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Measurement of sensorimotor synchronization and spontaneous motor 

tempo and its relation to reading development 

Introduction 

In my dissertation I deal with the behavioural measurement of sensorimotor synchronisation in 

primary school children. The processing of temporal regularities of auditory stimuli is an innate 

human ability that develops into young adulthood and is associated with a range of language 

and reading skills. Since the ability to synchronize can be easily tested from the beginning of 

school age, it has the potential to be used for early identification of later reading difficulties. 

The number of studies exploring the development of synchrony a longitudinal design, as well 

as those with native Hungarian speakers, is scarce in the literature. We followed the 

development of children between first and third grade using our own adaptation of the 

sensorimotor synchronization (SMS) and spontaneous motor tempo (SMT) tasks, assessing 

their word reading, spelling and phonological awareness, as well as their general cognitive 

abilities. In the synchronization task, we used a more natural, motivating, complex musical 

stimulus with greater ecological validity for this age group, in addition to the metronome sound 

commonly used, and investigated differences between the two stimulus types in 

synchronization and in relation to language and reading skills. Based on the results of three 

studies, I summarise our findings along seven theses within three main research questions. 

Literature review 

Several studies seem to support the link between early rhythmic skills, language and reading. 

Individual differences in rhythmic abilities have been shown to correlate with speech 

perception, receptive and expressive grammatical performance, and reading proficiency (Nayak 

et al, 2021). In addition to reading, several literacy-related cognitive skills have been found to 

be associated with rhythm perception and production, such as verbal working memory, 

intelligence, rapid automatized naming (RAN) and phonological awareness, which are 

considered reliable predictors of reading level (Landerl et al, 2022; Miendlarzewska & Trost, 

2014). Rhythmic tests appear to not only show a cross-sectional relationship with language and 

reading domains but also have the potential to predict their later performance. Several studies 

have shown that rhythm perception and production measures of preschool and first-grade 

children are good predictors of their reading performance years later (David et al, 2007; 
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Dellatolas et al., 2009; Moritz et al., 2013), which is a promising line of research because of its 

potential in the early identification reading difficulties. 

Since synchronizing one’s movements to music appears spontaneously in children very early 

in their development (around 2-3 years of age), synchronization-based tasks seem more suitable 

for assessing rhythmic skills earlier than rhythm discrimination or reproduction tasks, which 

are more challenging to understand and rely more on short-term memory (Tierney et al, 2017). 

Behavioural measures of spontaneous sensorimotor synchronization in are possible from early 

childhood (Provasi & Bobin-Bègue, 2003), and from preschool and early school age (Woodruff 

Carr et al, 2014), the so-called Sensorimotor Synchronization (SMS) task can be applied, in 

which the subject is required to perform simple finger tapping, in response to a periodic tone 

stimulus (usually a metronome). The two measures of task performance are the accuracy 

(asynchrony) and the consistency of the tapping. Synchrony may be followed by unpaced 

tapping called the continuation phase. A special type of SMS is the spontaneous motor tempo 

(SMT) task, in which no external reference is present and therefore no stimulus is involved. 

The subject's task is to produce a movement at a steady pace that is comfortable for him or her 

(Repp, 2005). 

The interplay of SMS and SMT is reflected in the dynamics of the development of 

synchronization skills. Initially, children are only able to adapt to an external reference around 

their spontaneous tempo, but as the average SMT gradually decreases, they become able to 

synchronise over a wider range of tempi (McAuley et al., 2006). The process described shows 

a major developmental leap between the ages of 6-8 years, after which their spontaneous tempo 

approaches the adult level of around 100 bpm (beats per minute) and their performance in SMS 

tasks becomes significantly more accurate and consistent. It is important to note, however, that 

our knowledge of the development of synchronization is based on cross-sectional data, and a 

more accurate picture could be obtained from longitudinal studies. Although the SMS task 

stimulus is most often a simple metronome sound, for preschool and early school age groups, 

complex music is more appropriate, providing a natural and motivating task situation. The 

number of studies comparing the two types of stimuli is scarce (Carrer et al., 2022; Einarson, 

2017). It is a general observation that the widely observed, anticipated response tendency 

(Negative Mean Asynchrony - NMA) decreases with increasing rhythmic complexity 

(Wohlschläger & Koch, 2000), as subjects have more rhythmic cues available for effective error 

correction. The opposite effect has also been observed in children with ADHD in whom music 

seems to impair performance (Puyjarinet et al., 2017). Presumably, children who are able to 

efficiently process the regularities of the complex, hierarchical auditory stimulus can use these 

to accurately predict the timing of beats, and correct their own asynchrony.  
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In the last decades, there is a growing body of research using the SMS paradigm, which suggests 

that, as with rhythm perception and production tasks, synchronization performance is related to 

reading and literacy-related cognitive skills, such as phonological awareness, spelling, RAN 

and verbal memory (Bonacina et al, 2018; Lê et al., 2020; Lundetræ & Thomson, 2018; Tierney 

et al., 2017; Woodruff Carr et al., 2014). However, the number of studies exploring the 

relationship between synchronization and literacy among Hungarian native-speaking children 

is low, with only one study available to our knowledge. Maróti et al. (2019) found a correlation 

between unpaced tapping consistency in 90 bpm metronome trials and children's phonological, 

attentional and working memory performance in 6-7-year-old children, and observed a slight 

improvement in synchronization performance over 8 weeks of music training. In their study, 

they did not investigate reading performance, so there is no data available on its relationship 

with synchronisation in Hungarian native speakers. Based on the literature presented, I 

formulated the following research questions: 

The effect of tempo and stimulus type in the SMS task 

1. How does stimulus tempo affect SMS task performance?  

2. How does stimulus complexity affect SMS task performance? 

Longitudinal changes in SMS and SMT task indicators 

3. Do the measures representing the different aspects of the SMS task (consistency, 

asynchrony, continuation consistency) change between 1st and 3rd grades? 

4. Do the SMT task measures (spontaneous tempo, consistency) change between the 1st 

and 3rd grades? 

The relationship between the SMS and SMT task and reading, spelling and 

phonological awareness 

5. Is SMS and SMT performance related to reading, spelling and phonological awareness 

in first grade?   

6. Does the relationship between SMS and SMT performance remain with reading, 

spelling and phonological awareness two years later in third grade? 

7. Are the measures of the SMS and SMT tests taken in the first grade appropriate for 

predicting reading, spelling and phonological awareness in the third grade? 
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Results 

Study 1 

In the first study, we sought to investigate whether the relationship between synchronization 

and phonological awareness (PA) and word reading level described in the literature also exists 

among Hungarian native-speaking school-age children and whether the widely observed 

anticipatory tendency (NMA) is also present using complex musical stimuli.  

We assessed 39 first-grade children’s word reading (Meixner Reading Test, Sipos, 2018), 

phonological awareness (Phonological Awareness Test, Jordanidisz, 2009), spontaneous motor 

tempo and sensorimotor synchronization using instrumental music excerpts in 3 tempi (80, 120, 

150 bpm) for the latter. 

Based on our results, NMA appeared in children's task performance, and its magnitude was 

related to stimulus tempo and presumably to SMT, as expected from the literature.  

We observed the highest degree of anticipation at the lower tempo, while a slight NMA was 

observed at 120 trials that were close to the SMT and a slight positive asynchrony in 150 bpm 

trials, presumably due to limitations in motor execution. Word reading accuracy and fluency, 

as well as phonological awareness, were associated with SMT and SMS measures of unpaced 

tapping. Children who produced a lower spontaneous tempo and more consistent tapping in the 

continuation phase performed better in PA and reading tasks. A particularly good predictor was 

the acceleration measure, which characterised children’s ability to overcome their tendency to 

speed up (see Figure 1) in the absence of an external reference. Our results confirmed the 

validity of the use of the SMT and SMS tasks and the musical stimulus and raised further 

questions, in particular regarding the role of general cognitive abilities that are known predictors 

of reading. 
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Figure 1. The relationship between the acceleration measure and phonological awareness 

 

Study 2 

In the second study, we aimed to explore in more detail the previously found relationship 

between synchronization and phonological awareness and reading, and control for the possible 

role of general cognitive abilities such as working memory, nonverbal intelligence, and 

vocabulary and therefore included them in the test battery. These three domains were measured 

using the WISC-IV (Nagyné Réz et al., 2008), intelligence test’s digit span, block design and 

vocabulary subtests. For the assessment of reading and phonological awareness, we chose a 

digital test (3DM-H, Tóth et al., 2014), which also allowed the assessment of spelling and RAN, 

the latter also used as a predictor in the models. We included metronome stimulus trials in the 

SMS task and used more sophisticated circular statistics in the analysis of the data. These 

modifications allowed not only to include general cognitive domains in the analysis but also to 

investigate how the complexity of the stimuli used affects different aspects of synchronization 

performance. 

A total of 39 typically developing Hungarian first-grade students were assessed with the battery. 

Using Welch's test to examine the effect of stimulus type on the SMS task measures, we found 

significant differences between the music and metronome tests. Consistent with the literature 

(Dalla Bella et al., 2017; Einarson, 2017), while higher tapping consistency was observed in 

the latter, we found lower asynchrony scores with the musical stimulus, meaning 6-7-year-olds 

were already able to reduce their asynchrony by more accurate error correction using the 

regularities of the musical stimulus, thus leading to lower consistency. To predict reading, 

spelling, and phonological awareness, we built linear models of the SMS, SMT, and general 
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cognitive variables, in which measures of musical trials proved more successful (see Figure 2). 

The musical consistency measure explained 28% of the variance in phonological awareness and 

16% of the variance in reading accuracy. Musical asynchrony was related to spelling, 

explaining 20%, while reading fluency to metronome consistency accounting for 16% of 

variance. 

 

Figure 2. Linear models built from first-grade SMS, SMT and general cognitive ability variables. 

 

Study 3 

In our third study, we focused on three sets of questions. Our knowledge of the development of 

synchronization ability is mainly based on cross-sectional data, so we considered it appropriate 

to investigate changes over our period of interest. Our main focus, however, was on the 

development of the relationship of sensorimotor synchronisation with general cognitive 

abilities and with the language and reading domains, and we, therefore, re-administered the 

earlier test battery in the third grade on the sample described in Study 2. The data were analysed 

from two perspectives. First, we examined whether SMS and SMT performance in grade 1, 

which was related to reading, spelling, and phonological awareness in the same year, predicted 

their level in grade 3. Second, we examined the same relationship between tests taken in third 

grade.  
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Examining changes in SMS performance using a 2x2 repeated measures ANOVA, an overall 

developmental effect in children's task performance was observed for all three measures, as 

indicated by an increase in the consistency, albeit at trend level, a decrease in asynchrony, and 

an increase in continuation consistency (see Figure 3). After two years, children were able to 

error correction more accurately and to tap more consistently overall than in first grade, 

regardless of stimulus type. The analysis confirmed the difference between musical and 

metronome stimulus material described in Study 2: while musical stimulus favoured accuracy, 

consistency was higher in metronome trials. 

 

Figure 3. Changes in SMS consistency (A), asynchrony (B) and continuation consistency (C) between first and 

third grades. 

 

There were no significant changes in children's spontaneous motor tempo and SMT consistency 

scores between the two measurements. We found a 116 bpm mean SMT, not differring 

significantly from the 115 bpm tempo of first graders, which is consistent with values found in 

the literature (Drake et al., 2000; McAuley et al., 2006). Again, we used linear modelling to 

examine which first-grade SMS and SMT measures and cognitive variables best predict third-

grade literacy scores. Children's word reading was best explained by metronome consistency 

and RAN accounting for 37% of the variance, while spelling and phonological awareness were 

related to musical consistency explaining 30%-30% of children’s performance (see Figure 4).  

However, the above relationship was no longer evident in models constructed from third-grade 

SMS, SMT and cognitive variables. Variance in reading was explained by RAN alone (20%), 

spelling by working memory and SMT consistency (27%), while for phonological awareness 

we obtained a model with weak explanatory power (12%), whose validity is questioned by post-
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hoc power analysis, and in which mean SMT was the only significant predictor, but with an 

opposite directional relationship to that expected. 

 

Figure 4. Linear models constructed from first-grade SMS, SMT and general cognitive ability measures 

predicting third-grade reading (A), spelling (B) and phonological awareness (C) scores. The horizontal axis 

shows non-standardized predicted values, while the vertical axis the variable. 

Theses 

In the following, I summarise the results of the three studies, grouped according to the research 

questions formulated earlier, in 7 theses: 

The effect of tempo and stimulus type in the SMS task 

How does stimulus tempo affect SMS measures? 

(1. study) 

Negative mean asynchrony (NMA) is highest for the low tempo reference and its absolute value 

is lowest for the near SMT. The degree of acceleration in unpaced tapping is also well explained 

by the distance from the SMT. In the continuation phase, tapping consistency is independent of 

the starting tempo, presumably because it does not require error correction. 
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How does the complexity of the stimulus affect the SMS task indicators? 

(2-3. studies)  

Paced tapping is more accurate but less consistent with the more complex musical stimulus,  

and less accurate but more consistent with the metronome, indicating that typically developing 

first and third-graders are able to process the denser, hierarchic rhythmic structure of the 

complex stimulus and use it to for more effective error correction. 

 

 

Longitudinal changes in SMS and SMT task indicators 

Do the measures representing the different aspects of the SMS task (consistency, asynchrony, 

continuation consistency) change between 1st and 3rd grades? 

(3. study)  

The accuracy of synchronisation (asynchrony) and the consistency of task performance, as well 

as the consistency measured in the continuation phase, also showed an overall improvement 

over the period under review. 

 

1. Do the SMT task indicators (spontaneous tempo, consistency) change between the 1st 

and 3rd grades? 

(3. study) 

In the SMT task, neither the average spontaneous tempo of the children nor the consistency of 

their tapping changed in this period. The developmental leap in SMT known from the literature 

is likely to have already occurred earlier, around the age of 6, in the children and remained 

stable during the period we studied. 
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The relationship between the SMS and SMT task and reading, spelling and 

phonological awareness 

Are SMS and SMT performance related to reading, spelling and phonological awareness in 

first grade?   

(1-2. study) 

The SMS and SMT tasks had significant explanatory power in the first grade in terms of levels 

of word reading, spelling and phonological awareness. The relationship between these domains 

was maintained when children's general cognitive skills (verbal working memory, RAN, 

nonverbal intelligence, vocabulary) were included in the models. 

 

Does the relationship between SMS and SMT performance remain with reading, spelling and 

phonological awareness two years later in third grade? 

(3. study) 

Third-grade SMS and SMT measures were not related to reading level, to a lesser extent to 

spelling, and were found to be weakly and inconsistently related to phonological awareness. 

However, RAN and verbal working memory emerged as significant predictors reading and 

spelling.  

 

Are first-grade SMS and SMT measures predictive of third-grade reading, spelling and 

phonological awareness?  

(3. study) 

First-grade SMS and SMT measures successfully predicted third-grade levels of word reading, 

spelling and phonological awareness. The success of the musical trials’ measures compared to 

the metronome confirms the validity of this more natural and engaging testing approach for this 

age group 
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Discussion 

The central finding of the present thesis is that in Hungarian native-speaking children, too, 

sensorimotor synchronization ability is related to literacy skills. The SMS task has proven 

suitable for measuring individual differences that are not only related to word reading, spelling 

and phonological awareness in the first grade but are also able to predict their performance two 

years later in the third grade. 

Synchronisation skills account for unique variance of literacy skills in addition to well-

established predictors such as working memory, non-verbal intelligence and vocabulary.  

The link between the rhythmic and language and reading domains, although weakening, 

presumably does not disappear completely by the third grade, but the use of different stimuli 

and tasks than those presented in the studies may be necessary to measure individual differences 

in synchronisation ability. 

SMS tasks using musical stimuli are suitable for testing this age group. Typical developing 

first-graders are already able to process their complex, hierarchical rhythmic structure and 

extract temporal regularities for more accurate tapping. Synchronisation skills show an overall 

improvement over the study period, with an increase in both accuracy and consistency in 

children's tapping. Spontaneous motor tempo is close to that of adults in the first year and 

remains stable in the following two years. 

The studies summarized in this thesis contribute to the understanding of the relationship 

between synchronization and literacy skills by providing longitudinal data from Hungarian 

native-speaking children and confirming the applicability of the sensorimotor synchronization 

task as a potential diagnostic tool for the early identification of reading difficulties. 
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