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Highlights
e Rhythmic abilities were assessed in children at- and not at-risk for dyslexia.
e A temporal rate of 2Hz was used, hypothesised as important for reading development.
e At-risk children showed poorer performance in the rhythm discrimination task.
e Rhythm production related to non-word repetition, vocabulary, and letter knowledge.

e Rhythmic difficulties in at-risk children relate to early reading-readiness skills.
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Abstract

Temporally accurate perception and production of rhythmic patterns are key factors
related to language development and reading acquisition. Here we investigate rhythm
discrimination and rhythm production in children who are at family risk or not at family risk for
dyslexia, to compare group performance in these tasks prior to the start of reading instruction and
to investigate the relation between individual children’s rhythmic abilities and pre-reading skills.
Four-year-old children completed a rhythm discrimination task and a rhythm production task,
both utilizing a temporal rate of 2Hz, and also received pre-reading measures of non-word
repetition, vocabulary, and letter knowledge. Controls outperformed at-risk children in the
rhythm discrimination task and in the pre-reading measures. No group differences were observed
in the rhythm production task, but individual differences in this task were related to scores of
non-word repetition, vocabulary size, and letter knowledge. The data are discussed in terms of

Temporal Sampling theory (Goswami, 2011).
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Introduction

The accurate perception and production of rhythmical patterns is associated with
language and reading development, in both typically-developing children and children with
dyslexia or developmental language disorder (Cumming, Wilson, Leong, Colling, & Goswami,
2015; Dellatolas, Watier, Le Normand, Lubart, & Chevrie-Muller, 2009; Douglas & Willatts,
1994; Forgeard et al., 2008; Goswami, Huss, Mead, Fosker, & Verney, 2013a; Goswami et al.,
2013b; Huss, Verney, Fosker, Mead, & Goswami, 2011; Lundetrae & Thomson, 2018; Overy,
2000, 2003; Overy, Nicolson, Fawcett, & Clarke, 2003; Waber et al., 2000; Wolff, 2002; Wolff,
Michel, Ovrut, & Drake, 1990). Regarding early reading, individual differences in rhythm
production by pre-readers are related to measures of reading readiness (Rios-Lopez, Molinaro, &
Lallier, 2019; Woodruff Carr, White-Schwoch, Tierney, Strait, & Kraus, 2014). Further, training
young children’s rhythm perception and production skills can improve their early reading
performance (e.g., Bhide, Power, & Goswami, 2013; Cancer et al., 2020; Degé & Schwarzer,
2011; Flaugnacco et al., 2015; Moritz, Yampolsky, Papadelis, Thomson, & Wolf, 2013).
However, the developmental mechanisms underlying the relationships between individual
differences in rhythm perception, thythm production, reading and language are currently unclear.
In order to study these causal mechanisms, longitudinal studies are required, which would allow
for systematic assessments before children acquire reading skills, ideally beginning in infancy.
Here, we present a cross-sectional study with children participating in such a longitudinal study,
designed to test a theoretical framework linking rhythm, language, and reading (Temporal
Sampling theory, Goswami, 2011; described further below). The current data were collected
during participants’ fourth year of life, the final year before schooling and the onset of reading

instruction.



RHYTHM PERCEPTION AND PRODUCTION IN DYSLEXIA

Rhythm and Reading Development

Both rhythm perception and rhythm production have been shown to be related to reading
development in typically-developing children. Rhythmic non-speech beat perception measured
prior to schooling predicts reading development, letter-sound knowledge, and phonological
awareness from 3 to 6 years (Corriveau, Goswami & Thomson, 2010; Ozernov-Palchik, Wolf, &
Patel, 2018), and the perception of rhythm in music is also related to later reading and
phonological awareness. For example, Anvari et al. (2002) created musical tasks based on piano
tones requiring either rhythm pattern copying or same/different rhythm discrimination and
administered them to a pre-reading sample of 4-year-olds. All the musical tasks loaded on a
single factor in a principal component factor analysis, and this factor was significantly associated
with later phonological awareness and single word reading.

Rhythm production in young children is most typically measured by asking them to
drum, clap or tap in time to a rhythmic beat, a measure often termed rhythmic synchronisation.
Individual differences in clapping, drumming and tapping tasks are reliably related to reading
development across languages (e.g., Bonacina, Krizman, White-Schwoch & Kraus, 2018
[English]; Dellatolas et al., 2009 [French]; Lundetrae & Thomson, 2018 [Norwegian]). Rhythmic
synchronisation is also related to pre-reading skills across languages, for example letter-name
knowledge (Rios-Lopez et al., 2019) and phonological awareness (Woodruff-Carr et al., 2014).
If the link between rhythmic skills and reading is a causal one, then training pre-school children
in thythm should improve their reading and phonological awareness, and this is the case. For
example, Degé and Schwarzer (2011) trained German preschoolers with a musical programme
that included joint singing, joint drumming, metrical training, dancing, and other rhythmic

exercises. The children subsequently showed significant gains in phonological awareness in
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comparison to a sports training control group. Similar training effects have been reported in
English (Moritz et al., 2013). Five-year-old children who were following a music curriculum
based on the Kodaly rhythm method showed better phonological awareness at the end of their
pre-school year than a matched group following a musical curriculum that did not focus on
rhythm, and also performed better in experimental tasks such as rhythm copying on a bongo
drum. Two years later, significant time-lagged correlations between rhythm copying and later
phonological awareness, non-word repetition, reading and spelling were found (Moritz et al.,
2013). Accordingly, individual differences in both rhythm perception and production are related
to reading and phonological development in typically-developing children (see also Rautenberg,
2015).
Rhythm and Dyslexia

Developmental dyslexia is a disorder of learning that primarily affects the skills involved
in accurate and fluent word reading and spelling (Rose, 2009). The characteristic cognitive
features across languages are difficulties in phonological awareness, verbal memory and verbal
processing speed (Snowling, 2000). Critically, beat perception and rhythmic synchronisation are
reliably impaired in children who have developmental dyslexia (Flaugnacco et al., 2014;
Forgeard et al., 2008; Goswami et al., 2013a; Huss et al., 2011; Overy, 2000; 2003). Individual
differences analyses show that accuracy in rhythm discrimination tasks accounts for over 40% of
the variance in both single-word reading and reading comprehension, and over 30% of the
variance in phonological awareness, even after controlling for age and nonverbal IQ (Huss et al.,
2011; Goswami et al., 2013a). Children with dyslexia even show poorer accuracy in rhythm
discrimination tasks than do younger children matched by reading level (Goswami et al., 2013a).

Children with developmental dyslexia also show impairments in rhythmic synchronisation tasks,
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and individual differences are again related to phonological awareness and reading (Overy et al.,
2003; Thomson & Goswami, 2008; Flaugnacco et al., 2014). Moreover, rhythm-based training
for children with developmental dyslexia or with poor reading skills has been shown to improve
both phonological awareness and reading (Bhide et al., 2013; Flaugnacco et al., 2015; Cancer et
al., 2020).

The developmental associations between rhythm perception and production in children
with dyslexia and their poor reading outcomes are thought to relate in part to the role of thythm
in developing children’s language skills. Rhythm perception is considered a universal precursor
of language acquisition, as infants across numerous languages begin parsing the speech signal by
using rhythm and stress patterns (Mehler et al., 1988). The hierarchically-nested levels of
rhythmic organisation in speech are intimately related to the identification of phonological units
at different linguistic levels such as stressed syllables, syllables and rhymes (Liberman & Prince,
1977; Leong & Goswami, 2015). The child’s ability to consciously isolate and manipulate
phonological units in speech such as syllables, phonemes and rhymes is called phonological
awareness, and this cognitive construct is causally related to reading development across
languages (Ziegler & Goswami, 2005). Children with developmental dyslexia show reduced
awareness of phonology at all levels in the linguistic hierarchy (Goswami, 2018). In the next
section, we introduce Temporal Sampling theory (Goswami, 2011) as a neural, sensory and
cognitive framework for understanding the well-documented links between rhythm, phonology,
reading and dyslexia in children.

Temporal Sampling (TS) Theory of Dyslexia
TS theory links rhythm, phonology and reading via novel psychoacoustic and neural data,

and was originally proposed to explain phonological difficulties in dyslexia (Goswami, 2019, for
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most recent update). TS theory proposes that the automatic alignment of endogenous brain
rhythms with rhythm patterns in speech is critical for linguistic and phonological development,
and that this unconscious alignment (or sampling) process is atypical in children with
developmental dyslexia from birth (Goswami, 2011, 2015, 2018). This occurs in part because the
sensory cues that trigger automatic neural alignment are perceived poorly. Consequently, the
development of phonology is also atypical, which leads to impaired reading. TS theory builds on
data from neural (brain rhythms), sensory (perception of speech amplitude envelope cues), and
cognitive (behavioural) studies. Briefly, it is known that in the adult brain, accurate tracking of
the speech amplitude envelope (the critical low-frequency acoustic information that assists
linguistic decoding at multiple time scales) is triggered by the automatic phase-resetting of brain
rhythms by acoustic “edges” in the speech signal (Doelling, Arnal, Chitza, & Poeppel, 2014;
Giraud & Poeppel, 2012; Gross et al., 2013). These perceptual edges are the rise times in
amplitude associated with syllables, and amplitude rise times are important perceptual cues to
both speech and non-speech rhythm (Greenberg, 2006). Rise time is typically called ‘attack time’
in the musical literature (the rise time of a musical note; Gordon, 1987). Children with dyslexia
are known to show impaired discrimination of amplitude rise times across languages (Goswami,
2015, for review), and the degree of their impairment is associated with individual differences in
language-relevant phonological awareness tasks. In addition, rise time impairments are
associated with their poorer rhythm discrimination and synchronisation skills (Thomson &
Goswami, 2008; Huss et al., 2011). TS theory thus proposes that impaired sensory discrimination
of rise times in dyslexia is related to atypical automatic speech-brain alignment, and that this
atypical sensory/neural processing affects the perception of rhythm and the development of

phonological awareness (Goswami, 2018).
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As noted above, longitudinal studies are required to study causal mechanisms in
development. The sample of children in the current study are participating in an ongoing
longitudinal study of TS theory, and have received a series of auditory, language and
phonological tasks at different ages, beginning at 5 months. In prior publications, we have
reported that the participants at family risk for dyslexia (AR group) showed impaired rise time
discrimination at the age of 10 months, and that individual differences in rise time discrimination
in infancy predicted vocabulary size at 3 years (Authors, b, ¢). We have also reported impaired
novel word learning in the AR group (Authors, e), and a delay in the ability to encode phonetic
variability in familiar lexical items such as words produced in a foreign accent (Authors, d). The
current study investigated the perception and production of rhythmical patterns assessed when
these children were 4 years of age, the year prior to school entry.

The Current Study

This study pursued two objectives. First, it investigated the effects of family history of
dyslexia (children at-risk for dyslexia vs. children not at-risk for dyslexia) on children’s rhythm
perception and production skills prior to the onset of reading instruction. Tapping and other
rhythmic synchronisation behaviours typically show large variability in child populations
(Drake, Jones, & Baruch, 2000; McAuley, Jones, Holub, Johnston, & Miller, 2006; Provasi &
Bobin-Begue, 2003), and so 4 years was judged the earliest at which rhythmic skills could be
measured in our sample. Second, this study investigated the relations between individual
children’s rhythm perception and production (children at-risk for dyslexia and not at-risk for
dyslexia) and their developing reading-related skills. In particular, we assessed the extent to
which early rhythm abilities predicted individual reading readiness outcome measures over and

above the variance explained by early language and phonological skills.
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To assess rhythm perception, children completed a rhythm discrimination task that
measured their ability to detect rhythmic disruptions caused by differences in the duration of
accented notes in rhythmical musical sequences. The sequences comprised different
arrangements of a series of musical notes with an underlying pulse rate of 500 msec (120 bpm).
Each series was delivered twice within one trial, and children’s task consisted in detecting
whether the series were the same or different. For half of the trials (Different trials), there was a
change in rhythmic structure in the second sequence, either caused by adding 100 msec to the
accented notes (Short Duration change) or by adding 166 msec to the accented notes (Long
Duration change). This variation was always used in the prior literature, and it allowed us to
additionally test children’s discrimination of differences that were perceptually easier versus
more difficult to detect - the Long Duration changes (166 msec) were expected to be
perceptually more salient and thus easier to differentiate. In prior work, older children with
dyslexia have performed poorly in this rhythm discrimination task irrespective of whether Short
or Long Duration changes disrupted the rhythm (Huss et al., 2011; Goswami et al., 2013a).
Whether this would be the case with younger participants is unknown.

To assess rhythm production, children completed a metronome tapping task that
measured their ability to produce finger taps synchronised to a metronome beat. Following our
prior work in dyslexia, both the rhythm discrimination and metronome tapping tasks were
organised around a frequency of 2 Hz (a beat rate of 500 msec; Goswami, 2019, for review).
Selection of a beat rate of 2 Hz was thought most likely to reveal group differences between AR
and NAR pre-readers, given prior neural data suggesting that the dyslexic brain may not set up a

reliable internal representation of rhythmic inputs organised around a 2 Hz rate (Colling, Noble
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& Goswami, 2017; Molinaro, Lizarazu, Lallier, Bourguignon, & Carreiras, 2016; Power, Mead,
Barnes & Goswami, 2013; Power, Colling, Mead, Barnes, & Goswami, 2016).

Children had also completed non-word repetition, vocabulary size, and letter knowledge
tasks. Non-word repetition has proved a reliable measure of phonological sensitivity with
younger children. Letter knowledge is a task that assesses children’s reading readiness since
letter knowledge scores are known to be a strong predictor of later reading development (Byrne,
1998; de Jong & van der Leij, 1999; Edwards, Beckman & Munson, 2004; Hulme et al., 2007;
Lervag et al., 2009; Schatschneider, Fletcher, Francis, Carlson, & Foorman, 2004; Snowling,
Chiat & Hulme, 1991). Finally, vocabulary was assessed as a measure of general individual
linguistic proficiency, which is related to reading outcomes but not a characteristic cognitive
deficit associated with dyslexia.

Our predictions were based on TS theory and prior data with older children. First, with
regards to the at-risk vs. not at-risk group comparisons, we predicted impaired performance for
the at-risk children in both measures of rhythm perception and production. This prediction was
made as prior studies using the same rhythm discrimination and metronome tapping tasks with
older children have shown impaired performance by those with dyslexia in both measures
(Thomson & Goswami, 2008; Huss et al., 2011). Second, for the correlational and regression
analyses comprising our entire sample, we predicted significant relationships between individual
differences in the two rhythm measures and the phonological sensitivity and reading readiness
measures. This prediction was made as correlations between rhythm and phonology and reading
measures have been found with similar samples of older children (Thomson & Goswami, 2008;
Huss et al., 2011; Goswami et al., 2013).

Method

11
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Participants

All children were originally recruited to participate in the longitudinal project [blind for
review| at the age of 5 months and were included in this particular cross-sectional study based on
their availability to visit the lab at the age of 4 years. This study was approved by the [blind for
review| Human Research Ethics Committee (approval: H9142, title: [blind for review]). Fifty-six
children were included (26 female, M age = 48 months, SD = .43 months). Out of this total
sample, 55 children contributed data for the language related tasks and the metronome tapping
task, and 45 children contributed data for the rhythm discrimination task. The differences in
sample sizes were due to individual children’s failure to contribute analysable data for both
experimental tasks (see Procedure for individual tasks below for further detail). The samples

included in the analyses for each task and across tasks are reported in Table 1.

Table 1. Sample sizes of the NAR and AR groups included in the group comparisons for the
rhythm discrimination, metronome tapping, and language related tasks; and in the correlational

and regression analyses across tasks.

Task and Planned Statistical Analyses NAR AR Total
Rhythm discrimination (group comparisons) 26 19 45
Metronome tapping (group comparisons) 29 26 55
Non-word repetition, vocabulary, and letter knowledge (group 29 26 55
comparisons)

Rhythm discrimination, non-word repetition, vocabulary, and letter 25 18 43

knowledge (correlation analyses)

12
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Metronome tapping, non-word repetition, vocabulary, and letter 29 26 55
knowledge (correlation analyses)
Metronome tapping, non-word repetition, vocabulary, and letter 29 26 55

knowledge (regression/mediation analyses)

All children were growing up in English-language dominant families. Children’s
allocation to the AR and NAR groups was based on their parents’ existing dyslexia diagnoses
and/or performance on a comprehensive screening battery that included language, reading, and
cognitive tasks, which they completed at the start of the [blind for review] project when their
children were 5 months of age. Using this screening battery, a child was allocated to the AR
group if one of their parents (1) obtained a score of 1.5 SD below the average in a measure of
word or non-word reading and in at least two of the following tests — oral reading (accuracy,
fluency, and rate), spelling, Rapid Picture Naming (RAN), and digit span, (2) indicated history of
experiencing reading difficulties in childhood, and (3) obtained an average score (within .5 SD
from the standardised mean) on a measure of non-verbal IQ. Of the 26 AR children, 11 had a
parent with a previous formal diagnosis of dyslexia, and 17 had a parent who screened as
dyslexic on our battery (in the case of three parents, this was in addition to the dyslexia
diagnosis). Only one child was included for whom neither parent had a diagnosis nor screened as
dyslexic, but in this case the child had two biologically-related older siblings with a formal
diagnosis of dyslexia. A child was allocated to the NAR group if both their parents obtained
scores within .5 SD from the average on all screening tests. Detailed information about parents’
screening performance is presented in Authors (b) and summarised here in Appendix A.

Maternal education was used as a proxy for the families’ socio-economic-status. The median

13
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education level was a university degree, and it did not differ between mothers of children in the
at-risk and not at-risk groups (Kolmogorov-Smirnov Z = .443, p = .990).

Children’s non-verbal 1Q was measured as part of the longitudinal study’s test battery at
the age of 3 years using the Fluid Reasoning Object Series/Matrices sub-test in the Routing Non-
Verbal Domain of the Stanford-Binet Intelligence Scales-5" Edition (Roid, 2003), and it was
confirmed that children’s non-verbal IQ was within the normal range. Independent-samples ¢-
tests comparing IQ scores between the two groups were not significant, #(53) = 1.905, p = .060, d
=523 (NAR M =11.31,8D=2.48; AR M=10.19, SD = 1.77).

Rhythm Discrimination Task

Stimuli and apparatus. The stimuli and procedure for this task are identical to Goswami
et al. (2013a) who used an adaptation of the Perception of Musical Meter task originally
developed by Huss et al. (2011).

The auditory stimuli consisted of 48 rhythmic musical sequences that mixed accented and
non-accented sounds. The sequences comprised sounds that were generated using a Sibelius
Version 4 from a sound set produced by Native Instruments (Kontakt Gold) (Huss et al., 2011).
The individual sounds were sampled from a vibraphone, sounded like naturally produced
musical notes, and had an underlying pulse rate of 500 msec and an identical pitch (G, 392 Hz).
Half of the sequences were constructed in 3/4 time and half in 4/4 time. This variation was
introduced to maintain children’s attention to the subtle changes in the stimuli throughout the
task. The duration of the sequences ranged from 4.8 to 6.4 seconds (M = 5.6 seconds, SD = .74).
Each sequence had one repeating accentuated sound every 2, 3, 4 or 5 notes per bar, created by
increasing its intensity by 5dB. The change in the rhythm structure of each ‘Different’ sequence

was created by elongating this accentuated sound by 100 msec or by 166 msec.
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The 48 sound sequences were used to create 24 experimental trials. In each trial, a child

heard two sequences and was required to indicate whether they were the same or different.

Twelve trials contained two identical sequences (Same trials). Twelve trials contained two

different sequences (Different trials). In the Different trials, the sequences were identical except

for their rthythm structure determined by the elongation of the accentuated sound (see above). In

6 Different trials, the sound was elongated by 100 msec (Short Duration change) and in 6 trials

by 166 msec (Long Duration change). The Different trials using 166 msec elongation were

expected to be easier, as the longer accented sound should be perceptually more salient. Figure 1

depicts the structure of a Different trial used in the task. The sound stimuli used in each trial are

available for download at [blind for review].
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Figure 1. Sample auditory sequences of a Different trial of the rhythm discrimination task

comprising 3 notes per bar. The two sequences are constructed in 3/4 time. The second sound in
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both sequences is accentuated (>), and in Sequence 2, it is repeatedly elongated by 166 msec

(Long Duration change), creating the difference in rhythm structure between Sequences 1 and 2.

The stimuli were embedded into a child-friendly interface designed in Matlab and
presented on a Windows laptop computer. The auditory stimuli were presented over
loudspeakers located to the right and left sides of the computer screen. A volume level that was
clearly audible and comfortable for the participants was determined during piloting, and it was
kept identical for all participants. The visual interface consisted of two pairs of circles presented
side by side (each circle approximately 100 x 100 pixels in size, pairs displayed on the right and
left sides along the horizontal plane on the screen). In one pair, the circles were identical in size
and colour, and in the other pair, the circles were identical in size, but differed in colour.

Procedure. During the task, the child sat at a desk facing the laptop computer. An
experimenter sat next to the child and controlled the stimuli presentation and recorded the child’s
responses using a computer mouse. Children were instructed to point to the two circles that
looked the same when they heard two sounds that sounded the same, and to point to the two
circles that looked different when they heard two sounds that sounded different. Children were
told that sometimes it would be difficult to tell the different sounds in a pair apart, but that they
had to pay attention and spot as many different pairs as possible. When children correctly
identified a difference (i.e., provided a ‘different’ response on Different trials), they received a
visual reward in the shape of a colourful sticker on the screen and a cheering sound. When they
failed to identify a difference correctly (i.e., provided a ‘same’ response on Different trials or a
‘different’ response on Same trials), they heard a sighing sound. Correct responses to the Same

trials did not trigger any feedback. The experimenter recorded the child’s responses by clicking
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on the circles using a computer mouse. The experimenter encouraged the child to attend to the
task but did not offer any feedback on their performance.

Given that children received feedback for correct and incorrect ‘different’ responses,
several children refused to continue the task after repeatedly hearing the sighing sound and
failing to collect any stickers for correct responses. Children with partial data were included in
the analyses (a minimum of 5 completed trials was required for inclusion, see Results for full
detail on the number of completed trials by AR and NAR children). Fourteen children failed to
contribute any analysable data as they refused to try the task or failed to complete at least 5 trials,
so they were excluded from the analyses (8 AR and 6 NAR).

Data analyses. Raw scores for this task consisted of the total correct responses that each
child obtained on each type of trial (Same trials, Short duration change Different trials, and Long
duration change Different trials). These raw scores were used to calculate two types of scores for
analyses. First, raw scores were converted to proportions of correct trials out of the total
completed trials of each type in order to account for individual differences in the total number of
trials completed by each child (see Procedure). Second, raw scores were used to calculate d
prime (d”) scores in order to capture precisely children’s ability to detect accurately the
differences between two sequences while controlling for potential individual biases to ‘same’ or
‘different’ responses. These d’ scores were computed as the difference between children’s
correct responses on Different trials (hits) and incorrect responses on Same trials (false alarms).
The hit and false alarm raw scores were transformed to z-scores to compute the d’ (d’ = z(hits) —
z(false alarms)).

Metronome Tapping Task

17
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Stimuli and apparatus. This task is a simplified version of the Expressive Rhythm:
Metronome task used by Thomson and Goswami (2008). A 20-second string of pure tone 10
msec events produced at the rate of 2 Hz was used as the auditory stimulus. The string was
presented twice resulting in two experimental trials. Presentation software (Version 0.92,
www.neuro-bs.com) was used to present the stimuli over loudspeakers (same volume settings as
described above), and children produced their taps by pressing the Space bar on a computer
keyboard.

Procedure. Children sat a desk next to an experimenter, with a computer keyboard on the
desk in front of them. First, children completed a familiarisation phase in which they were asked
to tap their index finger on the desk together with the experimenter. Then, they were asked to
repeat the tapping, this time using the computer keyboard. The experimenter specifically focused
on reminding children that they had to tap at the same time as she did, and that they should press
the button every time instead of holding it down. When the child was comfortable with the
procedure, they proceeded to the task in which the keyboard taps were recorded as input by the
software. Four children were excluded from analyses for this task for failure to contribute
analysable data as they refused to complete the task or could not understand the instructions
during the familiarisation phase (2 AR and 1 NAR).

Data analyses. In order to include only taps that were preceded and followed by
metronome events, the first and last taps were removed from the sequence, and as a result only
taps that could be synchronised to the metronome events were analysed. Two measures were
extracted for this task in order to enable comparison to earlier tapping studies (Colling et al.,
2017; Corriveau & Goswami, 2009; Cumming et al., 2015). First, a synchronisation score was

calculated for each child’s performance on each trial. These scores capture the absolute distance
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in msec of each tap produced by the child from the expected tap rate (Inter-Tap-Interval, ITI;
every 500 msec following the metronome rate), and they were computed as the |(median ITI-
500)|. Given that the resulting scores could not be negative, and this resulted in a skewed
distribution, the scores were log transformed. In addition, +1 was added to each score before the
transformation to avoid infinite values, and +6 was added after the transformation, so that all the
final scores would be positive. Hence, the synchronisation scores ranged from 0 to 6, and they
were averaged across the two trials completed by each child. Therefore, a score of 6 denoted that
a child’s median ITIs were identical to the rate of the metronome (every 500 msec), and lower
scores denoted how far the child’s medians were from the metronome rate, with 0 being the
furthest. The second measure consisted in calculating the standard deviation (SD) of the ITIs for
each trial completed by each child as an index of inter-subject variability in performance. This
score captures the consistency of the rates of the taps produced by each child independently of
whether these rates were close to the target rate of the metronome (i.e. a high synchronisation
score) or far from it (i.e. a low synchronisation score).

Non-word repetition, vocabulary, and letter knowledge tasks

Children also completed tasks assessing non-word repetition, vocabulary size, and letter
knowledge. The non-word repetition task was completed during a visit to the lab prior to the rest
of the tasks, children were 3 years 6 months when they completed this task.

Non-word repetition. The experimental measure of non-word repetition used here is
designed for use with children between 2 and 3 years of age (Authors, c). In this task, children
were introduced to a hand puppet, and told that the puppet was an alien from a different planet
who spoke an alien language. Children were then asked to learn some of the words of the alien

language by repeating them after the puppet. While the experimenter manipulated the puppet, the
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stimuli were played over loudspeakers. The task included four practice items, and 16 test items.
The test items were split into three categories: 1-syllable (6 items), 2-syllables (6 items), and 3-
syllables (4 items). The full list of items is presented in Appendix B. Each item was presented
twice before the child was asked to respond. If the child failed to respond, they were given the
opportunity to attempt the trial one more time. In this case, the experimenter said, “That was a
hard one to say, have another go”, and the item was presented again (presented twice as on the
first attempt). If the child produced an incorrect repetition on the first attempt, they proceeded to
the next trial. The experimenter coded whether the child’s production of the word matched or
mismatched its target form and wrote down the exact production by the child. Only identical
repetitions were coded as correct. The numbers of first attempt correct, second attempt correct,
total correct, total incorrect, and missing responses were computed. The proportion of total
correct responses out of the total attempted items was used for analyses.

Vocabulary. The Knowledge Vocabulary sub-test in the Routing-Verbal Domain of the
Stanford-Binet Intelligence Scales-5" Edition (Roid, 2003) was administered. This test assesses
children’s receptive and expressive vocabulary skills. In the receptive vocabulary items, children
hear a word and are asked to point to its referent on a picture (or on themselves in case of body
parts), and in the expressive vocabulary items, children hear a word and see its image and are
asked to provide the word’s definition. A single scaled score (M = 10; SD = 3) computed based
on the combination of receptive and expressive vocabulary test items was calculated for each
child and used for analyses.

Letter knowledge. The letter knowledge section from the Early Reading Skills subtest of
the Wechsler Individual Achievement Test, WIAT III (Wechsler, 2009) was used. In this test,

children were shown a booklet depicting letters from the alphabet and were asked to name the
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letters and find the letters named by the experimenter. This section consists of 13 items, and each
child received a score of 1 for a correct response on each item, so the total scores could range
from O to 13.
Results

Planned Statistical Analyses

The data from the rhythm discrimination, metronome tapping, non-word repetition,
vocabulary, and letter knowledge tasks were subject to two types of analysis to address our
hypotheses regarding group differences and inter-task correlations. First, NAR and AR
performance was compared for each task using z-test analyses and Analyses of Variance
(ANOVA) in order to assess the effects of children’s risk status on rhythm discrimination,
metronome tapping, non-word repetition, vocabulary, and letter knowledge. Given that two
scores were calculated for each rhythm task capturing different aspects of children’s performance
(rhythm discrimination: proportion scores and d’ scores; metronome tapping: synchronisation
score and Median ITI), the group comparisons were conducted separately for each score. Second,
correlational followed by regression analyses were used to assess task associations for the entire
sample. First, correlations between each rhythm task and the non-word repetition, vocabulary,
and letter knowledge tasks were assessed. Second, the results of these correlational analyses
were used to identify the variables of interest for a subsequent hierarchical linear regression
analysis that aimed to test directly the extent to which children’s rhythm skills were uniquely
associated with performance in the early measure of reading readiness (letter knowledge).
Rhythm Discrimination Task

This task was used to assess children’s rhythm perception abilities. TS theory would

predict an overall group difference, with better thythm perception for the NAR group. The
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analyses in this section include data from 43 children (Table 1). Given that children could
contribute partial data to this task, the number of completed trials was first compared across the
NAR and AR groups. Children in the NAR group (M = 23.46, SD = 2.74, range 10 to 24)
completed significantly more trials than children in the AR group (M = 17.84, SD = 8.5, range 5
to 24), #(43) = 3.156, p = .003, d = .963. Critically, all subsequent analyses of children’s
performance in this task employed proportion and d” scores. As described in the Data Analysis
section for this task, the computation of proportion and @’ scores took into consideration the
number of trials completed by each child, so it is not the case that NAR children had higher
scores because they completed more trials (as would be the case if raw scores were analysed)!.
For completeness, the Online Supplementary Materials present additional analyses of the relation
between the number of trials completed by children and their performance in this task.

First, group performance for proportion correct across the three types of trials was
assessed using a repeated-measures ANOVA with Trial Type (Same, Short duration change
different, Long duration change different) as the within-subjects factor and Group (NAR, AR) as
the between-subjects factor. There was no main effect of Trial Type, F(2, 86) = 2.549, p = .084,
7°p = .056, but a main effect of Group, F(1,43) =5.402, p=.025, ’p =.112, and no Trial Type
by Group interaction, F(1, 43) = 1.195, p =.308, n’p =.027. Across trial types, AR children

provided lower proportions of correct responses than NAR children (Figure 2).

"'In order to further test this possibility, we compared the proportion of correct responses
produced by NAR and AR children in the first 5 trials, which was the minimum number of trials
completed by a child on this task. NAR children (M = .577, SD = .207) obtained higher scores
compared to AR children (M = .453, SD = .239). This difference did not reach statistical
significance, #43) = 1.866, p = .069, likely due to the inclusion of such a reduced number of
trials for all participants, but it yielded a medium effect size, Cohen’s d = .563.
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Figure 2. Proportion of correct responses on trials completed by children in the AR and NAR
groups in the rhythm discrimination task (the internal large circles represent the Mean, the

internal line represents the Median, and the hinges extend to the first and third quartiles).

Second, group performance was assessed using d” scores, which in addition to capturing
children’s overall success in the task also controlled for potential individual biases to ‘same’ or
‘different’ responses. Given that the analysis above did not yield a significant effect of
elongation for different trials (Short duration change vs. Long duration change), these data were
collapsed here. An independent-samples #-test confirmed the significant group difference in
performance; NAR children (M =.719, SD = 1.01) obtained significantly higher d’ scores
compared to AR children (M =-.137, SD = 1.72), #(43) = 2.035, p = .048, d = .621.
Metronome Tapping Task

This task was used to assess children’s rhythm production abilities. TS theory would

predict an overall group difference, with better thythm production for the NAR group. The
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analyses in this section include data from 55 children (Table 1). The synchronisation scores and
standard deviations (SD) for the inter-trial-intervals (ITIs) for children in the NAR and AR
groups are presented in Figure 3. The average synchronisation score in the NAR group was 2.71
(8D =1.04) and 2.52 (SD = 1.12) in the AR group, and an independent-samples ¢-test comparing
these scores was not statistically significant, #(53) =.675, p =.503, d = .185. As can be seen in
Figure 3, children in the AR group produced taps that varied to a greater extent than children in
the NAR group, but the #-test comparing the ITI SDs between groups was not statistically

significant, #(52) =-.82, p = 418, d = .227.
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Figure 3. Metronome tapping performance for children in the AR and NAR groups. The
synchronisation scores are displayed on the left panel and standard deviation (SD) for the inter-
trial-intervals (ITI) on the right panel (the internal large circles represent the Mean, the internal

line represents the Median, and the hinges extend to the first and third quartiles).
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Non-word Repetition, Vocabulary, and Letter Knowledge Tasks

The non-word repetition, vocabulary, and letter knowledge tasks were used to assess
children’s phonological sensitivity, linguistic proficiency, and reading readiness, respectively.
The analyses in this section include data from 55 children (Table 1). Table 2 presents NAR and
AR children’s scores for the non-word repetition, vocabulary, and letter knowledge tasks and the
results of independent-samples z-tests comparing group performance. Children in the NAR group

significantly outperformed children in the AR group in all these tasks.

Table 2. Mean (SD; range) scores for the non-word repetition, vocabulary, and letter knowledge

tasks, and independent-samples t-test (df = 53) analyses comparing performance in the NAR and

AR groups.

NAR AR t p d

Non-word repetition 61! 47 2.442 017 671
(.21; .19-.94) (.23; 0-.81)

Vocabulary 11.212 9.65 2.398 .020 .659
(2.21; 8-19) (2.59; 3-15)

Letter knowledge 6.21° 3.96 2.148 .036 590
(3.76; 1-13) (3.99; 0-13)

"Proportion correct score; 2standardised test score (M = 10; SD = 3); *raw score out of 13.
Relations between Rhythm Tasks, Non-word Repetition, Vocabulary, and Letter
Knowledge
TS theory would predict significant relations between individual differences in the
rhythm measures (rhythm discrimination and metronome tapping), phonological sensitivity (non-
word repetition) and reading readiness (letter knowledge). First, correlational analyses were
conducted to assess the relationship between rhythm discrimination performance (d’ scores),

metronome tapping performance (synchronisation scores) and non-word repetition, vocabulary,
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and letter knowledge scores for the two groups of children combined (see Table 3). Given that
not all scores were normally distributed, Spearman correlations are reported. The correlations
involving metronome tapping scores were conducted on data from 43 children, and the
remaining correlations were conducted on data from 55 children. Additional correlational
analyses were conducted separately for the AR and NAR sub-groups, and these results are

reported in the Online Supplementary Materials.

Table 3. Spearman correlation analyses for children’s rhythm discrimination, metronome

tapping, non-word repetition, vocabulary, and letter knowledge scores. (*p<.05, **p<.01)

Rhythm Non-word Vocabulary Letter
discrimination repetition knowledge
Metronome -221 318* 266* 304%*
tapping
Rhythm -.056 054 -.018
discrimination
Non-word 337* A448%*
repetition
Vocabulary 388**

Inspection of Table 3 shows that, contrary to prediction, individual differences in
children’s rhythm discrimination performance did not show significant relations with their non-
word repetition and letter knowledge scores, nor with metronome tapping. A relation between
rhythm discrimination and metronome tapping was also absent. However, children’s metronome
tapping scores were significantly related to non-word repetition, letter knowledge and vocabulary

scores (all p-values < .05). These significant relations are plotted in Figure 4.

26



RHYTHM PERCEPTION AND PRODUCTION IN DYSLEXIA

Group Group
* AR

4 NAR

® AR
4 NAR

Synchronisation score
I w
Synchronisation score
I w
Synchronisation score
I w

10 15

ZI’, 50 7 0 5 0
Non-word repetition Vocabulary Letter knowledge

Figure 4. Significant relations between NAR and AR children’s performance in the
metronome tapping task and non-word repetition (left), vocabulary (center), and letter
knowledge (right) (regression lines represent linear model fits, and Standard Error is shown by

the shaded area).

Relations between Children’s Rhythm Production and Reading Readiness

Next, regression analyses were conducted in order to assess whether children’s rhythm
production skills predict their emerging literacy skills over and above the variance explained by
their phonological sensitivity. A series of regression models were conducted to assess the unique
variance explained by metronome tapping scores in children’s non-word repetition, letter
knowledge, and vocabulary scores. Rather than report each model here, these results can be
found in the Online Supplementary Materials. As can be seen in Table SI 2, even though
metronome tapping was significantly correlated with vocabulary, when entered into a linear
regression model controlling for non-word repetition, it no longer accounted for significant

variance in individual vocabulary scores. Given this result and our prediction that children’s
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rhythm abilities would relate to phonological sensitivity and reading readiness only, vocabulary
was not included in the regression model presented here.

This linear regression model was constructed with letter knowledge as the dependent
variable, and independent variables non-verbal IQ (Step 1), non-word repetition (Step 2), and
metronome tapping score (Step 3). The resulting model accounted for a significant 20.1% of
variance (see Table 4). Children’s non-word repetition was a significant predictor of their letter
knowledge, but their metronome tapping score was not. The standardised coefficients and model
fit were identical when metronome tapping was entered at Step 2, indicating that these results are

not influenced by the order of the predictors.

Table 4. Results of the fixed-order linear regression model with non-verbal 1Q, non-word
repetition, and metronome tapping score as the predictor variables and letter knowledge scores

as the dependent variable

Model fit: R? = .201, F(3, 50) = 5.434, p = .003

R’ B SE t p
change
Step 1: IQ - 128 232 1.012 316
Step 2: Non-word  .164 362 .023 2.753 .008
repetition
Step 3: Metronome .026 172496 1.312 195
tapping

Taken together, these regression analyses indicate that non-word repetition scores act as a
mediator of the observed relation between metronome tapping and letter knowledge performance
observed in the full sample of 55 children. Theoretically, this may reflect a developmental
pathway in which rhythmic processing is one determinant of a child’s phonological sensitivity as

measured by non-word repetition, with individual differences in phonological sensitivity then
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determining early reading readiness skills, such as letter knowledge. To test this possibility, a
mediation analysis was conducted using the PROCESS macro in SPSS (Hayes, 2019). The
mediation model was specified with letter knowledge score as the outcome variable, metronome
tapping score as the predictor variable, and non-word repetition score as the mediator variable.
The model is summarised in Figure 4. As shown, the standardised regression coefficients
between metronome tapping scores and non-word repetition, and non-word repetition and letter
knowledge were significant, but this was not the case for the effect of metronome tapping scores
on letter knowledge (.722, shown in parenthesis in Figure 4), which reflected the findings of our
regression model (Table 4). The mediation analysis yielded an indirect effect of .472, and its
statistical significance was confirmed using bootstrapping procedures showing that its
confidence interval ranged from .068 to 1.074. The indirect effect is the product of the
coefficients of the two independent effects, and it captures the full mediation pathway
(metronome tapping to non-word repetition to letter knowledge). These results indicate that
while the temporal accuracy of children’s tapping synchronisation as measured by the
metronome tapping task was significantly related to their emerging literacy skills, this
relationship was mediated by children’s phonological abilities as measured by the non-word

repetition task.
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Non-word
repetition
7.037* 067**
Metronome N Letter
tapping knowledge

1.195% (.722)

Figure 4. Regression coefficients for the mediation analysis (the coefficient for the relation of
metronome tapping and letter identification controlling for non-word repetition is shown in

parenthesis); p <.02*, p <.01%*,

Discussion

The present study set out to investigate rhythm perception and rhythm production
abilities in children aged 4 years who were either at family risk (AR) for developmental dyslexia
or not at-risk (NAR), by using rhythm discrimination and metronome tapping tasks that were
previously used with older children with developmental disorders of language (Corriveau &
Goswami, 2009; Cumming et al., 2015; Flaugnacco et al., 2014; Goswami & Thomson, 2008;
Goswami et al., 2013a; Huss et al., 2011). On the basis of TS theory and these prior studies, we
predicted that the AR children would show significantly poorer performance in both these tasks
assessing rhythm perception and production abilities, and that individual differences in these
tasks in the whole sample of participants would be significantly associated with the measures of
phonological sensitivity and reading readiness.

For the rhythm discrimination task based on musical events, which has not previously

been administered to 4-year-olds, as predicted, the AR group showed significant impairments.
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Firstly, AR children completed significantly fewer trials in this task compared to the NAR
children. In the group analysis of d” sensitivity, which accounted for the differences in the
number of trials completed by individual children, the AR group showed significantly less
accurate rhythm perception than did NAR children, which is consistent with data from older
dyslexic children (Huss et al., 2011; Goswami et al., 2013a). Secondly, accuracy in the AR group
was not affected by whether the Different rhythm trials depended on a Short Duration change or
a Long Duration change, again consistent with data from older dyslexic children for age-matched
comparisons (Huss et al., 2011; Goswami et al., 2013a). Contrary to expectation, however,
individual differences in rhythm discrimination performance within our sample were not related
to performance in the non-word repetition or letter knowledge tasks. This is inconsistent with
findings from samples of older children speaking English or Italian (Cumming et al., 2015;
Flaugnacco et al., 2014; Goswami et al., 2013; Huss et al., 2011). All prior studies with English-
speaking children have found significant relations between individual differences in rhythm
perception as measured by the current task, reading and phonological awareness, although not
with vocabulary. However, the children in those studies were considerably older than the 4-year-
olds in this sample, namely 9 years (Huss et al., 2011; Cumming et al., 2015), 11 years
(Goswami et al., 2013a), and 8 - 11 years (Flaugnacco et al., 2014). Accordingly, it is possible
that this particular rhythm perception measure lacks sensitivity for younger participants.

To investigate this possibility post-hoc, we examined individual responding (proportion
correct) for children in each group. In the NAR group, 22 out of 26 children responded correctly
on more than 50% of trials they completed, binomial test p = .001. This suggests that the task is
not too difficult for NAR 4-year-olds. For the AR group, however, only 8 out of 19 children

responded correctly on more than 50% of trials they completed, binomial test p = .648. Hence as
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a group, the AR children were at chance in the rhythm discrimination task. Taken together with
the finding that it was significantly more challenging for AR children to proceed through all the
trials of the task, the chance level performance characterising this group makes it less surprising
that the hypothesised relations between rhythm perception, phonological sensitivity and reading
readiness were not significant. It is possible that, if the task were to be re-administered when the
children are older and are performing above chance, significant relations with reading and
phonology may emerge.

In the metronome tapping task, where similar rhythmic synchronisation tasks involving
tapping or drumming have been used previously with typically-developing children of this age
group (Rios-Lopez et al., 2017, 4-year-olds; Woodruff Carr et al., 2014, 3-4 year-olds), the AR
children did not show a group-level impairment compared to the NAR children. This was
contrary to our hypothesis, but of course not all the AR children may later turn out to qualify for
a diagnosis of developmental dyslexia. Indeed, visual inspection of Figure 3 shows that
individual metronome tapping scores were widely dispersed within each group, with higher
variability in the AR group. Individual differences in tapping to the beat were significantly
related to all the outcome measures administered at around 4 years for the full sample, namely
vocabulary development, non-word repetition, and letter knowledge. Figure 4 depicts the
scatterplots in each case. However, the mediation analysis suggested that the overall
developmental picture was that rhythm production related to phonological sensitivity and
phonological sensitivity related to the reading readiness measure (letter knowledge). It can be
noted that significant relations between beat synchronisation (tapping or drumming in time with

a beat), letter name knowledge and phonological awareness have been reported in similar studies
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relying only on typically-developing samples (Rios-Lopez et al., 2019; Woodruff-Carr et al.,
2014).

The rhythm discrimination and the metronome tapping tasks used here employed a 2 Hz
beat rate. The frequency of 2 Hz has been hypothesised to be an important periodic structure
across human languages (based on the timing of stressed syllables, see Goswami et al., 2013a, b)
to which the infant brain may synchronise during linguistic processing. Indeed, there is evidence
that a beat rate of 2 Hz may be biologically privileged for human behaviour. For example, in
speech, stressed syllables occur at approximately 500 msec intervals across languages (Dauer,
1983), and when mothers sing “playsongs” such as lullabies to their infants, the average tempo is
498 msec (~2 Hz; Trainor, Clark, Huntley, & Adams, 1997). Spontaneous applause that is
rhythmically synchronised also converges on a similar (493 msec) average (~2 Hz; Neda,
Ravasz, Brechet, Vicsek, & Barabasi, 2000). Developmentally, McAuley et al. (2006)
demonstrated that children aged 8 years and above show spontaneous tapping rates centered
around 500 msec. Biologically, these convergent findings may suggest that an underlying beat
rate of 500 msec emerges because of physiological factors, possibly related to neural
synchronisation to acoustic inputs such as rhythmic speech or music. It is notable that speech
directed to infants emphasises this temporal rate, showing a modulation peak at 2 Hz, whereas
speech directed to adults peaks at 5 Hz (Leong, Kalashnikova, Burnham, & Goswami, 2017).
Temporal modulations (amplitude modulations) at ~2 Hz also sit at the apex of the prosodic
hierarchy of stress feet, syllables, onset-rime units and phonemes, as demonstrated via computer
modelling of nursery rhymes (Leong & Goswami, 2015). It is thus plausible that neural

synchronisation at this pulse rate may be impaired in developmental disorders of language such
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as dyslexia (Goswami, 2019). Accordingly, remedial rhythmic programs for young children with
developmental disorders of language are likely to be of benefit developmentally.

Indeed, a number of remedial programs that included tapping synchronisation practice
have produced positive results regarding improvements in phonological awareness (Degé &
Schwarzer, 2011; Bhide et al., 2013, Flaugnacco et al., 2015; Ozernov-Palchik et al., 2018). The
most recent of these studies showed an advantage for metrically organised rhythmic patterns
(temporal patterns with an underlying isochronous grid) over non-metrical sequences, even
though the latter were hypothesised a priori to be more characteristic of speech rhythmic
structure, which is only quasi-rhythmic (Ozernov-Palchik et al., 2018). On the other hand,
according to TS theory, it is precisely the experience of linguistic input with relatively
isochronous metrical patterning, such as infant-directed speech (Leong et al., 2017) and the
rhythmic routines of the nursery (hand clap games and nursery rhymes, see Leong & Goswami,
2015), that support early language acquisition. Isochronous routines provide a metrically-
organised scaffold of acoustic landmarks to which the infant brain can entrain (see discussions in
Goswami et al., 2013b; Cumming et al., 2015; Richards & Goswami, 2019). Once this scaffold is
in place, typically during the first year of life, then the neural temporal prediction system can
begin to learn the non-metrical rhythmic patterning that is more characteristic of natural
language and its quasi-rhythmic nature. One way to explore these temporal rate and isochrony
issues in more depth would be to contrast the effects on children’s phonological awareness of
general musical remediation (e.g., Slater et al., 2014) with remediation focused specifically on 2
Hz rhythms versus other rhythms, along with remediation focused specifically on metrically-

structured language (see Bhide et al., 2013).
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The current study had a number of limitations. In particular, it is unfortunate that our
testing schedule in the children’s fourth year in the ongoing longitudinal project did not enable a
test of phonological awareness. However, non-word repetition has also been used as a
phonological sensitivity measure in other rhythm-based studies with children at this age (Moritz
et al., 2013). We do note that even though non-word repetition scores were significantly
correlated with children’s rhythm production as predicted, children overall showed low
performance on this task (around 60% for NAR children). This confirms that assessing
phonological sensitivity and phonological awareness is challenging in young children, so it will
be critical to assess these skills again when this sample becomes older. A second limitation is
that children were not encouraged to continue until the end of the rhythm discrimination task.
The AR children found this task difficult, and some were discouraged by the lack of positive
feedback, refusing to complete the task. Given that the typically-developing children were able
to complete the task, in future work the task could be adapted to include motivators every few
trials. Finally, the sample size of 55 children could be increased in future studies. Longitudinal
studies by their nature cannot change the sampling once the study has commenced, but it is
notable that some recent studies of thythm synchronisation in slightly older children have had
larger samples than the current study (Bonacina et al., 2018, 5 — 7 year-olds, N = 64), while
studies with 4-year-olds have had similar samples (Anvari et al., 2002, 4-year-olds, N = 50; Rios-
Lopez et al., 2017, 4-year-olds, N = 43; Woodruff Carr et al., 2014, 3-4 year-olds, N = 35).
Conclusion

This study investigated rhythm perception and production abilities in children at-risk and
not at-risk for dyslexia at the age of 4 years, one year before they began formal education and

reading instruction. In line with previous studies involving older children with dyslexia, risk
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status affected rhythmic abilities, with at-risk children showing significantly poorer rhythm
perception compared to the not at-risk controls. Analyses that included the entire sample of
children demonstrated that individual differences in rhythm production significantly predicted
individual reading readiness abilities over and above the variance explained by early
phonological sensitivity. Specifically, phonological sensitivity mediated the relation between
rhythm and reading readiness. The developmental pathway demonstrated in this study is
consistent with Temporal Sampling theory, which provides a mechanistic framework that
accounts for these relations between rhythm, phonology, and reading-related skills. As our
participants are now entering school, in the future we will be able to assess whether the rhythm
discrimination and rhythm synchronisation tasks used here are predictors of their later reading

acquisition.
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Appendix A

AR parent with | AR parent NAR parents
dyslexia without
dyslexia
TOWRE'- Word reading | 87.00 (7.36)*" | 108.05 (12.38) | 108.37 (12.37)

subtest

TOWRE!- Non-word
reading subtest

81.37 (13.41)
ab

102.25 (14.69)

110.94 (8.95)

WIAT III? - Spelling
subtest

83.58 (17.63)
ab

103.65 (8.20) ¢

111.81 (3.88)

WIAT III? - Oral reading
fluency

85.00 (11.69)
ab

104.35 (8.95)

106.50 (3.88)

WIAT III? - Oral reading
accuracy?2

81.78 (19.93)
ab

99.05 (14.49)°

108.88 (11.29)

WIAT III? - Oral reading
rate2

91.00 (27.37)
ab

104.05 (9.04)

105.37 (8.21)

Woodcock-Johnson? -
RAN

90.63 (7.12)°

99.05 (13.63)

101.75 (13.45)

WAIS* - Digit span

8.63 (2.81)°

10.00 (2.59)

11.12 (2.56)

WAIS* - Non-verbal 1Q
subtests

11.53 (2.62)

12.05 (3.06)

12.56 (2.19)

Parental scores on the screening battery to determine children” AR and NAR group allocation

ITest of Word Reading Efficiency (standardised score M = 100, SD = 15); *Wechsler Individual
Achievement Test (standardised score M = 100, SD = 15); *Woodcock-Johnson test
(standardised score M = 100, SD = 15); “Wechsler Adult Intelligence Scale (standardised score
M=10,SD =13)

One-way ANOVA with post-hoc Tukey tests: *AR with dyslexia < NAR; AR with dyslexia <

AR without dyslexia, ‘AR without dyslexia < NAR
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Appendix B

Items used in the non-word repetition task

Practice
Pemmie Nape Diff Metton
Test
Nuck Gick Dinnick Fean
Pame Gattom Katapet Pennell
Hom Baddep Suppennack Derappin
Sep Hammett Megatess Sallan
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