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Abstract

The present study explored longitudinal relations between musical abilities (discrimination,
auditory-visual connection) and precursor skills of reading (phonemic awareness, rapid naming,
phonological memory, phonemic fluency) in 6—7-year-old children starting primary school.
Eighty-five participants were assessed twice over the first school year to estimate the extent to
which longitudinal changes in musical and phonological processing are related at the initial
stages of formal reading and music instruction. Results of the repeated measures correlation
analyses revealed specific longitudinal associations among enhancements in auditory-visual
connection skills, pitch discrimination, and components of phonological processing. Moreover,
the development of melodic auditory-visual integration appeared to be a relevant indicator of
improvements in reading precursor skills. These findings might point to shared integration
mechanisms underlying musical and reading development in young readers, which possibly

originate in the emergent capability of prosodic reading.

Keywords: music education, musical abilities, precursors of reading, auditory-visual

integration, repeated measures correlation.
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Longitudinal associations between melodic auditory-visual integration and

reading precursor skills in beginning readers

Comparative studies on music-language relations are grounded in the notion that both
language and music rely on a complex set of auditory and cognitive functions, which allow the
encoding of basic acoustic parameters (i.e., duration, frequency, intensity, timbre) of sounds and
the integration of discrete sound units into hierarchical sequences according to syntactic rules
(Besson et al., 2011; Kraus & Chandrasekaran, 2010; Patel, 2003). Based on the acoustic
similarities of the two domains, it has been suggested that the processing of music and speech
draw on shared basic auditory mechanisms (Besson et al., 2011; Peretz & Coltheart, 2003).
Beyond music perception, the ability to process temporal and spectral auditory information
appears to be crucial for speech perception. Precise perception of rapid temporal and frequency
changes in the auditory stream enables the differentiation between distinct phoneme categories as
well as the segmentation of the speech stream into smaller perceptual units, such as words,
syllables, and phonemes (Corriveau et al., 2010; Ziegler et al., 2012). Despite the large body of
research with preschoolers and school-aged children, the role of domain-general auditory
mechanisms in the connection between music processing and phonological processes involved in
reading is still not clear. Moreover, little focus has been placed so far on examining how the
development of musical and phonological processing are linked in children starting formal
reading and music instruction. In the present study, we investigated the association between
musical abilities and phonological processing skills in 6—7-year-old children to better understand

the commonalities between music and language over the course of learning to read, with the
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ultimate aim to unravel parallels between training of musical abilities and the development of
linguistic skills.

A considerable amount of studies imply that components of musical abilities and
phonological processing skills (primarily phonological awareness) are connected in typically
developing preschoolers and school-aged children. These correlational studies, however,
provided diverse findings regarding the nature of relations, revealing global associations (Anvari
et al., 2002; Degé et al., 2015; Steinbrink et al., 2019) or specific relations of phonological
processing skills to either pitch-related (e.g., Bolduc & Montésinos-Gelet, 2005; Lamb &
Gregory, 1993; Lukacs & Honbolygd, 2019) or rhythm-related musical abilities (e.g., David et
al., 2007; Holliman et al., 2010; Moritz et al., 2013; Ozernov-Palchik et al., 2018). There is also
evidence for longitudinal links between training musical abilities and language development in
children. It has been argued that long-term engagement with music enhances low-level auditory
mechanisms in the music domain, including sensitivity to spectral and temporal parameters, that
are also relevant for the extraction of acoustic information from speech sound sequences (Besson
etal., 2011; McMullen & Saffran, 2004; Patel, 2008). It is plausible that enhancement in these
domain-general auditory mechanisms may further influence language development at the
cognitive level, leading to domain-specific improvements in phonological processing skills
(Besson et al., 2011; Moreno & Bidelman, 2014). Results of longitudinal studies indicate that
children participating in diverse music interventions demonstrate enhanced phonological
awareness, rapid naming skills (Degé & Schwarzer, 2011; Herrera et al., 2011; Linnavalli et al.,
2018; Patscheke et al., 2019), and verbal short-term/working memory capacity (Bolduc &
Lefebvre, 2012; Kaviani et al., 2014). The extent of the overall gain of music learning, however,
varies considerably across studies, suggesting that music instruction might have the potential to

enhance only specific aspects of phonological processing (Gordon, Fehd, et al., 2015).
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Based on the common auditory mechanisms underlying musical and phonological
processing, it has been proposed that phonological processing skills might mediate the
association between basic auditory processing and reading development (Corriveau et al., 2010;
Ozernov-Palchik et al., 2018). Phonological processing skills, such as phonological awareness,
rapid automatized naming, and phonological memory, are identified as robust indicators of
progress in reading acquisition (Melby-Lervag et al., 2012). Given the relevance of both pitch
pattern processing (Foxton et al., 2003; Ziegler et al., 2012) and auditory rhythm perception,
especially rise time sensitivity (Corriveau & Goswami, 2009; Goswami, 2011), for segmentation
and discrimination processes, basic auditory mechanisms might support the development of the
explicit awareness of the phonological structure (syllables, onsets, rhymes) and the manipulation
of speech sound units at the initial stages of word decoding. Therefore, training auditory
processing in the music domain may indirectly influence reading through promoting the learning
of the mappings between speech sounds and visual symbols as well as the efficient access to
phonological and lexical information in beginning readers (Gathercole & Baddeley, 1993;
Torgesen et al., 1994; Wagner & Torgesen, 1987; Wolf & Bowers, 1999).

Beyond the converging evidence for the mediatory role of phonological processing in the
connection between music processing and reading, there is also a line of research suggesting that
temporal and tonal auditory processing may be related to the development of fluent reading
through the acquisition of reading prosody. Reading prosody refers to the ability to read with
proper phrasing, intonation, and expression (Kuhn et al., 2010). Phrasing is mostly linked to the
rhythm of oral reading, i.e., the duration of syllables/words and pauses, enabling the
segmentation and grouping of the text into syntactically meaningful sequences (Cowie et al.,
2002; Kuhn et al., 2010). Intonation and expressivity are associated with the pitch modulations

and melody contour of the voice but involve other acoustic parameters, such as intensity and
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timbre, to emphasize phrase boundaries and convey additional implicit meaning about the text
(Godde et al., 2020). To define how the development of certain prosodic features is linked to
children’s emerging reading fluency, Miller and Schwanenflugel (2008) investigated reading
prosody development from first to second grade. Their results showed that beyond the
achievement of word decoding skills, the development of appropriate intonation contour
appeared as a robust indicator of later reading fluency. The placing of pauses did not predict
significantly fluent reading in third grade. Similar connections have been observed in other
studies (Clay & Imlach, 1971; Cowie et al., 2002; Schwanenflugel et al., 2004), suggesting that
the early development of reading intonation may be particularly important for the acquisition of
later fluent reading. However, it has been highlighted that children should achieve decoding skills
and fluency to a certain extent to allocate cognitive capacities to the appropriate prosodic reading
of texts (Schwanenflugel et al., 2004). It seems possible, therefore, that not only prosodic
development affects later reading fluency, but there might be reciprocal associations between the
acquisition of fluent and prosodic oral reading in schoolchildren.

Because empirical evidence stems from different age groups, the question arises whether
the relation of musical abilities to precursors of reading depends on children’s current stage of
musical, phonological, and reading development. The developmental aspect of music-language
associations is somewhat neglected in the literature, despite the fact that both music processing
and phonological awareness show accelerated development during the middle childhood years.
Besides the emerging sensitivity to larger phonological units (syllables, rhymes; Ziegler &
Goswami, 2005), children show considerable improvements in temporal and tonal auditory skills
(Gembris, 2006; Gooding & Standley, 2011) and increased sensitivity to tonality (Kenney, 1997)
and to the key and harmony structure of music without any formal instruction (Corrigall &

Trainor, 2009). Other phonological processing skills, such as the awareness of phonemes
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(Wimmer et al., 1991) and alphanumeric RAN relying on letter and digit knowledge (Torgesen et
al., 1994), are typically acquired through formal reading instruction. The ability to associate
musical notes with corresponding visual symbols may also begin to develop through formal
education (Miyamoto, 2007). Given that the development of certain abilities depends on explicit
instruction, it is possible that the associations between the different aspects of musical ability and
phonological processing might gain strength with reading and musical experience, leading to
developmental parallels at specific stages of their acquisition.

Research has been seldom conducted on whether the relationship between musical and
phonological development varies with children’s reading and musical experience. A study by
Forgeard et al. (2008) demonstrated that improvement in tonal processing and improvement in
phonemic processing were associated more in 6- to 7-year-old normal-reading children who
received 31 months of instrumental music training than children who received no training.
However, further evidence for such correlations at the initial stages of learning to read is still
lacking. Hence, the present study aimed at contributing to the current understanding of
longitudinal music-language associations by exploring potential parallels in the development of
musical abilities and reading-related skills in young readers receiving formal music instruction.
To address this issue, we examined how improvements in a set of musical abilities
(discrimination, auditory-visual connection) and several phonological processing skills
(phonemic awareness, RAN, phonological memory, phonemic fluency) are associated in children
aged 67 years who started their first year at primary school. We focused on first-grade students
to measure the development of phonological skills from the beginning of formal reading and
music instruction. Measurements were carried out at the beginning and end of the school year
with the same test battery to assess the strength of associations longitudinally over six months of

schooling. Participants received school music lessons according to the solfeggio-based Kodaly
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curriculum. According to the findings of Forgeard et al (2008) about the parallels in the
development of musical and phonological processing skills and results regarding the importance
of melody contour development in the acquisition of reading fluency, we predicted that specific
longitudinal associations would be observed between the improvement in pitch-related but not
rhythm-related musical abilities and the improvement in phonological processing skills in young

readers.

Materials and methods

This study is part of an ongoing four-year longitudinal research project (title: Active
Music Learning with singing and movement: methods and the investigation of their effects)
conducted in Hungary, which aimed to develop and implement two music pedagogical models in
primary school education (Lukacs et al., 2018) and follow children’s cognitive and neural
development from first to third grade (Maroti et al., 2018; Maroti, Honbolygé, & Weiss, 2019).
The study was performed in accordance with the Declaration of Helsinki and the study protocol
was approved by the United Ethical Review Committee for Research in Psychology (EPKEB) in
Hungary (approval number: 2016/062).
Participants

Initially, 103 children were recruited from four first-grade classes of three public primary
schools located in Budapest (capital city) and Gy6r (county seat in the north-western region),
Hungary. Data of 18 children were excluded: six children changed school after the first
assessment, one child withdrew the consent from participation, and 11 children had missing data
on more than two measures in either the first or the second measurements. The final sample
consisted of 85 children (45 boys, 40 girls). Mean age at the first assessment was 6;11 and at the

second assessment was 7;5. All participants were native Hungarian speakers of which two



LONGITUDINAL RELATIONS OF MUSIC AND PHONOLOGICAL PROCESSING 9

children were bilingual with Spanish, two children with Russian, and one child with English as
their second language. Concerning parental education, 94.8% of mothers and 80.3% of fathers
graduated from university, 2.4% of mothers and 5.3% of fathers graduated from post-secondary
tertiary education, and 2.6% of mothers and 14.4% of fathers graduated from secondary
education (matriculation). With respect to participants’ musical background, 54.1% of the
children had no music lessons, 23.7% had less than one year, and 11.6% had more than one year
of private music lessons prior to school music instruction.

All participants received classroom music lessons as part of general school education. In
Hungarian primary schools, the traditional practice of music instruction follows the pedagogical
concepts of Zoltan Kodaly. Emphasizing the fundamental role of folk songs of the native culture,
music classes apply singing as the main instrument in vocal and rhythmic activities to support the
development of musical hearing, musical reading and writing, and music comprehension. The
Kodaly concept implements relative solmization which associates syllable names and hand signs
with specific degrees of musical scales and applies rhythmic syllables which represent rhythmic
patterns with different duration values.

School music instruction started at the beginning of the school year. Professionally trained
music teachers gave music lessons to the whole class (20-30 children per group) in 45-minute
sessions. Until the posttraining measurements were conducted in April, participants received
music lessons for 27 weeks (excluding holidays).

Measures

Age, gender, musical background, and socioeconomic status (SES) were assessed as
potential confounding variables with a background questionnaire. Children were tested twice
during the first school year using identical measures. Phonemic awareness, rapid automatized

naming, phonological short-term memory, and phonemic fluency were measured as precursors of
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reading. Further, musical abilities were assessed with discrimination and auditory-visual
connection subtests.
Background measures

A background questionnaire was applied to assess age, gender, and musical background
of participants as well as parental education at the beginning of the study. Parents were asked to
share information about the participants’ musical background, which was defined by the duration
of formal music instruction children engaged in prior to school music education. The
questionnaire was also used to acquire information about the highest level of education of both
parents. Mothers’ and fathers’ responses were coded separately on a 9-point scale (1 = No
graduation, 2 = Primary education, 3 = Technical school, 4 = Vocational high school, 5 =
Matriculation (Secondary school graduation), 6 = Post-secondary tertiary education, professional
qualification, 7 = Bachelor degree, 8 = Master degree, 9 = Doctoral degree). A final SES score
was calculated either as the mean of both parents’ scores in intact families and the single parent’s
score in single-parent families. Parents of 9 participants did not provide information about their
highest education and children’s musical background; therefore, we used data of only 76
participants regarding musical background and SES in statistical analyses.

1Q was assessed with one verbal (Vocabulary) and one nonverbal (Block Design) subtest
of the Hungarian adaptation of WISC-1V (Nagyné Réz, Lanyiné Engelmayer, Kuncz, Mészaros,
& Mlinko, 2008; Wechsler, 2003). Block Design was administered to estimate nonverbal 1Q and
visuo-spatial skills. Pictures were presented to children showing red and white designs with
increasing complexity, and their task was to recreate each design with red and white blocks.
Accurately constructed items were scored based on the amount of time used for designing. We
measured verbal 1Q with the Vocabulary subtest. Children were presented words with increasing

difficulty and were asked to define the meaning of each item. Scoring was based on the
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sophistication of explanation. We used raw scores in statistical analyses to estimate changes in
performance within the same age group.
Measures of the precursors of reading

Phonemic awareness (PA) and rapid naming skills were tested using two subtests of the
Hungarian version of Dyslexia Differential Diagnosis Maastricht (3DM-H; Blomert & Vaessen,
2009; Toth, Csépe, Vaessen, & Blomert, 2014). The short version of the Phoneme Deletion
subtest was administered to measure phonemic awareness. In this task, children were presented
one-syllable CVC pseudo-words (e.g., ‘cak’ without ‘k’ [=c4]) and asked to delete the initial or
the last speech sound, then to pronounce the remaining sound sequence. The subtest comprised
two practice items and four test items. Instructions and items were presented via the headphone.
We calculated an accuracy score based on the proportion of correct answers and a speed score
based on the time (seconds) to pronounce the sound sequence. Scores were transformed and
corrected by the parameters of hierarchic item response theory models; therefore, the mean of
score was 0 and standard deviation was 1.

Rapid automatized naming (RAN) skills were measured by two tasks. Children were
presented first matrices of digits (i.e., 1, 4, 5, 6, 8), then matrices of pictures of simple objects
(i.e., fish, chair, pear, scissors, dog), and they had to sequentially name the items as quickly as
they could. After five items were displayed as practice in each task, two blocks of each item type
were presented. Arranged in a 3x5 matrix within each block, the 15 items appeared in a pseudo-
random order. Instructions were presented on the computer screen and via headphone
simultaneously. We calculated a speed score for digits and pictures separately by averaging the
number of items named correctly in a second.

Verbal short-term memory (STM) was tested with Digit Span forward subtest from the

Hungarian version of WISC-IV (Nagyné Réz et al., 2008; Wechsler, 2003). Children heard
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sequences of digits presented orally by the experimenter and their task was to repeat the sequence
in the same order. By summing the longest correctly repeated sequence, we computed a short-
term memory span score.

Phonemic fluency was assessed with a letter fluency subtest described by Mészaros,
Koénya, and Kas (2011). A wide range of cognitive skills related to executive control can be
measured by the test: it requires access to the mental lexicon based on a given phonemic
category; generation and use of strategies; search for task-relevant items, inhibition of task-
irrelevant items; updating information; flexible shifting between task conditions (Matute et al.,
2004). In this test, children were asked to name as many words beginning with the same phoneme
as they could in 60 seconds. After one practice task, three tasks were presented to children, which
required the generation of words starting with k, t, and s phonemes, respectively. After excluding
repetitions and out-of-category items, a phonemic fluency score was defined by the total number
of correct words listed in the three conditions.

Measures of musical abilities

Musical abilities were assessed with an online test based on the measure of Asztalos and
Csapo (2017). Participants completed the musical tests at their own pace via the eDia (Electronic
Diagnostic Assessment; Csapo & Molnar, 2019) system, which provided a child-friendly, easy-
to-use online platform for data collection. Children heard the instructions, the explanations for
musical terms, and test stimuli via headphones. The online battery comprised six subtests of
which five measured musical discrimination and one measured auditory-visual connection skills.

Discrimination subtests were applied to evaluate children’s ability to memorize and
differentiate musical patterns. Each subtest comprised 15 items. Children were presented pairs of
musical stimuli and were asked to indicate whether the consecutive stimuli were the same or

different by clicking on the green check mark in case of identical stimuli or clicking on the red
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cross in case of difference. In the Melody Discrimination subtest, melodies included two or four
bars. Rhythmic context was simple, the excerpts contained only quarters, eighth notes, and
quarter rests. The changed note was one second or third higher or lower than the original one,
which did not modify the contour or the tonality of the initial melody. The Pitch Discrimination
subtest comprised pairs of notes for which the possible pitch difference was one semitone. The
Rhythm Discrimination subtest presented children six- or eight-beat-long rhythmic sequences
which included simple (quarter, eighth notes, quarter rests) and complex rhythmic patterns
(syncopation, sixteens, dotted quarters, triplets). In case of difference, the number of the notes has
not changed. The Harmony Discrimination subtest contained pairs of triads (chords of three
notes) which could differ only in one note. The interval difference between the initial and
changed note was either a minor or a major second. In the Tempo Discrimination subtest,
children heard two identical melodies successively, or the second one was 10-, 15-, 20-, or 30-
bpm (beats per minute) faster or slower than the first one.

In addition to music perception subtests, auditory-visual connection tasks were
administered to assess children’s ability to associate musical auditory (melodic and rhythmic)
patterns with their visual representations. In the Melody Connection tasks, short melodies were
presented, and children had to choose one out of the three pictures that represented the contour of
the melody heard. In the Rhythm Connection tasks, short rhythmic sequences were presented.
Quarter notes were illustrated by big drums, whereas eighth notes were illustrated by small drums
in the pictures. Children had to decide which one out of the three pictures of drums represented
the rhythmic pattern heard. The auditory-visual connection subtest included 15 items of which 10
items were related to melody and 5 items were related to rhythm. Because the two connection

tasks measured different aspects of auditory-visual connection ability, Melody connection and
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Rhythm connection were included as separate variables in statistical analyses. For each musical
subtest, an accuracy score was defined by the number of correct answers.
Procedure

Parents provided written informed consent and children provided verbal assent before
participation in the study. Assessments were carried out in a quiet room during school hours. The
authors and trained assistants administered the tests in three sessions. Participants were tested
individually on the measures of 1Q, working memory, and verbal fluency tasks in one session.
Computer-based tests measuring phonological awareness and rapid naming were performed in
another session. The order of the two individual sessions was counterbalanced across
participants. After the individual testing sessions, musical abilities were assessed in groups of 10
to 15. Using computers in the school lab, participants completed the online musical tests on their
own, while research assistants provided technical support and monitored children’s progress. The
order of the musical measures was fixed at both testing points. All children completed the
musical subtests in the same order: each testing session started with the five discrimination
subtests (melody, pitch, rhythm, harmony, and tempo discrimination) and ended with the
auditory-visual connection subtest (melody and rhythm connection).

First measurements were conducted at the beginning of the first school year (pretraining),
and second measurements were carried out six months later at the end of the school year

(posttraining). No compensation was provided for participating in the study.

Results
Preliminary analyses
Preliminary analyses were conducted with JASP software (version 0.9.2.0, JASP Team,

2018). Since the Phoneme Deletion test was completed by only a subset of participants at
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baseline (N = 56), we included only data of this subsample in analyses examining the relation of
PA Accuracy and PA Speed to other variables. A few missing data occurred for the measures of
RAN and auditory-visual connection at either testing point; therefore, the number of observations
differed slightly across the tests. Pre- and posttraining mean values and standard deviations for

age and the measures of 1Q, precursors of reading, and musical abilities are shown in Table 1.

Table 1

Descriptive statistics of the whole sample

Pretraining Posttraining

Measures M SD M SD

Age (years) 6.96 0.34 7.48 0.35
Nonverbal 1Q 24.31 10.17 28.34 10.48
Verbal 1Q 24.61 5.76 29.69 6.86
PA Accuracy ? -1.19 0.90 -0.11 0.56
PA Speed ? -1.37 1.11 -0.58 0.95
RAN Digits 1.15 0.32 1.55 0.28
RAN Pictures 0.95 0.21 1.09 0.20
Phonemic Fluency 9.85 6.38 17.45 7.95
Verbal STM 6.98 1.62 7.55 1.42
Melody Discrimination 6.87 2.22 6.81 2.05
Pitch Discrimination 7.95 3.51 8.97 3.64
Rhythm Discrimination 7.39 2.49 7.25 2.82
Harmony Discrimination 7.35 2.53 7.99 2.73
Tempo Discrimination 7.88 2.69 8.07 2.62
Melody Connection 4.72 2.55 6.46 2.60
Rhythm Connection 2.36 1.50 2.73 1.44

Note. PA = phonemic awareness (3DM-H Phoneme Deletion); RAN = rapid automatized naming
(3DM-H subtests); STM = short-term memory (WISC-IV Digit Span).
& Means and standard deviations are shown only for the subsample of participants who managed

to perform the subtest at pretraining (N = 56).
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Because Verbal 1Q was significantly related to Phonemic Fluency at both measurement
points and Nonverbal 1Q was significantly related to multiple components of musical skills (see
Supplementary Table 1 and Table 2), both 1Q measures were controlled for when calculating
partial Spearman correlations between precursors of reading and musical abilities separately for
each measurement point with the ppcor package (Kim, 2015) in the statistical software R (version
3.6.2; R Core Team, 2019). Results of partial correlation analyses regarding the relations among
musical abilities and precursors of reading are summarized for pretraining assessments in
Supplementary Table 3 and for posttraining assessments in Supplementary Table 4. After the
Benjamini-Hochberg method was applied to control for the false discovery rate (i.e., the
proportion of mistakenly rejected null hypotheses, or Type | error; Benjamini & Hochberg,
1995), none of the pretraining or posttraining partial correlations remained significant.

Repeated measures correlations

To evaluate the possible longitudinal associations between precursors of reading and
musical abilities, we computed repeated measures correlations with the rmcorr package (Bakdash
& Marusich, 2018) in R software. Rmcorr calculates the common within-participants correlation
between paired measures, relying on corresponding tests completed by each participant at least
twice. The overall within-participants association between two continuous variables is
determined by a special version of analysis of covariance (ANCOVA), which takes one measure
as the outcome variable with participant as the factor level, while using the second measure as the
covariate to control for the effect of within-participants variance. Rmcorr estimates the best linear
fit based on paired data of each participant, resulting in individual regression lines showing a
common slope but varying intercepts. Ranging between —1 and 1, the rmcorr coefficient (rrm)
reflects the strength of relation between an increase in one test and an increase in another test

within the participant (Bland & Altman, 1994; Bland & Altman, 1995). In the present study,
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rmcorr was applied to assess how pre- to posttraining longitudinal changes in reading-related
skills and musical abilities were associated, i.e., the degree to which the development of
precursor skills were related to the development of musical discrimination and auditory-visual
connection. For all repeated measures correlations, 95% confidence intervals were estimated
using bootstrapping. Confidence intervals around zero indicate a linear relationship that shows a
great variability across participants, whereas narrow confidence intervals indicate good fit and no
considerable heterogeneity across participants (Bakdash & Marusich, 2017). The assumptions of
normally distributed residuals and homoscedasticity were met for the analyses.

Results of the longitudinal correlation analyses between precursors of reading and musical
abilities are reported in Table 2. We report only significant correlations that survived Benjamini-

Hochberg correction for multiple comparisons in details below.
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Table 2

Repeated measures correlations between the precursors of reading and musical abilities

Measures Musical abilities

. Auditory-Visual
Discrimination y

Connection
Melody Pitch  Rhythm Harmony Tempo Melody Rhythm

PA Accuracy -0.01 0.19 -0.13 0.24 0.01 0.58*** 0.19
PA Speed -0.13 0.17 0.05 0.09 -0.17 0.55*** 0.20
RAN Digits -0.05 0.27* 0.04 0.12 0.06 0.55*** (0.26*
RAN Pictures 0.08 0.29** 0.11 0.21* 0.20 0.39*%** (.34**
Phonemic Fluency  0.03 0.24* 0.04 0.14 0.03 0.47*** 0.19
Verbal STM 0.13 0.24* 0.10 -0.13 -0.08 0.09 0.13

Note. PA = phonemic awareness (3DM-H Phoneme Deletion); RAN = rapid automatized naming
(3DM-H subtests); STM = short-term memory (WISC-1V Digit Span). Correlations that remained
significant after the Benjamini-Hochberg correction are written in bold.

*p < .05, **p < .01, ***p < .001.

From among music discrimination skills, only one significant correlation emerged
between Pitch Discrimination and RAN Pictures, rm (84) = 0.29, 95% CI [0.05, 0.50], p = 0.006,
as illustrated in Figure 1A. Rmcorr plots represent the pretraining and posttraining correlations
simultaneously between paired measures that were collected on the same participant at two
repeated measurements. Two dots with the same color show two measurements from the same
participant. Colored lines depict rmcorr regression lines fit for each participant, with the common
slope indicating the common association between the improvements on the two measures. The
length of individual regression lines illustrates the magnitude of longitudinal change in each

participant. Accordingly, the repeated measures correlation between Pitch Discrimination and



LONGITUDINAL RELATIONS OF MUSIC AND PHONOLOGICAL PROCESSING

RAN Pictures suggests that greater increases in pitch perception were related to larger

improvements in rapid naming of pictures.
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Repeated measures correlations between auditory-visual connection skills and predictors
of reading revealed several significant associations. Except for Verbal STM, the melodic subtest
was significantly correlated with all precursors of reading. Performance on the melodic subtest
was significantly associated with Phonemic Fluency, rm (82) = 0.47, 95% CI [0.31, 0.60], p =
7.215 x 10 (Figure 1B). Additionally, significant associations were found between Melody
Connection and PA Accuracy, rm (53) = 0.58, 95% CI [0.41, 0.73], p = 3.187 x 10 (Figure 1C),
and PA Speed, rm (53) = 0.55, 95% CI [0.37, 0.68], p = 1.260 x 10 (Figure 1D). Melody
Connection was also significantly correlated with RAN Digits, rm (81) = 0.55, 95% CI [0.37,
0.69], p = 7.420 x 108 (Figure 2A), and RAN Pictures, rmm (82) = 0.39, 95% CI [0.21, 0.56], p =
0.0002 (Figure 2B). These longitudinal correlations indicate that greater improvements in
reading-related skills were associated with larger increases in melodic auditory-visual connection.

Concerning the rhythmic subtest, analyses revealed a significant correlation with RAN
Pictures, rm (82) = 0.34, 95% CI [0.16, 0.53], p = 0.001 (Figure 2C). It suggests that greater
improvement in rhythmic auditory-visual connection was associated specifically with larger

increases in rapid naming of pictures.
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To further examine the extent to which improvements in melodic and rhythmic auditory-
visual connection skills predict the development of each precursor of reading, we conducted
linear mixed-effects regression analyses using the Imer function via the Ime4 package (Bates et
al., 2015) in the R environment. We fitted a random-intercept regression model for each
precursor of reading (dependent variables), including Melody and Rhythm Connection separately
as fixed effects, allowing the intercept to vary for each level of the random effect, i.e., for each
participant, and keeping the slope constant among individuals. For parameter estimation, the
REML (restricted maximum likelihood) criterion was used.

The results of regression analyses are presented in Table 3. Except for Verbal STM, all
precursors of reading were significantly predicted by the advancements in Melody Connection.
Improvements in the Rhythm Connection subtest predicted only the increases in the RAN
Pictures task.These findings strengthen the results of the rmcorr analyses, indicating that the
development of melodic auditory-visual connection is the best predictor of the enhancements in
reading-related skills. Moreover, improvements in rhythmic auditory-visual connection seem to

be predictive of the development of picture naming skills specifically.
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Table 3
Results of the linear mixed-effects regression analyses predicting the development of reading
precursors

Effect 95% ClI t p
LL UL
PA Accuracy
Fixed effects Estimate SE
Intercept -1.375 0.225 -1.850 -0.914 -6.11 <.001
Melody Connection 0.086 0.034 0.015 0.160 2.57 012
Rhythm Connection 0.076 0.067 -0.056 0.208 1.13 .263
Random effects Variance SD
Intercept (participant) 0.047 0.217
Residual 0.744 0.863
PA Speed
Fixed effects Estimate SE
Intercept -1.955 0.276 -2.513 -1.399 -7.10 <.001
Melody Connection 0.146 0.038 0.068 0.221 3.89 <.001
Rhythm Connection 0.044 0.074 -0.101 0.188 0.60 552
Random effects Variance SD
Intercept (participant) 0.545 0.738
Residual 0.611 0.782
RAN Digits
Fixed effects Estimate SE
Intercept 1.016 0.071 0.867 1.164 14.28 <.001
Melody Connection 0.044 0.011 0.021 0.066 4.14 <.001
Rhythm Connection 0.033 0.019 -0.006 0.070 1.67 .098
Random effect Variance SD
Intercept (participant) 0.042 0.205
Residual 0.078 0.280
RAN Pictures
Fixed effects Estimate SE
Intercept 0.856 0.042 0.772 0.941 20.46 <.001
Melody Connection 0.015 0.006 0.003 0.026 2.57 011
Rhythm Connection 0.030 0.011 0.009 0.050 2.84 .005
Random effect Variance SD
Intercept (participant) 0.028 0.167
Residual 0.018 0.135
Phonemic Fluency
Fixed effects Estimate SE
Intercept 8.230 1.623 4.896 11.546 5.07 <.001
Melody Connection 0.694 0.240 0.183 1.189 2.89 .004
Rhythm Connection 0.514 0.439 -0.344 1.372 1.17 244
Random effect Variance SD
Intercept (participant) 25.43 5.043
Residual 32.28 6.187
Verbal STM
Fixed effects Estimate SE
Intercept 6.561 0.303 5.969 7.153 21.69 <.001
Melody Connection 0.055 0.044 -0.030 0.140 1.26 212
Rhythm Connection 0.141 0.080 -0.014 0.298 1.77 .078
Random effect Variance SD
Intercept (participant) 1.081 1.040

Residual 1.173 1.083
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Note. CI = confidence interval; LL = lower limit; UL = upper limit; PA = phonemic awareness
(3DM-H Phoneme Deletion); RAN = rapid automatized naming (3DM-H subtests); STM =

short-term memory (WISC-IV Digit Span).

Discussion

The present study examined longitudinal associations among musical abilities and
precursors of reading in 6—7-year-old children starting primary school. We tested music
discrimination, auditory-visual connection, and phonological processing skills (phonemic
awareness, rapid automatized naming, phonological memory, phonemic fluency) twice during the
first school year to evaluate the extent to which longitudinal changes in these processes are
related at the very beginning of formal reading and music instruction. We attempted to identify
potential parallels in the development of musical and phonological processing as indicators that
these longitudinal associations coincide with the initial stages of learning to read and explicit
musical experience.
Associations between musical processing and phonological processing skills

Although cross-sectional correlations were not of direct interest in the current study, it is
important to note that we did not observe any significant correlation between musical abilities
and precursors of reading neither at the beginning of schooling nor at the end of the school year.
Hence, our findings contradict prior evidence that indicated associations among phonological
processing skills and tonal and/or rhythmic musical abilities (e.g., Degé et al., 2015; Lamb &
Gregory, 1993; Moritz et al., 2013). We suppose that the discrepancies between the current and
previous findings might be attributed to the differences of the difficulty and cognitive demands of

the measures administered. Conflicting results in this field possibly suggest that the diverse
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relations among musical abilities and phonological processing skills reflect specific task-
dependent mechanisms, and not necessarily domain-general processes.

Longitudinal associations between the development of musical abilities and precursor skills
of reading

To better understand the longitudinal nature of associations in beginning readers taking
classroom music lessons, we assessed the degree to which baseline to end-of-year performance
changes in the tests of musical and phonological processing were related. The advantage of the
repeated measures correlation method applied here was that by accounting for within-participants
variance, we were able to evaluate longitudinal associations among the development of musical
abilities and precursor skills based on individual developmental trajectories.

With respect to the relationships between the development of music discrimination and
precursor skills, only improvements in rapid naming of pictures and pitch discrimination were
correlated. This longitudinal correlation suggests a strong relationship between the development
of pitch perception and the development of nonalphabetic RAN, i.e., the access of the
phonological representations of simple non-linguistic visual symbols. Contrary to our
expectations, improvement in phonemic awareness was not significantly associated with
improvement in pitch or harmony discrimination, which contradicts the results by Forgeard et al.
(2008), showing a specific relationship between improvement in tonal music perception and
improvement in phonological awareness.

The lack of associations between the development of temporal discrimination skills
(rhythm and tempo perception) and the enhancement of phonological processing skills may also
seem surprising as previous studies pointed to the importance of basic temporal auditory skills in
the development of phonological processing skills (Holliman et al., 2010; Moritz et al., 2013;

Ozernov-Palchik et al., 2018). A few researches with school-age children, however, have recently
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indicated that temporal discrimination ability is associated especially with grammar skills.
Examining typically developing 6-year-olds, Gordon, Shivers et al. (2015) found that rhythm
perception was particularly related to expressive grammar (i.e., the production of morpho-
syntactic sequences) but not to phonological awareness. When testing the relations of rhythm and
melody perception to grammar skills separately, only rhythm discrimination turned out to be
predictive of receptive grammar (i.e., the understanding of syntactically complex sentences) in
children aged between 6 and 9 years (Swaminathan & Schellenberg, 2020). Moreover, the
positive association between syntax processing and rhythm discrimination has been proved to
become more robust with age (Lee, Ahn, Holt, & Schellenberg, 2020). Since the abovementioned
studies revealed that music training has weak or no effect on the development of grammar skills,
formal musical experience seems to be not necessary for the emergence of longitudinal
associations between the development of musical rhythm skills and syntactic acquisition in
school-age children. It further supports the notion that music instruction itself has a low potential
to facilitate language development, including reading-related processes (Gordon, Fehd, et al.,
2015), and that the relation of music training to reading development might be mediated by
cognitive abilities and not music perception (Swaminathan et al., 2018).

For auditory-visual connection skills, results revealed that development in melodic
auditory-visual connection was significantly related to the development of phonemic awareness,
rapid naming skills, and phonemic fluency, but not to the development of phonological memory.
Furthermore, rhythmic auditory-visual connection showed a significant longitudinal relation to
rapid naming of pictures. These longitudinal relations might indicate parallels between the
developmental trajectories of tonal auditory-visual connection and phonological processing skills
(excluding phonological memory) as well as between temporal auditory-visual connection and

nonalphabetic RAN. We assume that both formal reading and music instruction might account
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for the appearance of these longitudinal associations, presumably driven by the increasing
efficacy of multimodal integration skills during the first months of schooling.

In beginning readers, word decoding critically relies on the efficacy of integration of
visual and verbal information (i.e., the mappings of phonemes to their orthographic
correspondents; Bryant et al., 1990; Mann & Liberman, 1984) and phonological lexical retrieval
(i.e., rapid naming skills; Moll et al., 2014). At the early stages of reading acquisition, both
lexical retrieval and visual-verbal integration mechanisms improve rapidly and become more
efficient and automatized through practice (Froyen et al., 2009; Wagner & Torgesen, 1987).
Simultaneously, the learning of grapheme-phoneme correspondences increase the explicit
knowledge of and sensitivity to phonemes (Goswami, 2002). Enhancements in these language-
specific processes might influence the development of domain-general multimodal integration
and auditory discrimination skills, which might be relevant for music processing. On the other
hand, taking classroom music lessons also affects the progress in auditory processing and
multimodal integration skills through various musical activities, including learning music
notation. Based on the mappings of musical sounds to written notes, music notation also demands
multimodal integration mechanisms. Studies comparing adults with different musical expertise
have shown that long-term music training including music notation enhances the processing of
auditory-visual pairings (Nichols & Grahn, 2016; Paraskevopoulos et al., 2012), which may be
transferred to the language domain (Behne et al., 2013; H. Lee & Noppeney, 2014). It is therefore
possible that even a six-month long music instruction and experience with music notation could
have a positive impact on the development of multisensory integration skills, leading to
enhancements in both musical auditory-visual integration and phonological processing in

beginning readers.
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It is important to note that the developmental course of reading-related skills paralleled
especially with the enhancements of melodic multimodal integration. The results of mixed effects
regression provided further evidence that tonal auditory-visual connection predicted significantly
the progress in phonological processing skills at this stage of learning to read. It was only
pictorial RAN in which rhythmic auditory-visual connection significantly predicted
improvements above and beyond melodic auditory-visual connection. These findings suggest that
the tonal and temporal aspects of multisensory integration might be separable and associated with
distinct phonological processing skills in first-grade children.

The relevance of temporal and melodic auditory features in the development of fluent
reading may provide further support for the current results. Despite the still unclear construct of
reading fluency, the development of appropriate oral reading prosody, based on the temporal
organization and intonation of texts, is generally considered as a key marker of the achievement
of future fluency in reading (Godde et al., 2020). Following primary school children’s acquisition
of prosodic reading, Miller and Schwanenflugel (2008) found that the fewer irrelevant pausing in
first grade were associated with a more mature intonation contour in second grade. Nonetheless,
besides the progress in word reading, only the development of appropriate pitch contour
production appeared as a robust indicator of later reading fluency. These results are in accordance
with the outcomes of prior studies conducted with young readers that also indicated the
importance of pitch-related prosodic development in achieving fluency in oral reading (Clay &
Imlach, 1971; Cowie et al., 2002; Schwanenflugel et al., 2004). The tonal and temporal aspects of
reading prosody may play a different role even in the development of reading comprehension
since the strength of the connection between reading prosody and reading comprehension seems
to vary as a function of prosody features (for a recent meta-analysis, see Wolters, Kim, & Szura,

2020). The current findings may further imply that in this specific period of reading acquisition,
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the longitudinal correlation between intonation and oral reading skills might not be limited to
pitch contour production but extend to the integration of melody contour processing in multiple
modalities.

The current study did not include any reading measures, which hinders the possibility to
draw conclusions about the developmental parallels of music processing and fluent reading itself.
Our findings contribute to the literature on music-language associations by revealing
simultaneous improvements in tonal auditory-visual integration and specific indicators of reading
in the early stages of reading acquisition. Future research should attempt to examine both the
phonological-orthographic and the prosodic particularities of reading development that might
affect the associations between musical and reading development in children with emerging
literacy. Also, there is need for more studies to measure multisensory integration skills in both the
music and language domain to better understand the role of multimodal integration processes at
this specific stage of musical and reading development.

Limitations

The results of the present study may be affected by some methodological issues. The
major limitation of the current findings involved the measures we applied. The online measure of
musical abilities was not a standardized test, which challenges the validity and reliability of the
current results. Except for rapid naming, precursor skills were assessed by only one task. To
control for the occurrence of potential task-dependent associations, future studies should apply
test batteries that span the main components of phonological processing skills and musical
abilities. Previous evidence suggests that precursors of reading are strongly related to music
production, especially rhythm reproduction (e.g., Degé et al., 2015; Steinbrink et al., 2019).
Therefore, it is recommended to measure music production along with music perception in

further studies. Moreover, despite that phonemic awareness has been shown to be a stronger
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precursor of reading acquisition than rhyme awareness in school-aged children (Melby-Lervag et
al., 2012), only a subsample of participants were able to complete the phoneme deletion task we
applied. Using tests that are more appropriately suited for assessing phonemic awareness in
beginning readers would increase the reliability of results and enable larger sample sizes by
decreasing the amount of missing data.

Conclusion

In summary, the current research revealed specific longitudinal associations among
enhancements in auditory-visual connection skills, pitch discrimination, and components of
phonological processing. The present work could broaden our understanding of music-language
associations by showing that the development of melodic auditory-visual integration might be a
particularly relevant predictor of the increases in phonological processing skills. At the same
time, our findings point to the intertwined progress of these skills in the early stages of reading
acquisition. The strong relation of tonal auditory-visual connection to phonological processing
skills highlights the potential for common integration processes in musical and oral reading
development, possibly mediated by early prosodic reading. Concerning that auditory-visual
integration might build a basis of the connection between music and reading, it would be
important to design more multimodal music education programs to unravel how the training of

musical integration processes may support the development of fluent reading in schoolchildren.
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Longitudinal associations between melodic auditory-visual integration and

reading precursor skills in beginning readers

Supplementary Material

Supplementary Table 1
Pretraining Spearman correlations between possible confounding variables, precursors of reading, and

musical abilities

Musical

Measures Age Gender  SES background Nonverbal 1IQ Verbal IQ
PA Accuracy -0.05 -0.30* 0.19 -0.16 0.30* -0.04
PA Speed 0.13 -0.16 0.19 -0.01 0.29* 0.15
RAN Digits 0.29** -0.15 -0.14 0.05 0.21 0.17
RAN Pictures 0.15 -0.07 -0.24* 0.04 0.13 0.10
Phonemic Fluency 0.11 -0.03 -0.10 0.04 0.20 0.45%**
Verbal STM 0.17 -0.04 0.00 -0.14 0.28** 0.12
Melody Discrimination 0.16 -0.03 -0.08 -0.01 0.23* 0.02
Pitch Discrimination 0.02 0.04 -0.01 0.00 0.03 0.03
Rhythm Discrimination 0.24* 0.16 -0.04 0.13 0.13 0.08
Harmony Discrimination  -0.18 0.09 0.24* 0.08 0.06 -0.14
Tempo Discrimination 0.08 -0.01 0.05 -0.13 0.18 -0.22*
Melody Connection 0.20 -0.07 0.17 -0.04 0.20 0.07
Rhythm Connection 0.01 0.15 -0.02 -0.11 0.16 -0.03

Note. SES = socioeconomic status (parents’ highest education); PA = phonemic awareness (3DM-H Phoneme
Deletion); RAN = rapid automatized naming (3DM-H subtests); STM = short-term memory (WISC-1V Digit
Span). Correlations that remained significant after the Benjamini-Hochberg correction are written in bold.

*p < .05, **p < .01, ***p < .001.
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Supplementary Table 2
Posttraining Spearman correlations between possible confounding variables, precursors of reading, and

musical abilities

Measures Age Gender  SES 2:1 léilg;;folun q Nonverbal IQ Verbal 1Q
PA Accuracy 0.28* -0.12 -0.12 0.16 0.15 0.25
PA Speed 0.31* -0.13 -0.02 0.12 0.14 0.23
RAN Digits 0.17 -0.13 -0.19 0.02 0.10 0.27*
RAN Pictures 0.06 0.06 -0.21 -0.05 0.17 0.29**
Phonemic Fluency 0.05 0.06 -0.25* 0.09 0.16 0.45%**
Verbal STM 0.15 -0.02 -0.10 -0.09 0.22* 0.21
Melody Discrimination 0.09 -0.11 0.14 0.00 0.23* 0.02
Pitch Discrimination 0.00 -0.02 0.06 0.00 0.15 -0.05
Rhythm Discrimination -0.10 0.15 0.14 -0.13 0.23* -0.10
Harmony Discrimination ~ -0.09 -0.17 0.12 -0.28* 0.28* 0.02
Tempo Discrimination -0.02 -0.07 0.04 -0.08 0.21 -0.10
Melody Connection 0.24* 0.01 0.07 -0.10 0.39*** 0.03
Rhythm Connection -0.05 -0.08 0.07 -0.20 0.37*** -0.01

Note. SES = socioeconomic status (parents’ highest education); PA = phonemic awareness (3DM-H
Phoneme Deletion); RAN = rapid automatized naming (3DM-H subtests); STM = short-term memory
(WISC-1V Digit Span). Correlations that remained significant after the Benjamini-Hochberg correction are
written in bold.

*p < .05, **p < .01, ***p < .001.
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Supplementary Table 3
Pretraining partial Spearman correlations between the precursors of reading and musical abilities after

controlling for 1Q measures

Musical abilities

. Auditory-Visual
Discrimination y

Connection
Measures Melody Pitch Rhythm  Harmony  Tempo Melody Rhythm
PA Accuracy 0.03 -0.20 -0.24 -0.07 -0.21 -0.11 0.03
PA Speed 0.01 -0.05 0.03 -0.08 -0.08 0.11 0.00
RAN Digits 0.16 0.11 0.19 -0.04 0.17 0.06 0.30**
RAN Pictures -0.03 -0.04 0.06 -0.11 0.09 -0.03 0.19
Phonemic Fluency 0.06 0.11 -0.02 -0.04 0.04 -0.05 0.11
Verbal STM 0.15 0.00 0.16 -0.06 0.03 0.04 0.28**

Note. PA = phonemic awareness (3DM-H Phoneme Deletion); RAN = rapid automatized naming (3DM-H
subtests); STM = short-term memory (WISC-IV Digit Span). None of the partial correlations marked with
asterisks remained significant after the correction for multiple comparisons.

*p < .05, **p < .01, ***p < .001.
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Supplementary Table 4
Posttraining partial Spearman correlations between the precursors of reading and musical abilities after

controlling for 1Q measures

Musical abilities

. Auditory-Visual
Discrimination y

Connection
Measures Melody Pitch Rhythm  Harmony Tempo Melody Rhythm
PA Accuracy 0.17 -0.09 0.14 -0.02 -0.07 0.13 0.31*
PA Speed 0.11 -0.14 0.13 -0.05 -0.25 0.08 0.16
RAN Digits 0.05 -0.14 0.02 0.03 0.09 0.12 0.01
RAN Pictures 0.09 -0.13 0.08 0.02 0.04 0.01 0.06
Phonemic Fluency -0.06 0.03 0.09 0.00 0.06 -0.07 0.02
Verbal STM -0.04 0.03 0.20 -0.07 0.12 0.09 0.02

Note. PA = phonemic awareness (3DM-H Phoneme Deletion); RAN = rapid automatized naming (3DM-H
subtests); STM = short-term memory (WISC-IV Digit Span). None of the partial correlations marked with
asterisks remained significant after the correction for multiple comparisons.

*p < .05, **p < .01, ***p < .001.



