample means were less than this threshold (see Table 1),
it is unlikely that regression to the mean played a role in the observed

training effects. No other interactions were observed [all p > 0.22],
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FIGURE 6 Correlations within the Coherence group between changes in reading efficiency and metrics of timing performance: (a) asynchrony
and (b) standard deviation. Change scores are calculated so positive values indicate better performance.

notably, no Group x Session x Condition interaction [F(1,138) = 0.001,
p=0.972]. Together, these results show that digital rhythm training did
not improve inhibitory control. However, rhythm training resulted in a
general improvement in performance only during the task with a read-

ing component (Stroop task), but was not specific to incongruent trials.

3.3 | Predictors of reading improvement

Change score data from the Coherence training group was analyzed
with Spearman’s rho to assess whether the improvements in either of
the two metrics that exhibited Coherence-related improvements (i.e.,
Stroop and sensorimotor synchronization) were predictive of improve-
ments in reading efficiency. Results from the correlation between the
change (post-pre) in Stroop efficiency scores and change (post-pre)
in reading efficiency scores demonstrated no significant correlation
[r=0.137,p=0.495].

Significant correlations were observed between the change (post-
pre) in reading efficiency and the change (pre-post) in sensorimo-
tor synchronization, as indexed by both performance asynchrony
[r=0.453, p = 0.018; Figure 6a] and variability [r = 0.387, p = 0.046;
Figure 6b]. These results indicate those individuals who exhibited the
largest improvements in sensorimotor synchronization were those

with the greatest increases in reading efficiency.

4 | DISCUSSION

The primary objective of this study was to ascertain whether digital
rhythm training may serve as a proxy for musical instrument train-
ing to improve math and reading ability in elementary school children.
Results showed that rhythm training improved reading, but not math
fluency. The secondary objective was to characterize changes in other
cognitive abilities that may be associated with observed improvements.
Whereas both rhythmic timing (via sensorimotor synchronization) and

language-based executive control (via Stroop task) were enhanced

by rhythm training, only rhythmic timing was predictive of reading
improvements. Together, these results provide intriguing evidence that
digital rhythm training enables benefits in reading performance similar
to musical instrument instruction, and that these improvements may
stem from an enriched ability to orient attention in time.

Numerous studies have demonstrated positive effects of musical
training on reading abilities in typically developing children (But-
zlaff, 2000; Kraus, Hornickel, et al., 2014; Kraus, Slater, et al., 2014;
White & Wesolowski, 2021), as well as those with dyslexia (Flaug-
nacco et al., 2015). Yet, much less work has been done exploring the
utility of digitally-based musical training, which would be much more
cost-effective and accessible to a larger population. In addition, using
more targeted, custom-designed interventions may allow us to iden-
tify which components of music training lead to the most benefits in
academic skills. Some previous efforts to provide musical training in
a digital format have focused on music education, rather than perfor-
mance, which includes learning to identify musical elements such as
chords, intervals, and melodic contour (Portowitz et al., 2014; Wiener
& Bradley, 2020). A different music-based intervention with a dig-
ital component, in which some rhythmic production was included,
demonstrated efficacy in numerous cognitive domains including audi-
tory processing, verbal intelligence, and executive function (Carpentier
et al., 2016; Janus et al., 2016; Moreno, Bialystok, et al., 2011; Moreno
etal.,2015; Moreno, Friesen, et al., 2011). However, rhythm production
was only a small component of that intervention and a music teacher
lead all instruction. Here, we extend this prior research to a fully digital
musical rhythm production intervention, and show that reading bene-
fits are not limited to approaches that involve learning analog musical
instruments under traditional or hybrid instruction.

Despite the practical promise this technology may hold, additional
research is needed. For example, it is unclear why math performance
did not improve, as has been previously reported for other musical
training (Bergee & Weingarten, 2020; Vaughn, 2000). One possibility
is that our math assessment was not sensitive enough to detect poten-
tially small improvements. Prior research has indicated that enhanced

math ability due to musical training are less pronounced than those
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observed for language-based improvements (dos Santos-Luiz et al.,
2015). Thus, it is possible that the simple addition and subtraction
questions posed here (e.g., 1 + 2, 5 — 3) were not challenging enough
to observe a subtle improvement. Perhaps tasks that challenged differ-
ent types of math sub-skills, such as those that require estimation or
more difficult calculations would exhibit enhanced performance after
rhythm training. Another possibility is that other aspects of musical
training, and not necessarily rhythm production, may underlie the rapid
recall/calculation of basic arithmetic.

Beyond demonstrating the efficacy of a digitally-delivered, musi-
cal, rhythm-based intervention, these results provided insight as to the
mechanism by which rhythm training facilitates reading ability. Here,
we observed a correlation between reading efficiency and two metrics
of sensorimotor synchronization: asynchrony and variability (standard
deviation). Models of sensorimotor synchronization often attribute
this ability to a combination of sensorimotor processing speed and
rhythmic timing ability (Aschersleben, 2002; Wing & Kristofferson,
1973), where the latter reflects the orienting of attention in time (Large
& Jones, 1999). These results therefore support prior research asso-
ciating timing abilities with reading performance (Bekius et al., 2016;
Flaugnacco et al., 2014; Tierney & Kraus, 2013) and language skills
(Swaminathan & Schellenberg, 2020) as well as theories that attribute
reading deficiencies to dysfunctional timing (Nicolson et al., 2001).

The importance of regular rhythmic timing in reading performance
may lie in the quasi-periodic structure of language (Langus et al.,
2017), in which rhythmic patterns may be embedded within an irreg-
ular sequence of words and/or phrases. As such, rhythm training may
strengthen a “temporal scaffolding” that can be used to promote sen-
sorimotor processing in the service of reading (Bekius et al., 2016).
Regarding the brain regions that may support such a temporal scaf-
folding, we recently showed that in an older adult population, improve-
ments in timing following digital rhythm training were localized to a
sensorimotor network that includes pre-motor cortex, anterior cingu-
late cortex, and the left inferior parietal lobule (Nandi et al., 2023).
Importantly, these brain regions have also been associated with var-
ious aspects of reading (Boissonneau et al., 2022; Kotz & Schwartze,
2010; Meister et al., 2007; Pardo et al., 1990; Sliwinska et al., 2015).
Additional research will be required to determine if these brain regions
indeed underlie the observed changes in temporal attention in chil-
dren, and whether such neuroplastic changes predict improvements in
reading.

It is interesting to note that of the two assessments of inhibitory
control, only the language-based measure (Stroop task) demonstrated
improvement following rhythm training. However, it is important to
note that the change in Stroop task performance was observed across
both Congruent and Incongruent conditions. A change in inhibitory
control should demonstrate a change in performance selectively dur-
ing the Incongruent condition, but this was not observed. Similarly,
we did not observe changes in inhibitory control as assessed by the
Flanker task. We therefore conclude that inhibitory control was not
improved. Given that reading is considered a prepotent response that
forms the basis for the Stroop effect (Washburn, 2016), an improve-

ment in reading fluency could result in speeded response times during
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both the Congruent and Incongruent conditions of the Stroop task. Yet,
there was no correlation between the change in Stroop performance
and the change in reading fluency. Although additional research will
be required to understand these effects, the observed changes in per-
formance during the Stroop task are likely related to language-based
executive control.

Similar to inhibitory control, we also observed no alterations in
sustained attention or working memory performance. This helps to
provide additional specificity regarding how rhythm training affects
reading fluency. Indeed, reading has been linked to both sustained
attention (Stern & Shalev, 2013) and working memory performance
(Peng et al., 2018), and that musical training can facilitate both of these
cognitive abilities (Carey et al.,2015; Hansen et al., 2013; Talamini et al.,
2016; Wang et al., 2015). It is therefore reasonable to hypothesize
that rhythm training may improve reading through alterations in these
cognitive functions, but this was not observed.

In contrast to our null effect of rhythm training on working memory,
we recently observed that digital rhythm training can improve short-
term memory for faces in older adults (Zanto et al., 2022). Although
more research will be needed to understand the specificity of rhythm
training on memory ability, there are several reasons why rhythm
training may differentially affect memory. One possibility is that older
adults, compared to children, are in greater need of memory improve-
ment and therefore stand to benefit from rhythm training. Another
possibility is that perhaps rhythm training can improve only the short-
term encoding and storage of content (i.e., short-term memory), but
not when the content needs to be manipulated or protected from
distraction (i.e., working memory). A third possibility has to do with
our assessment of working memory capacity, compared to our previ-
ous assessment that was more closely related to short-term memory
fidelity. In this case, we speculate that the rhythm training task, where
temporal structures were held in memory, did not tax memory capac-
ity as much as it strained memory fidelity. In other words, we suggest
that precise timing is more likely a matter of memory fidelity rather
than capacity. Nonetheless, future research will need to address these
possibilities.

It is worth noting several limitations of this study. For example, the
control group was not engaged in a tablet-based control paradigm. This
was a conscious decision made due to ethical concerns regarding con-
trol training during school hours—where children should be engaging
in activities designed to help them learn, rather than a placebo game
that is not designed to benefit the children. As such, children in the con-
trol group maintained classroom instruction as usual, thereby matching
the Coherence group in terms of cognitive engagement. Other limita-
tions include a modest sample size and that demographic information
was not collected from the participants beyond age and gender due
to constraints on data collection and student privacy. Future research
would benefit from a larger sample, which will not only enable stronger
conclusions, but it would promote the use of mediation analyses
to draw a stronger link between rhythm training, changes in timing
abilities, and changes in reading fluency. Moreover, collecting demo-
graphic data may yield important information regarding the extent to
which rhythm training may be affected by factors such as prior musi-
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cal experience, socioeconomic status, or the presence of a learning
difference.

Finally, it is worth noting that the effects of rhythm training may
be limited by the duration of the outcome measures and the training
itself. It could be argued that short tasks with few trials may affect
their reliability. Although we implemented well-established outcome
measures in line with prior work, future research may benefit from mul-
tiple tasks that form a composite metric of the cognitive constructs of
interest. Regarding training duration, participants in this study engaged
with Coherence for only 6 weeks, which is nowhere close to the
years of training that goes into becoming a musician. Although we
speculate that more than 6 weeks of training would yield greater (and
longer lasting) effects on cognitive function, some research has shown
that amateur musicians exhibit metrics of more youthful brains com-
pared to professional musicians (Rogenmoser et al., 2018). This begs
the question as to whether there is an optimal amount of time to
spend on musical training for cognitive benefits, where professional-
level training may take away time from other cognitively enriching
activities.

Overall, these results open the doors for further research and con-
sideration of the adoption of digitally-based musical rhythm training as
a means to facilitate core literacy skills, which may be critically impor-
tant for those with learning disorders. Indeed, our media-saturated
world is already full of smartphones and tablets, even in low-income
populations (Pew Research Center, 2021). Taken together, the ubiquity
of smartphones and tablets and the fact that digital musical rhythm
training addresses two of the greatest barriers to entry, cost and conve-
nience, this approach represents a powerful way to enable widespread
access to musical training.

5 | CONCLUSION

This research demonstrated that digital rhythm training improved
reading fluency in 3rd grade school children. This work shows that
musical instruction, in this case rhythm training, can be implemented
in a digital format without specialized musical equipment or profes-
sional instruction and still yield cognitive benefits beyond the trained
ability. We also show that rhythm training improved rhythmic tim-
ing abilities, as well as language-based executive control. Despite this
language-based improvement in executive control, only changes in
rhythmic timing were predictive of changes in reading fluency. Thus,
rhythm training alters core timing functions that can be deployed in a

generalized manner to facilitate reading ability.
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