
TYPE Original Research

PUBLISHED 19 March 2025

DOI 10.3389/fdpys.2025.1528427

OPEN ACCESS

EDITED BY

Rachel L. Severson,

University of Montana, United States

REVIEWED BY

Chiara Cantiani,

Eugenio Medea (IRCCS), Italy

Annalisa Valle,

Catholic University of the Sacred Heart, Italy

*CORRESPONDENCE

Sheila Flanagan

saf31@cam.ac.uk

RECEIVED 14 November 2024

ACCEPTED 19 February 2025

PUBLISHED 19 March 2025

CITATION

Flanagan S, Wilson AM, Gabrielczyk FC,

MacFarlane A, Feltham G, Mandke K and

Goswami U (2025) A longitudinal study of

tapping to the beat by school-aged children

with and without dyslexia: assessments of the

mediating role of phonology.

Front. Dev. Psychol. 3:1528427.

doi: 10.3389/fdpys.2025.1528427

COPYRIGHT

© 2025 Flanagan, Wilson, Gabrielczyk,

MacFarlane, Feltham, Mandke and Goswami.

This is an open-access article distributed

under the terms of the Creative Commons

Attribution License (CC BY). The use,

distribution or reproduction in other forums is

permitted, provided the original author(s) and

the copyright owner(s) are credited and that

the original publication in this journal is cited,

in accordance with accepted academic

practice. No use, distribution or reproduction

is permitted which does not comply with

these terms.

A longitudinal study of tapping to
the beat by school-aged children
with and without dyslexia:
assessments of the mediating
role of phonology

Sheila Flanagan*, Angela M. Wilson, Fiona C. Gabrielczyk,

Annabel MacFarlane, Georgia Feltham, Kanad Mandke and

Usha Goswami

Centre for Neuroscience in Education, Department of Psychology, University of Cambridge,

Cambridge, United Kingdom

In this article, we report a longitudinal study of the relationship between tapping

consistency, phonological awareness, and literacy development in a sample of

children initially aged approximately 8 years who were followed for 6 years.

The sample comprised 121 participants, some of whom were diagnosed with

developmental dyslexia (DYS, N = 58). The other typically developing children

were either chronological-age-matched controls (CA, N = 30) for DYS, or

reading-age-matched controls (RA, N = 33). The task was tapping to a 2-Hz

beat, and the data were analyzed using circular statistics. This resulted in a vector

for each child with two dependent variables, magnitude (length, between 0 and

1, often termed synchronization consistency) and phase (+/– π radians). The

number of children able to synchronize (“synchronizers”) increased with age,

and so did synchronization consistency. The number of “non-synchronizers”,

children tapping at random, declined as the study progressed. Time-lagged

relations between synchronization consistency and composite measures of

phonological awareness and literacy were significant during the first 3 years of

the study. They remained significant for the literacy composite as the children

got older. All groups of children (DYS, CA, and RA) established a significant

preferred tapping phase; however, time-lagged relations between the behavioral

composites and phasemeasureswere not significant at any time point. Mediation

analysis and multiple regression analyses showed that tapping consistency

significantly predicted later phonological awareness and that cross-sectional

relations between rhythmic synchronization and literacy were mediated by

phonology. The data are discussed in terms of temporal sampling theory.
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1 Introduction

An increasing number of experimental studies demonstrate that the accurate

perception and production of rhythm patterns are associated with both language

development and reading development (Bégel et al., 2022; Sousa et al., 2022; Cumming

et al., 2015; Dellatolas et al., 2009; Douglas and Willatts, 1994; Forgeard et al., 2008;

Gordon et al., 2015; Goswami et al., 2013a,b; Huss et al., 2011; Kalashnikova et al.,

2021a; Lundetrae and Thomson, 2018; Overy, 2000, 2003; Overy et al., 2003; Waber et al.,

2000; Wolff, 2002; Wolff et al., 1990). In rhythm perception tasks, the listener typically
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makes a judgement about rhythm, and in rhythm production

tasks, the listener typically produces a rhythm, for example

by drumming or tapping to a rhythmic stimulus such as a

metronome beat (Fiveash et al., 2022). Both rhythm perception and

rhythm production tasks show relations with language and literacy

across many languages. Such studies have included both typically

developing (TD) children and children with dyslexia (DYS) or

a developmental language disorder (DLD). These developmental

studies suggest a causal link between rhythmic impairments and

risk for either DYS or DLDs, which has led to theories about why

this may be the case, for example, temporal sampling (TS) theory

(Goswami, 2011, 2015), the precise auditory timing hypothesis

(PATH; Tierney and Kraus, 2014), and the atypical rhythm risk

(ARR) hypothesis (Ladányi et al., 2020). The current study is based

on TS theory.

It is important to note that these different theoretical views are

based on different types of data. At the behavioral level, Ladányi

et al. (2020) proposed the ARR hypothesis, based on a systematic

review of a range of behavioral rhythm tasks administered to

children with DYS, DLDs, or stuttering. Ladányi et al. proposed that

atypical rhythmic processing during infancy and early childhood

could be a risk factor for DLDs. At the sensory/neural level,

TS theory (Goswami, 2011) explained this increased risk via

a theoretical framework linking rhythm, language, and reading

development with sensory discrimination of amplitude rise times

and neural oscillatory sampling of the speech signal (Goswami,

2011, 2015, 2022a). TS theory proposed that impairments in

rhythmic processing were causally related to impaired acoustic

processing of the amplitude envelope (AE) of speech, the relatively

slow-varying changes in intensity that occur over time as speech

is produced that are critical for speech perception (Shannon

et al., 1995). AE processing is known to be impaired in children

with DYS across languages, particularly at amplitude modulation

rates below 10Hz that carry information about rhythm and

syllable stress patterns (see Greenberg, 2006; and Goswami, 2022b;

for recent reviews). TS theory proposed that the sensory/neural

processing of rhythm was a key factor underpinning phonological

development in children and, consequently, their reading and

spelling development. TS theory thus predicts that the relations

between rhythmic synchronization and literacy/language outcomes

are mediated by phonology.

Other sensory/neural theories regarding rhythm impairments

have been based on music studies. An example is PATH, proposed

by Tierney and Kraus (2014). PATH and TS theory share a number

of similarities; however, PATH focuses on the precise perception of

more rapid timescales in the region of approximately 10ms that

are required to detect the fine-grained timing details relevant to

language, for example, changes in voice onset time that distinguish

consonants like /b/ and /d/. PATH was derived from brainstem

synchronization measures of the frequency-following response

(FFR) at a millisecond timescale (<10ms). By contrast, TS theory

focuses on relatively longer timescales of 500–200 ms as found

in amplitude modulations at rates of approximately 2Hz and

approximately 5Hz (Leong and Goswami, 2015). Recently, PATH

has converged with TS theory to some extent via analysis of the

precision of envelope encoding in children with precise FFRs who

can synchronize their tapping to a beat (designated synchronizers;

see Bonacina et al., 2021; reviewed later). The current study

was designed as a test of TS theory. It aimed to test whether

the developmental relations between rhythmic synchronization

and literacy are indeed mediated by phonology, as predicted by

TS theory.

Prior behavioral studies with children have shown that the

relation between rhythm, phonology, and reading is very robust.

Indeed, rhythm perception has accounted for around 40% of

unique variance in both word reading and reading comprehension

in some behavioral studies of children with DYS using beat-

perception tasks (Huss et al., 2011; Goswami et al., 2013a). These

developmental relations have also been measured before literacy

is formally taught using reading readiness measures such as

letter–sound knowledge as the outcome measure. Such studies

suggest that the subsequent relations between rhythmic skills and

literacy are mediated by phonological awareness (Kalashnikova

et al., 2021a; Rios-Lopez et al., 2019; Woodruff Carr et al.,

2014). For example, Woodruff Woodruff Carr et al. (2014) asked

35 TD American English 4-year-olds to drum in time with an

adult and reported that drumming consistency was related to a

range of phonological skills, including phonological awareness,

rapid automatized naming (RAN), and phonological short-term

memory. The children who were good synchronizers also showed

better neural encoding of the speech AE, which Woodruff Carr

et al. argued supported TS theory. Bonacina et al. (2021) studied

rhythmic synchronization in a large sample (N = 156) of American

English children aged, on average, 4 years, using the same

drumming/tapping task that WoodruffWoodruff Carr et al. (2014)

used but utilizing two rates, 400ms and 600ms. Bonacina et al.

reported that the preschool children who performed well on

the rhythmic synchronization task (synchronizers) outperformed

their peers on a range of preliteracy tasks including phonological

awareness, rapid automatized naming, and phonological short-

term memory. The synchronizers also showed more precise

neural encoding of the speech AE for different syllables, as

well as more consistent FFRs. However, only about half of

this young sample was able to synchronize their tapping to

the beat.

In a complementary study of 4-year-olds based on TS

theory, Kalashnikova et al. (2021a) assessed both beat perception

and beat production (rhythmic synchronization in a tapping

task) in 4-year-old Australian English children who were either

at family risk for DYS (FR) or not at family risk (NFR).

Kalashnikova et al. (2018)’s FR and NFR samples were followed

from infancy, and the FR group showed prior impairments in

discriminating a sensory cue to rhythm, amplitude-envelope rise-

time discrimination, as 10-month-old infants. Infant rise-time

thresholds subsequently predicted their vocabulary development

as 3-year-olds (Kalashnikova et al., 2019), and the FR group then

showed reduced phonological skills and reading readiness skills

as 4-year-olds (Kalashnikova et al., 2021b). Kalashnikova et al.

(2021a), using a simplified version of the beat perception task

developed by Huss et al. (2011), reported that beat perception

was significantly poorer in the FR 4-year-olds compared to the

NFR control children. They also found that tapping precision

was more variable in the FR group. Individual differences in

tapping precision in the whole sample were related to measures
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of non-word repetition (a measure of the development of the

phonological lexicon), vocabulary size (a language measure), and

letter knowledge (a pre-reading measure). These longitudinal

relations are supportive of TS theory, as rhythmic processing

in this preschool cohort was a key factor underpinning both

phonological and pre-reading skills. Studies with children after

the onset of reading are consistent with these pre-reading data.

For example, similar findings to Huss et al. (2011) regarding both

perception and production of the beat were reported by Bégel

et al. (2022) in a sample of school-aged 8–11-year-old French

children with DYS and age-matched control children. In Bégel

et al.’s study, the best predictors of DYS were beat perception,

tapping precision, and tapping rate. However, because the French

study did not assess phonological skills, the possible mediating role

of phonology regarding the relations with literacy in this study

could not be ascertained.

Training studies are one useful method for establishing causal

relations in development, and training studies with younger

children have typically included investigations of a potentially

causal role for phonology in the relationship between rhythm

skills and literacy. Such intervention studies consistently show

that training younger children’s rhythm perception and production

skills improves their phonological awareness and their early reading

performance (e.g., Dellatolas et al., 2009; Bhide et al., 2013; Cancer

et al., 2020; Degé and Schwarzer, 2011; Flaugnacco et al., 2015;

Moritz et al., 2013). For example, a study with German preschoolers

reported by Degé and Schwarzer (2011) trained participants with a

musical programme that included joint singing, joint drumming,

metrical training, dancing, and other rhythmic exercises. A control

group of preschoolers received training in sport. The children who

had received the musical training subsequently showed significant

gains in phonological awareness compared to the control group.

A study of 1,028 French-speaking children aged 5–6 years asked

the participants to produce 21 rhythmic patterns modeled by the

experimenter, who tapped a pencil on a table (Dellatolas et al.,

2009). Dellatolas et al. (2009) reported that individual differences

in rhythmic performance were a significant predictor of reading

at age 7–8 years (2nd grade), even after controlling for attention

and linguistic skills. A small-scale (N = 48) randomized control

trial (RCT) carried out in Italian investigated the efficacy of musical

training based on the Kodály method on phonological awareness

and reading in children aged 8–11 years who had a diagnosis of

DYS (Flaugnacco et al., 2015). The Kodály (1965) method teaches

children about musical concepts, such as tempo, pitch, and rhythm,

usingmultimodal (kinesthetic, visual, and auditory) activities based

on simple melodies or rhythms. Following 7 months of musical

training, Flaugnacco et al. (2015) reported that the experimental

group showed significant gains in both phonological awareness

and reading compared to the business-as-usual children. Moritz

et al. (2013) studied English-speaking children following a music

curriculum based on the Kodály rhythm method. They reported

that 5-year-olds following the Kodály programme showed better

phonological awareness at the end of their preschool year than

those in a matched control group following a musical curriculum

not focused on rhythm. The participants were also followed up

2 years later, and significant time-lagged correlations between

rhythm copying and later phonological awareness, non-word

repetition, reading, and spelling were found (Moritz et al., 2013).

A different rhythmic intervention developed for Italian children

with DYS, the Rhythmic Reading Training (RRT) computerized

software (which is based on TS theory), aims to help students

synchronize reading both syllables and words aloud with an

acoustic rhythm (Cancer et al., 2020, 2022). The pace of the

acoustic rhythm is gradually increased to increase reading fluency.

Experiencing RRT as an intervention has been shown to be

as effective as other multimodal therapies for DYS in 10-year-

old Italian children, and the improvements in reading skills

following RRT appear to relate to its effects on phonological

awareness (Cancer et al., 2020). Accordingly, rhythmic training

studies across languages support a causal role for phonology in

the developmental relations between rhythmic synchronization

and literacy.

Nevertheless, the possibility that individual differences in

rhythmic abilities are continuously related to individual differences

in phonological skills across development has rarely been addressed

empirically. Longitudinal studies of rhythmic synchronization are

infrequent in the literature. Rios-Lopez et al. (2019) measured

rhythmic synchronization in 38 Spanish kindergarteners at the

ages of both 4 and 5 years using the beat synchronization task

developed by Woodruff Carr et al. (2014). In this task, children

drum in time with the experimenter, who in Rios-Lopez’s study

was drumming at 1.67Hz (606ms). They also measured non-

word repetition and letter-name knowledge at both ages, as well

as a pre-reading electroencephalography (EEG) indicator of print

awareness, the N170, a negative deflection in averaged neural

electrical activity that occurs when children recognize that a letter

string is a real word. The N170 was measured at the 5-year

test point only. Beat synchronization at 4 years was a marginal

predictor of letter-name knowledge at 5 years (p = 0.06) but not of

non-word repetition and was a significant predictor of the N170.

Z-scores suggested that beat synchronization improved between

the ages of 4 (mean Z = 1.69) and 5 years (mean Z = 4.88).

Similar longitudinal relations between rhythmic synchronization

and literacy skills were reported by Kertész and Honbolyg (2023)

in a sample of Hungarian children. The children (N = 37) received

a metronome tapping task at two ages, 6 years and 8 years, as

well as measures of phonological awareness and literacy. Three

rhythmic synchronization rates were included: 1.3Hz (750ms),

2Hz (500ms), and 2.5Hz (400ms). Tapping consistency did

not show age-related improvements in this study, but tapping

consistency at age 6 years was related to reading and spelling levels

at age 8 years. Kertész and Honbolygo reported that children’s

tapping performance at age 6 years was already at a high level,

which could explain the lack of developmental improvement in

rhythmic synchronization. Accordingly, the potentially mediating

role of phonology in explaining developmental relations between

rhythmic synchronization and literacy is not addressed by current

longitudinal studies.

The longitudinal investigation reported here was designed to

help fill this gap. The current study was developed based on

prior tapping and neural rhythm tracking studies based on TS

theory (Thomson and Goswami, 2008; Huss et al., 2011; Power

et al., 2013, 2016; Colling et al., 2017). These studies suggested

that the sensory/neural processing of rhythm at a rate of 2Hz
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was a key factor underpinning phonological development at all

linguistic levels (prosody, syllable, rhyme, and phoneme). For

example, cortical tracking studies measuring the encoding of low-

frequency envelope information in continuous speech by low-

frequency oscillations (focused on the electrophysiological delta

and theta bands, 0.5–4Hz and 4–8Hz, respectively) demonstrated

impaired encoding of approximately 2-Hz envelope information in

children with DYS (Power et al., 2016). The TS-driven Cambridge

BabyRhythm study, which involved 122 TD infants, reported that

their preferred spontaneous motor tempo from approximately 5

months of age was 2Hz (Rocha et al., 2024). Prior studies of beat

synchronization in older children (8 years plus) have also found

that 2Hz (500ms) is the preferred spontaneous tempo (the rate

at which children choose to tap in the absence of an external

timekeeper; see McAuley et al., 2006). A beat rate of 2Hz was also

utilized for the current study.

Here, the 2-Hz tapping measure was administered for at least 4

years of a 6-year longitudinal study of English-speaking children

with and without DYS (see Supplementary Table 1). The study

was originally designed to measure the key behavioral, sensory

and neural factors proposed by TS theory (see also Flanagan

et al., 2021, 2024; Mandke et al., 2022, 2023). In addition to its

longitudinal measurement, the 2-Hz tapping task also formed part

of a series of oral rhythmic interventions received by pre-assigned

groups of DYS children as the study progressed. The longitudinal

analyses presented here thus exclude any DYS data collected

after these interventions. Unfortunately, following recruitment and

initial testing, the longitudinal research design was significantly

impacted by the COVID-19 pandemic. Nevertheless, the tapping

task was administered reasonably regularly over 4 years of the

study, commencing once all children (at Time Point 0 [TP0])

finished the baseline assessment. Tapping was completed either

as part of pretesting before the interventions were delivered

(January–July 2019, hereafter Time Point 1 [TP1]; September–

December 2019, hereafter Time Point 2 [TP2]; and September–

December 2021, hereafter Time Point 4 [TP4]) or as part of post-

testing following the oral interventions (September–December

2020, hereafter Time Point 3 [TP3] and May–July 2022, hereafter

Time Point 5 [TP5]). Supplementary Table 1 provides the full

timeline and task administration for the longitudinal study.

Based on TS theory, individual differences in rhythmic

synchronization were expected to have significant longitudinal

effects on both phonological development and the development

of reading and spelling. Children were also expected to increase

in tapping consistency with age; however, children with DYS were

expected to be significantly less consistent in their tapping at any

given age than children without DYS. A number of hypotheses were

thus tested in the current study: (H1) Rhythmic synchronization

ability should increase with age when measured by both the

magnitude and phase measures; (H2) rhythmic synchronization

ability in the children with DYS should be significantly less at

any time point compared to children of the same age without

DYS; (H3) individual differences in rhythmic synchronization

ability should positively predict phonological development and

literacy outcomes; and (H4) the relationship between rhythmic

synchronization and literacy outcomes should be mediated by

phonological awareness.

2 Methods

2.1 Participants

Originally, 127 children were recruited for this study in 2018

when they were administered a series of baseline measures of

reading, phonology and non-verbal IQ. Baseline testing is hereafter

referred to as TP0. Prior to the pandemic (which began closing

U.K. schools in March 2020), six children (4 male, 2 female)

had either dropped out or been excluded for low IQ (SS <

80). The remaining 121 children were being tested yearly, with

some of the children with DYS receiving oral/motor rhythm-based

interventions designed to improve phonological processing. All

children had normal vision or corrected-to-normal vision with

spectacles. All participants received a short hearing screen using

an audiometer. Sounds were presented monaurally at a range of

octave frequencies (0.5, 1.0, 2.0, 4.0 kHz), and all participants were

sensitive to sounds in the 20 dB hearing level (HL) range. In

accordance with the Declaration of Helsinki, participant-informed

assent and written parental-informed consent were obtained from

all participants, and the study was reviewed by the Psychology

Research Ethics Committee of the University of Cambridge.

The data reported here were collected in the first 5 school

years of the study (TPs 0–5, 2018–2022), with the first intervention

delivered following TP2. Children with DYS were recruited via

learning support teachers, who were informed that inclusion

criteria for the children with DYS were participants to be

free of any diagnosed learning difficulties aside from DYS (i.e.,

dyspraxia, attention deficit hyperactivity disorder (ADHD), autistic

spectrum disorder, and speech and language impairments). The

language requirement was also assessed directly by administering a

standardized vocabulary task, the British Picture Vocabulary Scales

(BPVS; Dunn et al., 2009). The mean score for the children with

DYS was 98 (see Table 1), which did not differ from the control

children (mean score: 102). Children were also required to have a

non-verbal IQ of 80 or above and English as their first language.

Children were assigned to the DYS group if they scored at least

one standard deviation (score of 84 or less) below the test norm of

100 on (a) at least two of the four literacy measures and/or (b) the

phonology measure administered in the baseline screen (that was

used to verify DYS status; described later), and (c) had a non-verbal

IQ of 80 or above. This approach was similar to previous studies

(e.g., Kuppen et al., 2011) and was adopted as children without

DYS in the United Kingdom typically score above the standardized

mean of 100 on tests of literacy and phonology. In all, 58 children

met the inclusion criteria (DYS group: 27 female, mean age at

recruitment: 8 years 1 month, U.K. school Year 3; see Table 1).

Control participants scored within the typical range (standard score

of 85+) for all literacy measures and had a non-verbal IQ of

80 or above. Control participants consisted of 30 chronological-

aged-matched, typically reading children (CA; 10 female, mean age

at recruitment: 7 years 11 months) and 33 reading-age-matched

children (RA; 18 female, mean age at recruitment: 6 years 7months,

UK school Year 1). Note, even though the DYS group were, on

average, 2months older than the age-matched controls, at TP0, they

were, on average, 19 months behind the CA group on the British

Ability Scales (BAS) single-word reading task (Elliot et al., 1996).
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TABLE 1 Participant characteristics by group for the behavioral tests.

Mean (SD) CA (N = 30) DYS (N = 58) RA (N = 33) F(2,63.06)

Time Point 0 (Baseline)

Agea 94.70 (4.23) 96.64(5.33) 79.30(9.55) 45.88∗∗∗

Median (IQR) H(2)

BAS Reading SSb 100.00 (7) 83.50 (8) 98.00 (6) 88.95∗∗∗

BAS Spelling SSb 100 (7) 81(5) 99(7) 87.41∗∗∗

TOWRE SWE SSb 109.00 (10) 80.50(23) 107.50(11) 69.13∗∗∗

TOWRE PDE SSb 103.00(10) 76.50(13) 104.50(12) 74.40∗∗∗

PhAB Rhyme SSb 99.00 (16) 84.00 (14) 94.50 (14) 26.74∗∗∗

WISC Blocks SSc 10.00(3) 10.50(4) 10.50(3) 1.13

Time Point 1 Mean (SD) F(2,68.67)

BPVS SSd 102.53 (11.75) 98.02 (12.50) 99.91 (8.43) 1.39

Time Point 2

Median (IQR) (n= 30) (n= 58) (n= 32) H(2)

WISC Digit-Span SSb 9.00 (3) 7.00 (3) 10.00 (3) 24.94∗∗∗

PhAB RAN Picture SSe 96.5 (15) 90 (23) 97.5 (22) 6.37∗

PhAB RAN Digit SSb 98.5 (16) 87.5 (22) 96.0 (21) 14.77∗∗∗

The table shows standard scores (SS) for literacy, non-verbal IQ (WISC Blocks), vocabulary (BPVS) and phonology (PhAB) at Baseline (Time Point 0) Time Point 1 and Time Point 2. N =

121. DYS, dyslexic; CA, chronological-age-matched control; RA, reading-age-matched control; BAS, British Ability Scales; TOWRE, Test of Word Reading Efficiency; PDE, phonemic decoding

efficiency; SWE, Sight Word Efficiency; PhAB, Phonological Awareness Battery; RAN, rapid automatized naming; WISC, Wechsler Intelligence Scale for Children; BPVS = British Picture

Vocabulary Scales; IQR, inter quartile range. a Welch F CA= DYS > RA. Bonferroni adjusted for multiple tests. b Kruskal–Wallis test. CA= RA > DYS. Bonferroni adjusted for multiple tests.
c Kruskal–Wallis test. CA = RA = DYS. Bonferroni adjusted for multiple tests. d Welch F CA = RA = DYS. Bonferroni adjusted for multiple tests. e Kruskal-Wallis test. CA = DYS = RA.

Bonferroni adjusted for multiple tests. ∗p < 0.05. ∗∗∗p < 0.001.

2.2 Procedure

Baseline screening (TP0) was carried out in schools in 2018

(January–December) to identify participants with poorer reading

skills and recruit children for the two control groups (CA

children, and RA children). The baseline screening consisted

of a phonological awareness task—the Rhyme subtest of the

Phonological Assessment Battery (PhAB; Frederickson et al., 1997);

four measures of reading and spelling—the Reading and Spelling

scales of the BAS (Elliot et al., 1996) and the Sight Word

Efficiency (SWE) and non-word Phonemic Decoding Efficiency

(PDE) scales of the Test of Word Reading Efficiency (TOWRE;

Torgesen et al., 1999); and a non-verbal IQ measure—the Block

Design subtest of the Wechsler Intelligence Scale for Children,

Fifth Edition (WISC-V; Wechsler, 2016). No tapping tasks were

administered in the baseline screening session. Experimental

assessments of tapping, literacy, and phonological processing were

subsequently administered at five further time points over the

project (January–July 2019, TP1; September–December 2019, TP2;

September–December 2020, TP3; September–December 2021, TP4;

and May–July 2022, TP5). All assessments reported in this article

were conducted in person when the schools were open between

lockdowns (the U.K. lockdowns occurred in March–July 2020

and January–March 2021; in addition, many of our participating

schools did not allow researchers back into classrooms until

September 2021). Furthermore, the 58 children with DYS were

randomly assigned to three intervention groups when the project

began (19, 19, and 20 per group, respectively); hence, some

of the children with DYS received a rhythm-based oral–motor

intervention during the spring term (January–March) of either

2020, 2021, or 2022. Once a child received an intervention, their

tapping, psychoacoustic, and behavioral data were omitted from

the group comparisons and longitudinal analyses reported in this

article. Therefore, the participant numbers at each time point were

as follows: TP1, N = 121 (CA= 30, DYS= 58, and RA= 33); TP2,

N = 121 (CA = 30, DYS = 58, and RA = 33); TP3, N = 102 (CA

= 30, DYS= 39, and RA= 33); TP4, N = 83 (CA= 30, DYS= 20,

and RA= 33); and TP5, N = 63 (CA= 30, RA= 33).

2.3 Tapping task

The tapping task was programmed in Presentation© and

consisted of two trials lasting approximately 30 s. The auditory beat

stimulus used in this study consisted of a rhythm track of duration

24 s with a beat rate of 2Hz, that is, 48 beats with an inter-beat

interval of 500ms. Each beat stimulus was based on a pure tone

of 500Hz for a 30-ms duration, with a rise, steady-state, and fall

time of 10ms. A trial was started by the child pressing button “A”

on an Xbox R© game controller connected via USB to the laptop.

The beat, or “metronome,” stimuli were presented over headphones

at a comfortable listening level, and the children were instructed

verbally and by on-screen instruction to listen and join in, tapping
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along in time, by pressing the Y button on the controller (this was

found by children to be the most comfortable option). The second

trial was started by the child when they were ready, which was

usually within a few seconds.

2.4 Standardized tests

2.4.1 Vocabulary
The BPVS (Dunn et al., 2009) is a receptive vocabulary test. In

the test, the child is shown four pictures on a page in a stimulus

book. The child must point to the picture that best illustrates the

meaning of the word spoken by the experimenter. The maximum

raw score is 168, and a standard score is computed (mean: 100,

SD: 15).

2.4.2 Phonological skills
Phonological skills were assessed using three measures from

the standardized PhAB, subscales Rhyme, Spoonerisms and RAN

(Frederickson et al., 1997). Rhyme and Spoonerisms tested

phonological awareness, and the RAN tested naming skills. At

recruitment, some of the children assigned to the RA group were

too young to achieve standard scores on the PhAB. A measure of

phonological short-term memory (PSTM) was also administered.

Children’s performance on the RAN and PSTM measures is

reported for completeness. However, note that the RAN and the

PSTM were not included in the phonological awareness composite

used in the mediation analyses.

2.4.2.1 Rhyme task

In the PhAB Rhyme task, children are asked to identify the

rhyme in single-syllable real words. Three practice trials are given

with feedback. The experimenter reads out three words to the child.

The task is to select the two words that rhyme, that is, sound the

same at the end (e.g., sail, boot, nail; big, hiss, miss). The test is

scored out of 21 trials, and the child’s standardized score was used

for subsequent analyses.

2.4.2.2 Spoonerism task

The PhAB Spoonerisms test is a timed test and comes in two

parts, each lasting a maximum of 3min. The first part consists of 10

semi-spoonerisms, where the first phoneme of a word is replaced by

a new one, for example, “dog” with a /l/ gives?—“log.” The second

part consists of 10 full spoonerisms, where the task is to exchange

the leading sounds of two words, for example, “lazy dog” gives. . .

(answer: “daisy log”). The raw score is out of 30 and, the child’s

standardized score was used for subsequent analyses.

2.4.2.3 RAN

PhAB RAN consists of two parts, a picture-naming speed task,

and a digit-naming speed task. In the picture-naming task, line

drawings of five common objects, are to be named as quickly and

accurately as possible. To begin, the child is familiarized with the

five drawings of objects (ball, hat, door, table, and box). Then they

are asked to name them from a sheet with 50 objects (5 rows × 10

columns) in a randomized order. This is repeated with a second set

of 50. The raw score is the sum of the two times, in seconds. For

digit naming, the eight single-syllable digits (1, 2, 3, 4, 5, 6, 8, and 9)

are used. After the child is familiarized with these digits, a list of 50

digits (10× 5 digit numbers) is to be read out as quickly as possible.

This is repeated with a second set of 50. The raw score is the sum of

the two times, in seconds, and the standardized score was used for

subsequent analyses.

2.4.2.4 PSTM (auditory)

PSTM was assessed using the WISC-V digit span test. In

this test, children listen to a sequence of numbers read aloud by

the researcher. The test consists of three types. The child must

repeat back the sequence in one of three ways: in the same order,

the reverse order, or ascending order. Each test item consists of

two trials. The first trial consists of two numbers (e.g., 2–9) and

increases by one number on subsequent items. Each test type is

discontinued when the child incorrectly answers both trials in an

item. The tests start with a practice for the reverse and ascending

sequences. One point is given for each correct response. The

maximum raw score for digit span is 54, and standard scores are

normalized to have a mean of 10, with a standard deviation of 3.

2.4.3 Standardized tests of literacy
Reading and spelling ability was measured using the BAS

single-word reading and spelling subscales (Elliot et al., 1996). SWE

and PDE were measured using the TOWRE (Torgesen et al., 1999).

The TOWRE is a two-part timed measure of reading accuracy.

Each part is limited to 45 s, in which the child reads aloud as many

words (SWE) or non-words (PDE) as quickly and as accurately as

possible. Although standard scores for all participants fell during

the COVID-19 pandemic, standardized scores were used for the

correlational and longitudinal analyses reported here to control for

the age differences between the groups.

2.4.4 Standardized cognitive non-verbal ability
Children were given the Block Design subscale of the WISC-V

(Wechsler, 2016). In the BlockDesign task, the childmust re-create,

within a specified time limit, the design of a handmade model or

picture in a stimulus book, using red and white blocks. There are

14 items with a total maximum score of 68. A scaled score between

1 and 19 can then be computed. The mean scaled score is 10.

2.5 Statistical analysis

Data exploration and analysis were conducted using SPSS (ver.

28.0) with boxplots in R/R Studio (R Core Team, 2018). Circular

statistics were analyzed using the Circular Statistics Toolbox

(Berens, 2009) in MATLAB version (R2020b). The different

measures of phonological awareness and literacy were highly

inter-correlated. Accordingly, two composite variables based on

raw scores were created using the Percent of Maximum Possible

transformation (Cohen et al., 1999). This transform is suitable for

longitudinal studies as it maintains the longitudinal relationships

in the data. To create the Literacy (LIT) composite variable, scores

on the BAS Reading, BAS Spelling, TOWRE PDE, and TOWRE

SWEwere combined for each time point (LIT TP0–LIT TP4). Using
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the same approach, the composite Phonological Awareness (PA)

measure was created (combining PhAB Rhyme and Spoonerism

raw scores; PA TP1–PA TP4).

Analysis of circular statistics for individual and group data

are described in Sections 2.5.1 and 2.5.2, respectively. Vector

analysis was performed on the circular data to generate twometrics:

magnitude and phase. Data screening is reported in Section 3.1.

Tests of Normality were conducted for the linear and circular

data. For analysis of magnitude, cross-sectional analyses (Kruskal–

Wallis) to identify group differences (CA, DYS, and RA) at

each time point (TP1–TP4) and longitudinal analyses (Friedman

repeated measures analysis of variance [ANOVA]) to determine the

effect of TP for each group are reported in Section 3.2. An analysis

of the tapping phase is reported in Section 3.3. The longitudinal

relationships between magnitude, phonological awareness, RAN,

PSTM, and literacy are reported in Section 3.4. Analyses of the

mediating effect of PA are reported in Section 3.5. A final regression

analysis of the longitudinal effects of tapping on PA is reported in

Section 3.6.

2.5.1 Tapping task: individual data
To analyse the most consistent tapping behavior for each

participant, the first two taps for each run, and the last tap was

trimmed. The last tap was trimmed as this may have occurred

after the metronome had stopped. The resulting tap-timing data set

was analyzed using circular statistics with the CircStat MATLAB

toolbox (Berens, 2009), resulting in a vector with two dependent

variables: magnitude (length, between 0 and 1) and phase (+/–

π radians). If there was no consistent tapping to the metronome

beat, then the distribution would tend to be uniform, that is, with

no preferred phase, and the magnitude of the subsequent vector

would be small. An indication of uniformity would indicate that

a child was a “non-synchronizer,” that is, tapping at random. If the

child was a “synchronizer” with a consistent tapping response, there

would be a concentration of responses around a certain phase value,

resulting in a non-uniform distribution. In this case, the magnitude

of the vector would tend toward 1. The Rayleigh test for uniformity

was applied to each data set. This test assumes sampling from

a circular normal distribution (i.e., the Von Mises distribution).

A significant result from the Rayleigh test (p < 0.05) indicates

that the data were not uniformly distributed. A non-significant

result (p > 0.05) is interpreted as no evidence of a significant

difference from the null condition of uniformity. The preferred

tapping phase at each time point for each participant was calculated

as the circular mean of the phase of the resultant vector for each

run. The arithmetic mean of the magnitude of the resultant vectors

was calculated to give a measure of individual tapping consistency.

This generated two dependent variables of interest at both the

group and individual levels; the resultant magnitude; and the

preferred phase.

2.5.2 Tapping task: group analyses
To assess whether the CA and DYS groups differed in their

tapping behavior, the first step was to assess each group for their

distribution of preferred tapping phase. As for the individual data

analyses, if there was no consistent relationship in the group

response to the metronome beat, then the distribution would

tend to be uniform, that is, with no preferred phase. If there

was a consistent tapping response at the group level, there would

be a concentration of responses around a certain phase value,

resulting in a non-uniform distribution. The circular Rayleigh

test for uniformity was conducted for the group data at each

TP. Again, this test assumes sampling from a circular normal

distribution (i.e., the Von Mises distribution). The second step

in assessing potential differences between groups in the mean

preferred phase was to perform a two-sample and a multi-sample

Watson–Williams test (circular one-factor ANOVA), which also

assumes underlying vonMises distributions. For robustness, a non-

parametric multi-sample test for equality of medians analogous

to a circular Kruskal–Wallis test was conducted. A significant

result in these tests would indicate a group difference in the

preferred phase of tapping. To meet the assumption of linearity

required for subsequent analysis the vector magnitude values

were logit-transformed (Field, 2009). Tests for group differences

in the mean of the vector magnitude were carried out to

investigate between-group consistency of tapping. A significant

result would indicate a group difference in the consistency

of tapping.

3 Results

Prior to the analyses investigatingH1–H4, we report the literacy

and phonological data for the sample at TP0 (baseline), TP1,

and TP2 in Table 1 by group. The results for the standardized

behavioral tasks are reported more fully in Flanagan et al. (2024)

and, hence, are only summarized here. Shapiro–Wilk tests were

used to test the normality of data. When variables were not

normally distributed [BAS Spelling, TOWRE PDE, PhAB Rhyme,

WISC-V digit span, and non-verbal intelligence quotient (NVIQ)],

independent-samples Kruskal–Wallis tests (non-parametric one-

way ANOVA) were used to test for group differences. Levene’s test

for homogeneity of variance was not met by the variables Age,

BAS Reading, TOWRE SWE, and BPVS, so for these measures,

the Welch test (robust one-way ANOVA) was used. Boxplots

revealed an extreme outlier [>3 × inter quartile range (IQR)] in

BAS Reading at TP3. This outlier was winsorized using the next-

highest score plus 1 in the data set (Field, 2009). The composite

scores at TP0, TP1, TP2, TP3, and TP4 are shown in Table 2,

followed by the tapping consistency and phase measures by group

in Table 3.

3.1 Tapping data screening

The tapping magnitude data were explored for outliers by

group using Boxplots at TPs 1–4. One significant outlier (>3

SD) in the CA group was observed at TP1. An investigation

of their tapping rate suggested they were not tapping along to

the beat stimulus. Their data were thus removed from further

analyses. A Shapiro–Wilk test revealed that the distribution of

magnitudes for the dyslexic group at TP2 was significantly different

from normal; hence, non-parametric methods were used in

further analysis.
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3.2 Tapping magnitude: individual and
group analyses

To explore H1, that rhythmic synchronization should improve

with age, and H2, that rhythmic synchronization in the children

with dyslexia should be significantly worse than in age-matched

TD control children, independent-samples Kruskal–Wallis tests

comparing the magnitude of the resultant group vectors for

CA, DYS, and RA were used. The logit magnitude of the

resultant vectors by groups (CA, DYS, and RA) is shown

in Figure 1.

To explore H1, a repeated measures Friedman test (non-

parametric ANOVA) for TP1–4 was conducted for each of the

groups CA, RA, and DYS. Due to the design of the experiment,

this analysis was less well-suited to the DYS group, as there is

a systematic loss of DYS participants across TPs (due to the

intervention schedule). Therefore, the Friedman test for DYS

only compared TP1–3, thereby including DYS who did not

receive an intervention. There was a significant positive effect

TABLE 2 Participant composite standardized scores and Kruskal-Wallis

test of group di�erence for Phonological Awareness (PA) and Literacy.

Median (IQR).

CA DYS RA H(2)

Time Point 0 n = 30 n = 58 n = 24

PAa 99.00 (16) 84.00 (14) 94.50 (14) 26.74
∗∗∗

Literacya 102.63 (8) 81.00 (11) 101.75 (6) 83.54
∗∗∗

Time Point 2 n = 30 n = 58 n = 32

PAa 102 (8) 92.75 (16) 103 (9) 27.64
∗∗∗

Literacya(DYS n= 57) 100.50 (8) 80.75 (11) 101.50 (10) 82.52
∗∗∗

Time Point 3 n = 25 n = 33 n = 18

PAa 103.50 (12) 96.00 (18) 106.50 (10) 16.12
∗∗∗

Literacya 99.50 (9) 81.75 (14) 99.00 (15) 42.66
∗∗∗

Time Point 4 n = 29 n = 18 n = 29

PAa 105.5 (10) 95.50 (20) 104.00 (13) 10.51
∗∗

Literacya 99.00 (10) 82.38 (10) 96.75 (12) 30.23
∗∗∗

DYS, dyslexic; CA, chronological-age-matched control; RA, reading-age-matched control.
aCA= RA > DYS. Bonferroni adjusted for multiple tests. ∗∗p ≤ 0.01. ∗∗∗p ≤ 0.001.

of TP for groups CA and RA, CA: χ2
(24)

= 10.65, df = 3,

p = 0.014, and RA: χ2
(17)

= 18.24, df = 3, p < 0.001, but

the analysis for DYS revealed no effect of TP, DYS: χ2
(33)

=

2.24, df = 2, p < 0.326. However, the reduced number of

TP in this analysis makes the non-significant effect difficult

to interpret.

As Figure 1 shows, the CA group show greater consistency than

the other two groups (DYS and RA) at TP1 but, subsequently,

consistency improves at a faster rate for the younger TD children

(RA group). The Kruskal–Wallis analyses by group revealed a

significant difference between groups at TP1, TP2, and TP3, but

there was no significant group difference by TP4 (see Table 3).

The finding of no improvement in consistency for the control

groups (RA and CA) between TP3 and TP4 suggests that they

had reached optimal performance for their age. By TP4, the

DYS group appear to have caught up developmentally. Follow-up

pairwise comparisons were two-sided, with Bonferroni adjustment

for multiple comparisons. At TP1, there was a significant difference

between DYS and CA, H(1) = 20.21, p = 0.032; RA and DYS,

H(1) = 20.45, p = 0.021; and RA and CA, H(1) = 40.66, p =

0.000. At TP2, there was a significant difference between DYS and

CA, H(1) = 27.66, p = 0.001, and RA and CA, H(1) = 27.71,

p = 0.005, with no significant difference between DYS and RA,

H(1) = 0.05, p = 1.00. At TP3, there was a significant difference

between DYS and CA, H(1) = 20.00, p = 0.002, with no significant

difference between RA and CA, H(1) = 10.92, p = 0.322, or DYS

and RA, H(1) = −9.09, p = 0.459. Accordingly, at TP1 and TP3,

H2 (that tapping synchronization in DYS is worse than in CA) was

supported for the magnitude measure. Further investigation of the

control participants only (i.e., CA and RA) at TP1, using simple

linear regression, showed that tapping consistency (magnitude)

increased with increasing age [SE_beta = 0.631, t(60) = 6.30,

CI (0.036,0.070), p < 0.001, R2
adj

= 0.388]. Accordingly, for the

magnitude measure, rhythmic consistency does improve with age,

supporting H1.

3.3 Individual and group tapping analyses

The Rayleigh test of uniformity was calculated for both tapping

runs for each participant. The number of participants with at least

one random tapping run (i.e., showing a uniform distribution,

hence non-synchronizers) is reported in Table 4. Upon inspection,

TABLE 3 Tapping consistency (logit magnitude of resultant vector) by group at time points 1–4.

Median Magnitude (IQR) CA DYS RA Kruskal–Wallis H(2) p

TP1a 1.20

(0.62–1.70)

0.75

(−0.19– 1.24)

0.01

(−0.57–0.59)

21.41 <0.001

TP2b 1.52

(1.07–1.85)

0.76

(0.18–1.53)

0.91

(0.15–1.46)

14.12 <0.001

TP3c 1.75

(1.27–2.23)

0.89

(0.39–1.71)

1.31

(0.22–1.94)

11.49 0.003

TP4 1.43

(1.00–1.86)

1.20

(0.45–1.67)

1.29

(0.78–1.71)

2.67 0.263

Independent samples Kruskal–Wallis test for the difference between group medians. See text for post-hoc results. DYS, dyslexic; CA, chronological-age-matched control; RA, reading-age-

matched control; IQR,. a CA > DYS > RA. b CA > DYS= RA. c CA > DYS, CA= RA.
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FIGURE 1

Box plot with individual data points and distribution for tapping consistency (Logit Magnitude) for chronological-age-matched controls (CA), those

with dyslexia (DYS), and reading-age-matched controls (RA) at Time Points 1–4. *, Significant di�erence. n.s., no significant di�erence.

TABLE 4 Number of “non-synchronizers” in each group tapping in a

randommanner at each Time point (TP).

Group CA DYS 1 DYS 2 DYS 3 RA

Random TP1 3/30 4/19 3/19 7/20 14/33

Random TP2/n 1/30 3/19 3/19 5/20 6/33

Random TP3/n 1/25 1/19 4/14 1/19

Random TP4/n 1/29 2/17 1/29

Random TP5/n 0/27 2/27

N = 121. Shading means intervention received, so data are not included in

subsequent analyses. DYS, dyslexic; CA, chronological-age-matched control; RA,

reading-age-matched control.

the table suggests that non-synchronizers were more frequent

among the youngest TD participants and in children with DYS. For

the within-groups analysis, a significant result from the Rayleigh

test indicated that the data for the CA, DYS, and RA groups were

concentrated around a preferred phase angle; see Figure 2. Thus,

all groups display a significant preferred phase of tapping at each

time point. Accordingly, H1 and H2 for the phase measure can

be explored.

3.3.1 Age e�ects and random tapping to a 2-Hz
beat

To explore H1, that rhythmic synchronization should improve

with age for the phase measure, as well as the magnitude measure,

the number of non-synchronizers in the CA and RA groups were

compared at TP1 (see Table 4). There was a significant effect of

age on random tapping behavior (Fisher’s exact test, p = 0.005,

two-sided), with more RA children tapping at random (14/33,

compared with CA, 3/30). By TP4, the RAs were at a similar

(ceiling) performance level to the CA group (1/29, compared with

CA, 1/28). Accordingly, H1 was supported.

3.3.2 Reading group and random tapping to a
2-Hz beat

H2was that rhythmic synchronization in the children with DYS

should be worse compared to CA children at all time points, as any

improvement in tapping consistency with age found in children

with DYS should lag that shown by TD children. The effect of

reading status on tapping behavior was analyzed by comparing

non-synchronizers among the CA children with non-synchronizers

among the children with DYS, thereby matching the groups for age.

At TP1, there was no significant difference between the number
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FIGURE 2

Polar histograms of tapping phase at Time Points 1–4 for synchronizers in each group, chronological-age-matched controls (CA), those with

dyslexia (DYS), and reading-age-matched controls (RA).

of participants tapping at random in each group, χ2
(1)

= 2.54, p

= 0.1105; Fisher’s exact test p = 0.093, one-sided; see Table 4.

However, by TP2, the proportion of non-synchronizers in the TD

group (1/30) was significantly less than in the DYS group (11/58),

Fisher’s exact test p = 0.038, one-sided. Accordingly, there was

evidence to support H2.

3.3.3 Comparison of group preferred phase
The phase data by group are shown in Table 4 and Figure 2.

As shown in the polar histograms provided, the phase data

contained conditions where the data were significantly positively

skewed (Z-skew > 1.96) or significantly platykurtic. In these cases,

non-parametric analyses were used to explore group differences

and further test H2, that age-related improvements in tapping

behavior should lag in the DYS group. The Watson-Williams

tests (circular one-way ANOVA) comparing the CA group with

the DYS group at each time point were non-significant for

all TPs tested for (a) participants who were synchronizers and

(b) excluding intervention participants. Furthermore, a circular

Kruskal–Wallis (non-parametric) test on the group median phase

comparing the CA and DYS children at TP1 and TP3 was also

not significant. Accordingly, the phase measure did not reveal any

group differences, inconsistent with H2. The descriptive statistics

and test results are shown in Supplementary Table 2. Note that the

mean phase of a poor-synchronizer child tapping inconsistently but

around the beat can be the same as the mean phase of a good-

synchronizer child tapping consistently close to the beat. So, within

each group, a distribution of phases will be related to the target

tapping phase but unrelated to synchronization ability, which could

account for the absence of group phase differences.

3.3.4 Relationships between phase angle and
behavioral measures

No significant correlations were found between the tapping

phase and any of the phonological or literacy measures. For

the interested reader, the analysis and data are shown in

Supplementary Tables 3, 4.
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FIGURE 3

Plot of Spearman partial correlation between tapping consistency (Tap Magnitude) at time Point 1 (TP1) and composite phonological awareness (left

column) and composite literacy scores (right column) at Time Points 2, 3, and 4 (TP2, TP3, and TP4). The scatterplots display time-lagged

relationships between tapping consistency and composite phonological awareness scores and composite literacy measures accounting for age and

non-verbal IQ (residual scores). The lines show a least squares linear model with standard error shading. Aqua Triangle, those with dyslexia (DYS);

Orange Circle, chronological-age-matched controls (CA); Dashed, DYS and CA.

3.4 Longitudinal relationships between
tapping consistency, phonological
awareness, RAN, PSTM, and literacy

Given that the phase data did not show any effects of

dyslexia status, the analyses testing H3 focused on the consistency

data for the age-matched groups (CA and DYS only; see the

scatterplots in Figures 3–6). H3 was that individual differences in

rhythmic synchronization should predict phonological awareness

and literacy outcomes. Figures 3–6 show partial correlations

between tapping magnitudes on the ordinate at TP1, TP2, and

TP3 against the phonological and literacy measures on the abscissa

at TP2, TP3, and TP4, controlling for age and non-verbal IQ.

It is important to control for age and non-verbal IQ to ensure

that any differences found are not due to maturation or cognitive

ability. For each combination of tapping consistency with the

phonological or literacy measures, the least squares linear model

fitted to the data in Figures 3–6 shows a positive relationship; that

is, better consistency of tapping is associated with better phonology

and literacy scores. The numeric data for both the composite

measures and PSTM are presented in Table 5. Table 5 shows that

all the time-lagged relations were significant at TPs 2 and 3, after

which the literacy variables tend to display a greater number of

significant relationships.
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FIGURE 4

Plot of Spearman partial correlation between tapping consistency (Tap Magnitude) at Time Point 2 (TP2) and composite phonological awareness (left

column) and composite literacy scores (right column) at Time Points 2, 3, and 4 (TP2, TP3, and TP4). The scatterplots display time-lagged

relationships between tapping consistency and composite phonological awareness scores or composite literacy measures accounting for age and

non-verbal IQ (residual scores). Lines show a least squares linear model with standard error shading. Aqua Triangle, those with dyslexia (DYS); Orange

Circle, chronological-age-matched controls (CA); Dashed, DYS and CA.

3.5 Mediation e�ects regarding
phonological awareness

3.5.1 Cross-sectional mediation e�ects
The central research question underpinning this study was

whether the relationship between rhythmic synchronization and

literacy outcomes would be mediated by phonological awareness

(H4). A series of cross-sectional mediation analyses for each TP

were conducted using the PROCESS macro (Type 4 model; Hayes,

2022) in SPSS. The mediation model consisted of the composite

Literacy score as the outcome variable, tapping consistency as the

predictor variable and composite PA as the mediator. Indirect

95% confidence intervals were estimated using 5,000 samples.

In addition, the Sobel test was run to test the significance of a

mediation effect (Preacher and Leonardelli, 2001). Based on H4, we

would expect a significant indirect effect of phonological awareness,

so the Sobel value should be significant. The results of the cross-

sectional mediation analyses are shown in Table 6.

For TP2, the analysis showed that tapping consistency at TP2

significantly predicted phonological awareness at TP2, R2 = 0.065,

F(1,85) = 5.926, p< 0.05. Of the variance in phonological awareness

at TP2, 6.5% was explained by tapping consistency at TP2. In a

subsequent combined regression model predicting literacy, both

tapping consistency at TP2 and phonological awareness at TP2

were included as predictors, resulting in a model that explained

30.7% of the variance in literacy at TP2. Tapping at TP2 was a
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FIGURE 5

Plot of Spearman partial correlation between tapping consistency (Tap Magnitude) at time point Time Point 3 and composite phonological

awareness (left column) and composite literacy scores (right column) at Time Points 3 and 4. The scatterplots display time-lagged relationships

between tapping consistency and composite phonological awareness scores or composite literacy measures accounting for age and non-verbal IQ

(residual scores). Lines show a least squares linear model with standard error shading. Aqua Triangle, those with dyslexia (DYS); Orange Circle,

chronological-age-matched controls (CA); Dashed, DYS and CA.

significant predictor of literacy at TP2 (B = 3.61, SE =1.13, β =

0.316, t = 3.37, p = 0.001) and so was phonological awareness

at TP2 (B = 0.46, SE = 0.11, β = 0.381, t = 4.06, p < 0.001).

The mediating effect of phonological awareness was shown to be

significant (B = 1.11, β = 0.097), with the 95% bootstrapped

confidence interval not containing zero. The results for TP2 show a

partial mediation of the effect of tapping consistency on literacy via

phonological awareness. The Sobel test was significant (p < 0.05),

supporting a mediation effect.

Mediation analyses at TP3 again showed that tapping

consistency significantly predicted phonological awareness at TP3,

R2 = 0.159, F(1,55) = 10.43, p = 0.002, indicating that 15.9%

of the variance in phonological awareness at TP3 was explained

by tapping consistency at TP3. In the combined regression

model predicting literacy, both tapping consistency at TP3 and

phonological awareness at TP3 were included as predictors,

resulting in a model that explained 45.1% of the variance in literacy

at TP3. Tapping at TP3 was not significantly predictive of literacy

at TP3 (p > 0.05) whereas phonological awareness at TP3 was

(B = 0.627, SE = 0.11, β = 0.618, t = 5.63, p < 0.001). The

full mediating effect of phonological awareness was shown to be

significant (B = 2.985, β = 0.247), with the 95% bootstrapped

confidence interval not containing zero. The result of the analysis

for TP3 shows a full mediation effect of tapping on literacy via

phonological awareness. The Sobel test was significant (p < 0.01)

supporting a mediation effect.
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FIGURE 6

Plot of Spearman partial correlation between tapping consistency (Tap Magnitude) at Time Points 1, 2, and 3 and PSTM at Time Points 2, 3, and 4. The

scatterplots display time-lagged relationships between tapping magnitude (consistency) and PSTM measures accounting for age and non-verbal IQ

(residual scores). Lines show a least squares linear model with standard error shading. Aqua Triangle, those with dyslexia (DYS); Orange Circle,

chronological-age-matched controls (CA); Dashed, DYS and CA.

Mediation analyses at TP4 showed that tapping consistency

was a significant predictor of phonological awareness at TP4, R2 =

0.175, F(1,44) = 9.35, p= 0.004, indicating that 17.5% of the variance

in phonological awareness at TP4 was explained by tapping

consistency at TP4. In a combined regression model predicting

literacy, both tapping consistency at TP4 and phonological

awareness at TP4 were included as predictors, resulting in a model

that explained 33% of the variance in literacy at TP4, R2 = 0.330,

F(1,44) = 9.35, p = 0.004. Tapping at TP4 was not a significant

predictor of Literacy at TP4 (p > 0.05), whereas phonological

awareness at TP4 was a significant predictor of Literacy at TP4 (B=

0.547, SE = 0.14, β = 0.56, t = 4.04, p < 0.001). The full mediating

effect of phonological awareness was shown to be significant (B =

3.18, β= 0.247), with the 95% bootstrapped confidence interval not

containing zero. The analysis results for TP4 show a full mediation

effect of tapping on literacy via phonological awareness. The Sobel

test was significant (p < 0.05) supporting a mediation effect. The

results of the cross-sectional mediation analysis at TP2–TP4 and

the Sobel test are shown in Table 6.

3.5.2 Longitudinal meditation e�ects
Note that the study was underpowered with respect to

conducting longitudinal mediation analyses. For the interested

reader, these analyses were conducted on an exploratory basis and

are presented in the Supplementary Data 3.

3.6 Longitudinal e�ects of tapping on
phonological awareness

In a final regression analysis, the influence of tapping

at TP1 on phonological awareness at TP3 (n = 58)

after controlling for phonological awareness at TP0 (the

autoregressor) was investigated and was significant, B =

4.420, β = 0.391, t = 3.487, p < 0.001, f 2 = 0.22, (1 – β) =

0.88, accounting for 14.6% of the variance in phonological

awareness at TP3. This indicates that individual differences in

synchronization exert longitudinal effects on the development of

phonological awareness.
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TABLE 5 Spearman time-lagged partial correlations between tapping consistency at Time Points 1, 2, 3 and 4 and RAW scores in the composite

phonological awareness (PA), rapid automatized naming (RAN), composite literacy, and phonological short term memory (PSTM) outcomes at Time

Points 2, 3, 4, and 5, controlling for age and non-verbal IQ (CA and DYS only).

Tap consistency
Time Point 1

Tap consistency
Time Point 2

Tap consistency
Time Point 3

Tap consistency
Time Point 4

Time Point 2 CA, DYS 1 and 2 and 3 (n = 87 )

PA 0.413∗∗∗ 0.332∗∗

RAN −0.322∗∗ −0.286∗∗

Literacy 0.426∗∗∗ 0.425∗∗∗

PSTM 0.346∗∗∗ 0.239∗

Time Point 3 CA, DYS 2 and 3 (n = 57)

PA 0.447∗∗∗ 0.512∗∗∗ 0.303∗

RAN −0.421∗∗∗ −0.283∗ −0.418∗∗∗

Literacy 0.489∗∗∗ 0.508∗∗∗ 0.464∗∗∗

PSTM (Summer 2020, n= 42) 0.447∗∗ 0.470∗∗ 0.398∗

Time Point 4 CA and DYS 3 (n = 49)

PA 0.345∗ 0.284 0.269 0.290

RAN −0.325∗ −0.146 −0.254 −0.036

Literacy 0.537∗∗∗ 0.477∗∗∗ 0.403∗ 0.179

PSTM 0.271 0.439∗∗ 0.603∗∗∗ 0.434∗∗

Time Point 5 CA only (n = 29)

PA 0.063 0.325 0.111 0.185

RAN −0.062 −0.152 −0.503∗ 0.146

Literacy 0.618∗∗∗ 0.063 0.125 0.005

PSTM −0.121 0.289 0.186 0.170

DYS, dyslexic; CA, chronological age matched control. ∗p ≤ 0.05. ∗∗p ≤ 0.01. ∗∗∗p ≤ 0.001.

4 Discussion

The extent to which individual differences in children’s

rhythmic synchronization skills, such as tapping to a beat, are

relevant to the development of linguistic and literacy skills remains

debated. Here we provide data from a longitudinal study of

tapping to the beat in school-aged children, including cross-

sectional mediation analyses to study whether the relations between

rhythmic synchronization skills and literacy are mediated by

phonological awareness. The study tested 121 children, including

58 children with DYS, over 6 years. We employed circular statistics

(consistency and phase measures) to explore the relations between

tapping skills, phonological awareness and literacy. We report

that performance in all three tasks is significantly interrelated,

with tapping consistency predicting literacy outcomes in time-

lagged analyses at all time points. Cross-sectional mediation

analyses confirmed that this relationship was mediated by

phonological awareness at each time point. The number of children

able to synchronize (synchronizers) increased with age, as did

synchronization consistency; however, children with DYS showed

poorer synchronization skills at each time point until the final test

point at age 11 years.

The study was designed as a test of TS theory, which

predicts that the relations between rhythmic synchronization

and literacy/language outcomes are mediated by phonology

(Goswami, 2011, 2015, 2022a). Four hypotheses were explored.

H1 was that rhythmic synchronization should improve with

age. H2 was that rhythmic synchronization in the children

with dyslexia should be significantly worse at any time point

compared to TD children of the same age because children

with dyslexia should consistently lag TD children regarding age-

related improvements in rhythmic synchronization. H3 stated

that individual differences in rhythmic synchronization should

predict phonological development and literacy outcomes, and H4

stated that the relationship between rhythmic synchronization and

literacy outcomes should be mediated by phonological processing.

As noted, the study was underpowered regarding testing for

longitudinal mediation relations; hence, cross-sectional mediation

analyses are reported.

Robust evidence for H1 was found for the tapping consistency

measure of rhythmic synchronization (magnitude or vector length

measure) but not for the mean phase measure. This suggests

that the mean phase metric was not capturing the difference in

tapping behavior between groups. The mean phase of a poor

synchronizer can be the same as the mean phase of a good

synchronizer, which can result in each group having a distribution

of phases that are primarily related to the target tapping phase

(0◦) but are not necessarily related to synchronization ability per
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TABLE 6 Regression coe�cients a, b, c, and c
′

for a Type 4 Mediation model.

Time
point

a b Total
e�ect c

Direct e�ect

c
′

Indirect
e�ect
a ∗ b

Indirect 95%
confidence interval

Sobel test
of

mediation
Lower
bound

Upper
bound

2

n= 87

2.41

t = 2.43

p= 0.017

0.462

t = 4.05

p < 0.001

4.725

t = 4.19

p < 0.001

3.613

T = 2.68

p= 0.009

1.112 0.187 2.527 t = 2.087,

p= 0.037

3

n= 57

4.80

t = 3.23

p= 0.002

0.622

t=5.63

p<0.001

4.345

t= 2.86

p= 0.006

1.36

p > 0.05

2.985 1.519 4.509 t = 2.801,

p= 0.005

4

n= 46

5.82

t=3.06

p= 0.004

0.547

t = 4.04

p < 0.001

3.767

p= 0.064

0.583

p > 0.05

3.184 0.809 6.066 t = 2.437,

p= 0.015

Cross-sectional mediation analysis at Time Points 2, 3, and 4 assessing the influence of tapping consistency on literacy via phonological awareness (using composite standardized values). The

columns show regression coefficients, t-statistic, significance values, 95% confidence intervals for the mediation effect, and the Sobel value.

se. Indeed, Figure 2 and Supplementary Table 2, show the large

amount of overlapping variance in the phase measures of the

groups. Synchronization consistency increased with age in our

older sample of children, a finding that has not been reported

in longitudinal studies with younger children (e.g., Kertész and

Honbolyg, 2023; Rios-Lopez et al., 2019). For the phase measure,

the data showed that all the groups of children, even the youngest

RA group, were able to establish reliable synchronization, at all

TPs tested. H2, that rhythmic synchronization in the children with

dyslexia should be significantly worse at any TP compared to TD

children of the same age, was also supported for the consistency

measure only. For the consistency measure of tapping, the children

with dyslexia showed significantly poorer performance at TP1, TP2,

and TP3 compared to the TD age-matched controls, indicating

worse rhythmic synchronization. By TP4, when the children were

aged, on average, 11 years, this group difference had disappeared.

Practice, age, and ceiling effects may explain why group differences

in our study disappeared at the age of 11 years. Referencing Figure 1

and Table 3, the CA control group started at TP1 being significantly

better than the other children in their tapping consistency. The

younger TD group (RA) then improved at a greater rate than the

DYS group so that by TP2, the RA group caught up with the

DYS group. By TP3, the RA group had overtaken the DYS group

and caught up with the CA group. There is no improvement in

consistency for the TD control groups (RA and CA) between TP3

and TP4 suggesting they had reached ceiling performance. TheDYS

group finally catches up with the control groups at TP4.

The group differences at TP1, TP2, and TP3 are consistent with

many prior cross-sectional studies, including studies with adults

(Thomson and Goswami, 2008; Flaugnacco et al., 2015; Bégel et al.,

2022). H2 was also supported by the analyses of synchronizers

and non-synchronizers. The number of non-synchronizers was

significantly greater in the dyslexic group than in the TD group at

all TPs except TP1. This finding supports prior work with both TD

preschoolers and 4-year-olds at risk for dyslexia (Woodruff Carr

et al., 2014; Bonacina et al., 2021; Kalashnikova et al., 2021a).

As may be expected given the extensive prior literature

(Bégel et al., 2022; Sousa et al., 2022; Cumming et al., 2015;

Dellatolas et al., 2009; Douglas and Willatts, 1994; Forgeard et al.,

2008; Gordon et al., 2015; Goswami et al., 2013a,b; Huss et al.,

2011; Lundetrae and Thomson, 2018; Overy, 2000, 2003; Overy

et al., 2003; Waber et al., 2000; Wolff, 2002; Wolff et al., 1990),

individual differences in rhythmic synchronization (consistency

measure) significantly predicted phonological development and

literacy outcomes when time-lagged relations were computed

(Table 5), supporting H3. However, there was some longitudinal

variability, with the relationship between rhythmic synchronization

and phonological development strongest at the earlier TPs in the

study. The composite variables developed to test H3 showed that

better tapping consistency was associated with better phonological

outcomes at TP2, TP3, and TP4, but this association was no longer

significant by TP5 (CA control children only), even though a

positive relationship was still present (see Table 5 and Figures 3–

6). For the literacy composite, the relationship between rhythmic

synchronization at TP1 and literacy development was significant

at all TPs measured. As the relationship between reading and

phonological development becomes a reciprocal one after the onset

of fluent reading (Wagner and Torgesen, 1987), reading itself may

improve phonological skills for our older children, attenuating

the impact of the relationship between rhythmic synchronization

and phonology.

Finally, in line with the predictions of TS theory, we explored

the potentially mediating effect of phonology regarding the

systematic relations found between rhythmic synchronization

and literacy outcomes. By TS theory, impairments in rhythmic

processing are causally related to impaired acoustic processing

and impaired neural encoding of the AE of speech, which exert

negative effects on speech perception (e.g., of syllable stress

patterns; see Goswami et al., 2010, 2013b) and phonological

development. AE processing and AE encoding are known to be

impaired in childrenwithDYS across languages (see Goswami et al.,

2013b, for a recent review), and negative impacts on phonological

development and reading and spelling development have been

consistently demonstrated. Accordingly, individual differences in

rhythmic synchronization should affect literacy development via a

direct effect on phonological development (H4). Consistent with

H4, a series of cross-sectional mediation analyses demonstrated

a significant mediating effect of phonology between rhythmic
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synchronization and literacy at all TPs investigated. The consistent

mediation effects demonstrated for phonological awareness in the

cross-sectional analyses are consistent with TS theory.

The study had some clear limitations. One of the limitations

of the study was the impact of the COVID-19 pandemic on

school closures, which restricted data collection and interfered

with the original research design. This resulted in missing data

for some children. Another inadvertent limitation was the effect of

the study design on the longitudinal analyses testing H3 and H4.

The three interventions for the DYS groups delivered during the

study introduced a systematic loss of data that limited the available

power for our longitudinal analyses. A further limitation is that the

children were relatively old when the study began, with an average

age of 8 years. Although 8 years was the oldest age tested in the prior

longitudinal study by Kertész and Honbolyg (2023), there is little

longitudinal data available regarding the development of rhythmic

synchronization skills in children aged 5–8 years. However, in the

UK, receiving a diagnosis of DYS before the age of 8–9 years is

rare, which is why this average age was used for recruitment in the

current study.

In conclusion, the tapping consistency data presented here

support all four of the a priori hypotheses concerning rhythmic

synchronization and literacy, but the tapping phase data are not.

Rhythmic synchronization ability did increase with age, (H1),

rhythmic synchronization ability in the children with DYS was

significantly poorer at TP1–TP3 compared to children of the

same age without DYS (H2), individual differences in rhythmic

synchronization ability predicted phonological development and

literacy outcomes (H3), and the cross-sectional relationships

between rhythmic synchronization and literacy were mediated

by phonological awareness (H4). Accordingly, the sensory/neural

TS theory can explain why atypical rhythmic processing during

infancy and early childhood is a risk factor for developmental

language disorders, such as DYS (Ladányi et al., 2020). The

sensory/neural processing of rhythm is a key factor underpinning

phonological development in children and, consequently,

exerts important effects on children’s subsequent reading and

spelling development.
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