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The intergenerational transmission of language/reading skills has been demonstrated 
by evidence reporting that parental literacy abilities contribute to the prediction of 
their offspring’s language and reading skills. According to the “Intergenerational 
Multiple Deficit Model,” literacy abilities of both parents are viewed as indicators of 
offspring’s liability for literacy difficulties, since parents provide offspring with genetic 
and environmental endowment. Recently, studies focusing on the heritability of 
musical traits reached similar conclusions. The “Musical Abilities, Pleiotropy, Language, 
and Environment (MAPLE)” framework proposed that language/reading and musical 
traits share a common genetic architecture, and such shared components have an 
influence on the heritable neural underpinnings of basic-level skills underlying musical 
and language traits. Here, we investigate the intergenerational transmission of parental 
musical and language-related (reading) abilities on their offspring’s neural response to 
a basic auditory stimulation (neural intermediate phenotype) and later phonological 
awareness skills, including in this complex association pattern the mediating effect 
of home environment. One-hundred and seventy-six families were involved in this 
study. Through self-report questionnaires we assessed parental reading abilities and 
musicality, as well as home literacy and musical environment. Offspring were involved 
in a longitudinal study: auditory processing was measured at 6  months of age by means 
of a Rapid Auditory Processing electrophysiological paradigm, and phonological 
awareness was assessed behaviorally at 5  years of age. Results reveal significant 
correlations between parents’ reading skills and musical traits. Intergenerational 
associations were investigated through mediation analyses using structural equation 
modeling. For reading traits, the results revealed that paternal reading was indirectly 
associated with children’s phonological awareness skills via their electrophysiological 
MisMatch Response at 6  months, while maternal reading was directly associated with 
children’s phonological awareness. For musical traits, we found again that paternal 
musicality, rather than maternal characteristics, was associated with children’s 
phonological phenotypes: in this case, the association was mediated by musical 
environment. These results provide some insight about the intergenerational pathways 
linking parental reading and musical traits, neural underpinnings of infants’ auditory 
processing and later phonological awareness skills. Besides shedding light on possible 
intergenerational transmission mechanisms, this study may open up new perspectives 
for early intervention based on environmental enrichment.
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1. Introduction

Language and music are complex, universal human abilities. 
Although they both sound different from one culture to another, they 
share common ground at the acoustic and structural level and they 
seem to develop following similar milestones, e.g., 9-month-old 
infants can easily discriminate native speech sounds as well as native 
musical sounds but not non-native speech and musical sounds; 
furthermore, toddlers start showing syntactic competence for their 
native language as well as for their culture’s musical system around 
2–3 years of age (Hannon and Trainor, 2007; Brandt et  al., 2012). 
Moreover, several theories have outlined shared underlying 
mechanisms for musical and language processing (Goswami, 2011, 
2018; Patel, 2011, 2012; Tierney and Kraus, 2014). The recently 
developed processing rhythm in speech and music (PRISM) framework 
(Fiveash et al., 2021) highlighted three common elements in these 
theories, emphasizing the shared role of fine-grained auditory 
processing, synchronization/entrainment of neural oscillations, and 
sensorimotor coupling. In addition, a majority of studies show strong 
associations between musical abilities and different aspects of typical 
and atypical language competence across the lifespan (Corriveau and 
Goswami, 2009; Zuk et al., 2013; Colling et al., 2017; Ladányi et al., 
2020). In light of such associations, it is now often reported that 
modulating musical ability can result in a beneficial effect on language 
skills (e.g., Lorenzo et al., 2014; Cancer and Antonietti, 2022). This 
modulation can be accomplished thanks to musical-based training, 
which provides guided and greater exposure to rhythmic musical 
activities (Moreno et al., 2009; Bhide et al., 2013; Flaugnacco et al., 
2015; Dondena et al., 2021).

While much of this research has focused on the behavioral overlap 
between music and speech and on the shared underlying processes, 
much less research exists on the genetic and environmental 
contributions leading to the development of neural systems for music 
and language. To date, the genetic architectures of language-related 
and musical traits have been primarily studied separately. As recently 
highlighted by a meta-analysis of existing twin studies on language, 
reading, and related traits (Andreola et al., 2021), many of these traits 
are moderately heritable (with heritability estimates of 30 to 80% 
depending on the trait). A recent large-scale genome-wide association 
study (GWAS) of individual differences in reading- and language-
related phenotypes in sample sizes of up to ∼34,000 participants 
demonstrated significant heritability based on Single Nucleotide 
Polymorphisms (SNPs) for all traits (Eising et  al., 2022). Studies 
including children at familial risk for dyslexia have shown an 
important intergenerational transmission of language and language-
related traits, estimating that if a child has a parent with dyslexia, their 
own probability of having dyslexia is on average 45% (see Snowling 
and Melby-Lervåg, 2016 for a meta-analysis). Further studies have 
shown that parental reading explains a significant percentage of 
children’s reading fluency (van Bergen et al., 2017), with both self-
reported and directly assessed parental reading ability being significant 
predictors of children’s reading fluency and accuracy (Khanolainen 
et al., 2022).

Other studies have focused on understanding whether and to 
what extent musical skills are inherited, but the picture is less clear. A 
few studies initially focused on the role of parents’ own involvement 
and aptitude toward musical activities on the offspring’s musical 
development and competence (Davidson et al., 1996; McPherson, 

2009). Similar to studies conducted on reading and language-related 
traits, twin and family-based studies have shown that musical 
phenotypes have a significant genetic component, with heritability 
estimates of 50 to 80% depending on the trait (Drayna et al., 2001; 
Seesjärvi et al., 2016). Specifically, pitch discrimination ability seems 
to be primarily determined by genetic factors, whereas the perception 
of metric structures seems to be more mediated by environmental 
factors (Seesjärvi et al., 2016). More recently, the heterogeneity and 
complexity of this phenotype has been further investigated, and 
genetic variants have been found to be  associated with different 
components of musicality (Niarchou et al., 2022; Gustavson et al., 
2023). A very recent GWAS (Niarchou et al., 2022) has reported the 
polygenic nature of the ability to synchronize to a beat; its heritability 
is most evident in those brain regions that are involved in rhythm 
perception, i.e., motor and auditory regions.

Recently, the Musical Abilities, Pleiotropy, Language, and 
Environment (MAPLE) framework has been proposed (Nayak et al., 
2022). According to this framework, the behavioral associations 
reported in the literature between musical and language-related 
abilities could be partly driven by a shared genetic architecture (i.e., 
genetic pleiotropy, and more specifically polygenic pleiotropy, since 
complex trait phenotypes, such as both music and language, are 
typically polygenic). This shared genetic component is proposed to 
exert an influence on the development and functioning of the neural 
networks responsible for basic-level skills underlying musical and 
language traits, such as auditory processing or sensorimotor 
coordination. The neural underpinnings of these low-level skills are 
seen as potential neural endophenotypes, i.e., intermediate biological 
phenotypes that are heritable and, being more elementary and 
straightforward measures of functioning than the clinical phenotype, 
are functionally involved in the relationship between a genotype and 
a phenotype (Gottesman and Gould, 2003; Flint and Munafò, 2007). 
In the MAPLE framework, auditory processing and sensorimotor 
coordination are suggested to mediate the relationship between the 
genetic architecture and the music/language phenotypes. 
Interestingly, the genetic influences on musicality and language are 
also thought to act on some key environmental factors, such as home 
musical and language environments. In other words, the genetic 
predispositions of parents are thought to influence the home 
environments during early development, for example when musically 
talented parents choose to provide an enriched musical environment 
for their children or when skilled reading parents are more likely to 
spend time reading with their children, thus providing an enriched 
literacy environment. In this sense, this framework is consistent with 
the “intergenerational multiple deficit model” (van Bergen et al., 
2014b), suggesting that the literacy abilities of both parents are 
viewed as indicators of their offspring’s liability for literacy 
difficulties, since parents provide offspring with genetic and 
environmental endowment.

Here we focus on low-level processing of the acoustic signal as a 
necessary element underlying both language/reading and music and 
as a potential endophenotype for language-related and musical traits. 
A large literature has emphasized the role of low-level auditory 
processing, including Rapid Auditory Processing (RAP), in terms of 
processing brief and rapidly occurring successive auditory cues, in 
language and reading development (e.g., Tallal and Gaab, 2006; 
Hämäläinen et al., 2013; Goswami, 2022). Specifically, the accurate 
processing of these specific features in the auditory input has been 
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hypothesized to be directly implicated in the building of accurate 
phonological representations (Tallal and Gaab, 2006). Conversely, 
poorly organized or poorly refined phonological representations are 
suggested to result in difficulties in manipulating individual phonemes 
in spoken words, a skill that is defined as phonological awareness, and 
that is strictly related to reading acquisition (Tallal and Gaab, 2006). 
Therefore, RAP deficits affect speech perception, leading to 
phonological awareness deficits and subsequent reading problems, as 
additionally suggested by evidence of a functional relationship 
between neuronal networks for RAP and phonological processing/
awareness within the pre-reading brain (Pugh et al., 2013; Raschle 
et  al., 2014). Longitudinal studies have shown that early auditory 
processing is (a) impaired in infants with a family history of language 
and learning impairments (Van Leeuwen et al., 2006; van Herten et al., 
2008; Leppänen et al., 2010; Choudhury and Benasich, 2011; Van 
Zuijen et al., 2012; Plakas et al., 2013; Cantiani et al., 2016, 2019; 
Lohvansuu et al., 2018; Thiede et al., 2019), and (b) highly predictive 
of later language and reading development both in typically developing 
infants and in infants at familial risk (Guttorm et al., 2005; Leppänen 
et al., 2010; Choudhury and Benasich, 2011; Van Zuijen et al., 2013; 
Cantiani et al., 2016, 2019; Piazza et al., 2016; Lohvansuu et al., 2018; 
Kalashnikova et al., 2019).

Previous studies have additionally shown that such low-level 
auditory processing skills are highly heritable (Dionne et al., 2013; 
Brewer et al., 2016), with heritability estimates ranging from 31 to 74% 
(Brewer et al., 2016), satisfying most of the criteria to be considered a 
solid endophenotype of developmental dyslexia (Mascheretti et al., 
2018). An assumption of the intermediate phenotype approach is that 
the genetic susceptibility of the dysfunction of a particular neural 
system is likely to be relatively less complex, with a simpler causal and 
etiological structure, than that of the illness phenotype overall. To 
better understand the link between genetic mechanisms and complex 
phenotypes such as language or reading, researchers have recently 
used neuroimaging techniques and event-related potentials (ERPs). 
For example, in a longitudinal design, Riva et al. (2017) successfully 
used an electrophysiological paradigm tapping RAP at 6 months of age 
as a potential neural endophenotype, mediating the relationship 
between a common variant in the gene CNTNAP2 and language 
phenotype (i.e., expressive vocabulary at 20 months). The same 
electrophysiological paradigm has been used in the present study, 
allowing us to analyze two aspects of low-level auditory processing 
skills, reflected in two well-defined neural signatures: (1) basic 
auditory detection and registration (i.e., detection of and orienting to 
the presented sound), as reflected in the positively-displaced P1 peak 
obligatorily elicited by stimulus occurrence (Čeponiene et al., 2002, 
2005, 2008; Ortiz-Mantilla et  al., 2012), and (2) auditory 
discrimination, as reflected in the MisMatch Response (MMR), 
defined as the large positivity elicited by change detection 
(Kushnerenko et al., 2002). The multi-feature nature of the paradigm 
allowed us to investigate neural discrimination to two different 
acoustic features (i.e., changes in fundamental frequency and variation 
in sound duration). In previous studies from our group (e.g., Cantiani 
et al., 2016), we hypothesized that changes in fundamental frequency 
would be closely related to fine-grained acoustic analysis, and changes 
in sound duration would be more related to slowly-varying envelope 
changes (i.e., to the analyses of the rhythmic timing).

Focusing on this electrophysiological paradigm, in the present 
study, we  analyzed data from a broad longitudinal Italian sample 

(Cantiani et al., 2016; Riva et al., 2019) in order to investigate some 
predictions from the MAPLE framework (Nayak et  al., 2022). 
We  employed an intergenerational longitudinal design. First, 
we collected data from both parents, concerning their reading abilities 
and their attitudes toward melodic and rhythmic properties of music. 
Second, we collected longitudinal data from their children: at 6 months 
of age we collected infants’ electrophysiological responses to a low-level 
auditory stimulation including changes in frequency and duration 
(basic auditory detection, as reflected in the P1 peak, and auditory 
discrimination, as reflected in the MMR). Four and half years later, 
we collected children’s phonological awareness skills, as a measure of 
their ability to recognize and manipulate the spoken parts of words (i.e., 
syllables and phonemes). Finally, we collected information about the 
environment children were exposed to; specifically, we collected data 
about the musical activities children were exposed to with their mothers 
and fathers in the course of the first year of life, and the overall literacy 
environment children were exposed to in the first three years of life. 
Through this large and diversified dataset, we empirically explored the 
following research questions:

 1. Are reading skills and musical aptitudes associated? Associations 
between reading skills and melodic vs. rhythmic musical 
aptitudes were investigated in the sample of adults included in 
the study as parents.

 2. Are parental reading skills/musical aptitudes associated with 
their offspring’s auditory processing and phonological awareness? 
In an intergenerational longitudinal design, we explored the 
associations between parental reading skills/musical aptitudes 
and their children’s skills. More specifically, the neural 
correlates of low-level auditory processing (P1 and MMR) were 
included as a possible intermediate phenotype common to the 
language and music system, and phonological awareness skills 
at 5 years of age as a reading-related trait.

 3. Do parental reading skills and their musical aptitudes influence 
the environment (respectively the literacy and musical 
environment) provided to children? How does this environment 
influence children’s auditory processing and phonological 
awareness? In the intergenerational longitudinal design, 
we  further explored how parental reading skills/musical 
aptitudes influence the environment provided to children and 
what role such an environment plays in children’s development.

Since both reading and musical aptitudes are heritable traits (e.g., 
Andreola et  al., 2021; Eising et  al., 2022; Niarchou et  al., 2022) 
we followed the “intergenerational multiple deficit model” for dyslexia 
(van Bergen et al., 2014b) and treated these parental phenotypes as a 
proxy for their genotypes, expecting associations with their children’s 
endophenotypes and phenotypes. When available, we investigated 
maternal and paternal influences separately, in order to disentangle 
the parent-specific intergenerational pathways, since some forms of 
parent-of-origin effects have been reported for some complex traits, 
including language-related development (Nudel et al., 2022). Since 
individual differences in parental reading and musical skills cannot 
be attributed to genetic influences alone, we additionally expected the 
home environment to be implicated in these complex relationships. 
The role of home literacy environment in children’s language and 
reading development is well documented (e.g., Burgess et al., 2002; 
Park, 2008; Dong et al., 2020; Niklas et al., 2020), and similarly the 
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effect of early informal musical activities at home on language 
development has been recently reported (Williams et  al., 2015; 
Politimou et al., 2019; Schaal et al., 2020; Papadimitriou et al., 2021; 
Franco et al., 2022).

Based on this literature, we specifically expected (1) reading skills 
and musical aptitudes to be associated (Nayak et al., 2022); based on 
previous studies, we  might expect timing and melodic skills to 
be independently associated with language-related skills (Politimou 
et  al., 2019); (2) parental reading skills/musical aptitudes to 
be associated with their offspring’s phonological awareness skills both 
directly (van Bergen et  al., 2017; Khanolainen et  al., 2022) and 
indirectly (mediated by the neural correlates of low-level auditory 
processing skills; Van Zuijen et al., 2012; Plakas et al., 2013; Thiede 
et al., 2019); (3) parental skills to influence the literacy and musical 
environment their children are exposed to, that in turn is expected to 
exert a role in children’s development (e.g., Dong et al., 2020; Niklas 
et  al., 2020; Papadimitriou et  al., 2021; Franco et  al., 2022). The 
environmental influence on children’s development could be directly 
driven by parental phenotypes, or associated with parental genotypes, 
creating what is called a “passive gene–environment correlation” (van 
Bergen et al., 2014b).

2. Materials and methods

2.1. Participants

Infants of 6 months of age and their parents were recruited to take 
part in a longitudinal study (Cantiani et al., 2016, 2019; Riva et al., 
2017) which follows children up until primary school. The study was 
approved by the Medea Institute’s Scientific and Ethical Committees 
and all parents gave their written consent prior to testing.

Infants’ electrophysiological data were collected at 
approximately 6 months of age (M = 6.6 months, SD = 0.5) through 
a Rapid Auditory Processing task (see paragraph 2.4) and 
concurrent cognitive development was assessed using the Bayley 
Scales of Infant and Toddler Development (Bayley, 2006). Data 
concerning phonological awareness were successively collected 
during a follow-up session scheduled at approximately 5 years of 
age (see paragraph 2.5). Furthermore, parents’ reading abilities 
were assessed using questionnaires and the commonly used 
standardized tests. Parents’ musical skills (both melodic and 
rhythmic skills) were assessed using questionnaires. Lastly, data 
concerning literacy and musical environment were collected (see 
paragraphs 2.2 and 2.3). All parental measures were collected 
between infants’ 6- and 12-month-old experimental sessions, with 
the exception of the literacy environment data which were collected 
at children’s 3-year-old session.

For the purpose of this study, we considered four elements: (1) 
infants’ EEG/ERP data at 6 months, (2) children’s phonological 
awareness data at 5 years, (3) parents’ reading and musical assessment, 
(4) information about literacy and musical environment. Not every 
measure was available for all families, e.g., due to scheduling problems 
for parents’ reading assessment, rejection of EEG/ERP data, or because 
children had not yet reached the 5-year-old session; furthermore, the 
questionnaire assessing musical skills and environment was added to 
the research protocol only for later participants. Therefore, families 
were included in the sample when at least two out of these measures 

were available. Other inclusion criteria were (1) both parents were 
Italian native speakers, (2) infants’ gestational age was ≥35 weeks, (3) 
infants’ Bayley Cognitive Scale Score at 6 months of age was ≥7.

The final sample consisted of 176 families in which the mother, 
the father and one child (87 males) took part in the study. In 42 of 
these families, a parent (n = 2) or an older sibling (n = 40) had a 
certified diagnosis of Developmental Language Disorder (n = 21), 
Developmental Dyslexia (n = 11) or both (n = 10). Table  1 shows 
descriptive statistics for the whole sample.

2.2. Parental assessment: reading and 
literacy

2.2.1. Reading skills
A self-report measure of parents’ own reading abilities was 

collected using the Adult Dyslexia CheckList (ADCL; Vinegrad, 1994) 
questionnaire. It is a widespread screening tool for adults with dyslexia 
(Pinnelli and Cursi, 2010), composed of twenty questions with Yes/No 
answers; each positive answer indicates difficulty. The total number of 
“Yes” answers was entered in the analysis. This measure was available for 
172 mothers and 172 fathers.

In addition to self-report measures, a subgroup of parents was also 
evaluated directly for their reading accuracy and speed. Standardized 
tests assessing text reading (Judica and De Luca, 2005) and single-
word (4 lists of 28 words each) and pseudo-word (3 lists of 16 
non-words each) reading (Sartori et al., 1995) were administered by a 
psychologist during individual sessions with each parent. Normative 
z-scores for accuracy and speed were calculated for each task and 
considered for the analysis. These measures were available for 111 
mothers and 94 fathers.

For the purpose of the present manuscript, we used the measures of 
direct reading assessment (available in a subsample of parents) to validate 
self-reported measures, thus preliminarily exploring the relationship 
between task-based reading ability and self-reported measures.

TABLE 1 Descriptive statistics for socio-demographic and anamnestic data.

Mean (SD) Min Max

PARENTS

Maternal education levela 57.10 (16.39) 20 80

Paternal education levela 47.95 (17.22) 20 80

Socio-economic statusb 64.08 (16.94) 30 90

Maternal age at delivery (years) 33.86 (4.57) 20 48

Paternal age at delivery (years) 36.85 (5.22) 26 52

INFANTS

Gestational age (weeks) 39.40 (1.53) 35 42

Bayley Cognitive scaled score (6 months) 11.93 (1.64) 7 16

aEight-point ordinal scale, ranging from 10 to 80, created ad hoc and based on the Italian 
school system (Hollingshead, 1975). Scores ranged between 10, corresponding to the fifth 
grade of elementary school (with 50 corresponding to high-school diploma) and 80, 
corresponding to post-doctoral degree. Information about the level of school completed by 
each parent was collected using an ad-hoc created questionnaire.
bNine-point scale, whereby a score ranging from 10 to 90 was assigned to each parental job 
and the higher of the two scores was used when both parents were employed (Hollingshead, 
1975). Scores ranged between 10, corresponding to unskilled workers (with 50 
corresponding to sales workers) and 90, corresponding to major professionals. Information 
about each parent’s occupational title was collected using an ad-hoc created questionnaire.
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2.2.2. Literacy environment
The Home Literacy Environment Questionnaire (HLEQ; Umek 

et al., 2005) was collected when children were three years old. The 
Italian adaptation of the HLEQ is composed of 33 statements that 
investigate the quality and quantity of stimulation of literacy skills 
children are exposed to in their family environment, e.g., how 
correctly parents talk to their children in terms of grammar, syntax 
and vocabulary, how much they encourage them to speak correctly, 
how often they engage in different interactive literacy activities such 
as reading books or visiting libraries/theaters. Parents have to score 
the frequency of each behavior on a 3-point scale. The sum of raw 
scores was entered in the analysis. Each family filled the 
questionnaire once, therefore only an overall home literacy score 
was available, instead of separate scores for mothers and fathers. 
This measure was available for 141 families.

2.3. Parental assessment: musical traits

2.3.1. Musical skills: self-report
To estimate their musical sense and skills, parents were asked 

to fill out the Brief Music Experience Questionnaire (BMEQ; 
Werner et al., 2006), a 53-item self-report measure of individual 
differences in people’s experience of music. Each item is scored on 
a 5-point Likert scale, and the scoring produces six scales: 
Commitment to music, Innovative musical aptitude, Social uplift, 
Affective reactions, Positive psychotropic effects and Reactive 
musical behavior. For the purpose of this study, only those scales 
assessing musical skills were considered: Innovative musical 
aptitude, concerning sense of melody and singing/playing 
abilities, and Reactive musical behavior, concerning the sense of 
rhythm and synchronization. The remaining scales, which assess 
emotions and feelings toward music, were not considered. The 
mean score for each scale (ranging from 1 to 5) was used for the  
analysis. These measures were available for 87 mothers and 
68 fathers.

2.3.2. Musical environment
Mothers and fathers separately completed a short ad-hoc 

questionnaire concerning musical environment, measured in how 
much they engaged in joint musical activities with their children 
during their first year of life. For example, each parent had to 
estimate how much time (quantified in average minutes per day) 
they spent listening to music with their child, singing to their 
child, and lulling their child rhythmically. A total score 
comprehensive of all musical activities for each parent was used 
for the analysis (i.e., the sum of the average minutes per day spent 
in each activity). This measure was available for 71 mothers and 
51 fathers.

2.4. Electrophysiological recording

2.4.1. Stimuli and procedure
Auditory processing was assessed by means of an 

electrophysiological non-speech multi-feature paradigm tapping the 
ability to process rapidly changing and complex auditory stimuli and 
eliciting responses for two different auditory attributes (i.e., changes 

in frequency and duration). The paradigm and stimuli were identical 
to those used in previous research (Cantiani et al., 2016).

Since the paradigm was originally implemented in order to 
specifically address early Rapid Auditory Processing, pairs of complex 
tones with a rapid inter-stimulus interval (ISI) of 70 ms were presented. 
The first tone in the pair always had a fundamental frequency of 
100 Hz with 15 harmonics (6 dB roll-off per octave) and 70 ms (5 ms 
rise time and 5 ms fall time) duration. For standard tone-pairs (STD) 
the same tone was repeated twice (i.e., 100–100 Hz). Two deviant tone-
pairs differing with respect to the second tone were presented: for the 
frequency deviant (DEVF), the second tone had a fundamental 
frequency of 300 Hz and 70 ms duration; for the duration deviant 
(DEVD), the second tone had a duration of 200 ms and a fundamental 
frequency of 100 Hz.

The stimuli were presented in a passive oddball paradigm where 
1,200 stimuli (80% STD, 10% DEVF, 10% DEVD) were pseudo-
randomized, so that at least three standard tone-pairs were presented 
before each deviant pair. The intertrial interval (offset-to-onset, ITI) 
randomly varied from 700 to 900 ms. All stimuli were presented at an 
intensity of 75 dB via speakers located on either side of and equidistant 
(95 cm) from the subject (for a more complete description of the 
stimuli see Cantiani et al., 2016).

2.4.2. Data acquisition and pre-processing
During EEG recording, children were seated on their caregiver’s 

lap in a sound-attenuated and electrically-shielded room, watching 
silent movies or entertained with silent toys. Auditory ERPs were 
recorded from 60 scalp sites using a dense-array EGI recording system 
(Electric Geodesic, Inc., Eugene, Oregon) with vertex as the online 
reference. Sampling rate was 250 Hz with 0.1–100 Hz online 
bandpass filter.

After recording, EEG data were exported to a MATLAB 
(Mathworks, Natick, MA) compatible format and processed using 
EEGLAB (Delorme and Makeig, 2004), and ERPLAB (Lopez-
Calderon and Luck, 2014), and custom scripts. An offline bandpass 
filter of 0.5–30 Hz was used. Noisy channels were interpolated with 
a spherical spline (never more than 12 of the 60 channels). The 
signals were then re-referenced to an average reference and the 13 
outermost channels were removed due to significant movement-
related artifacts and a high rate of interpolation. The remaining 48 
channels were considered for analyses. The continuous EEG was 
segmented according to stimulus type (pre-deviant STD, DEVF, 
and DEVD) with 100 ms pre-stimulus time (used for baseline 
correction) and 800 ms post-stimulus time. Bad EEG epochs were 
identified and rejected using both automatic criteria and visual 
inspection (for further information of ERP data processing see 
Cantiani et al., 2016). A minimum of 60 artifact-free trials was 
used for averaging ERPs (STD condition, M = 125.7, SD = 23.1, 
min = 60, max = 184; DEVF condition, M = 69.1, SD = 9.9, min = 60, 
max = 104; DEVD condition, M = 68.5, SD = 10.3, min = 60, 
max = 102).

2.4.3. Analytic procedure
To examine the role of auditory processing, we focused on the 

first positive deflection occurring at about 150 ms from stimulus 
onset (P1) reflecting low-level stimulus detection and registration, 
and on the following large positive response corresponding to the 
mismatch response (MMR), reflecting a neural change detection 
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process. Time windows and electrode sites to be  submitted to 
statistical analyses were selected based on mass univariate analyses 
applied to a subset of ERP data (Cantiani et  al., 2016). This 
procedure allows the identification of channel clusters and time 
windows where differences between stimulus types are significant, 
taking into account the application of appropriate corrections for 
multiple comparisons [for a full description of this procedure and 
the permutation test results that drove the selection of the time 
windows and the electrode sites to be  submitted to statistical 
analyses, refer to Cantiani et al. (2016)]. For each participant, ERPs 
were extracted from a subset of 18 electrodes localized in the left 
and right frontocentral areas. Data were then averaged in two 
clusters corresponding to the left and right frontocentral areas, 
each including nine channels (see Cantiani et al., 2016 for details). 
Following the above-mentioned mass-univariate analyses, peak (or 
mean) amplitude was calculated for different time windows:

 1. P1: peak amplitude was extracted in the time window 
100–300 ms.

 2. MMR: we first computed the different waveforms: DEVF-STD 
(mismatch response for frequency deviant, MMRF) and 
DEVD-STD (mismatch response for duration deviant, 
MMRD). Mean amplitude was then extracted in the following 
time windows: 350–550 ms for MMRF and 420–620 ms for 
MMRD. Mean amplitude instead of peak amplitude was 
extracted for the MMR because this component is typically 
wide and without clearly identifiable peaks.

These measures were available for 132 infants.

2.5. Children follow-up

Phonological awareness was measured between 4.5 and 
5.5 years of age (M = 4.95 years; SD = 0.26) using the test 
“Competenze Metafonologiche” (CMF; Marotta et  al., 2008), 
which is used to evaluate phonological awareness in children from 
5 to 11 years old through different tasks. In this study, three 
subtests were used. (a) Syllabic synthesis: children were asked to 
pronounce the word resulting from the synthesis of the syllables 
uttered by the examiner. (b) Rhyme detection: four pictures and 
their labels were presented to the children; they were then asked 
to identify the two pictures corresponding to the words that 
rhymed. (c) Pseudo-word minimal pair discrimination: children 
listened to recorded pairs of phonologically similar pseudo-
words, e.g., “paca”/paka/ and “baca”/baka/, and were asked 
whether the two stimuli were the same or different. All three 
subtests refer to and evaluate the same construct, i.e., the ability 
to work with the sounds of spoken language; moreover, 
correlations between them were investigated and found to 
be  significant (Syllabic synthesis and Rhyme detection, 
r(101) = 0.281, p = 0.001; Rhyme detection and Pseudo-word 
minimal pairs, r(101) = 0.235, p = 0.007; Syllabic synthesis and 
Pseudo-word minimal pairs, r(101) = 0.191, p = 0.028). Since no 
specific difference between tasks was expected in relation to the 
other measures in the study, a composite score made of the mean 
accuracy score was calculated and entered in the analysis. This 
measure was available for 103 children.

2.6. Statistical analysis

2.6.1. Selection of variables for parental reading 
skills

The direct assessment of parental reading skills yielded overall six 
variables (text reading speed; text reading accuracy; word reading 
speed; word reading accuracy; non-word reading speed; non-word 
reading accuracy). Descriptive statistics are reported in 
Supplementary Table S1A. Pearson correlations among variables were 
computed on the overall sample of parents. Following the correlation 
matrix (Supplementary Table S1B), we created two composite scores: 
Reading-accuracy and Reading-speed. These two variables were 
available from 205 parents (111 mothers and 94 fathers).

Indirect assessment of parental reading skills was performed 
through the self-report ADCL questionnaire, available on a larger 
sample (N = 344, 172 mothers and 172 fathers). Since the self-report 
measure yielded significant correlations with both Reading-accuracy 
[r(203) = −0.370, p < 0.001] and Reading-speed, [r(203) = −0.408, 
p < 0.001], only this self-report measure is reported in the main 
analysis, in order to maximize sample size.

2.6.2. Preliminary analysis on the ERP data and 
definition of electrophysiological variables

Descriptive statistics of all electrophysiological variables are 
reported in Supplementary Table S2A. To identify the 
electrophysiological variables to be  included in the subsequent 
analysis (in order to try to minimize variables) two preliminary 
repeated-measures ANOVA models were computed, respectively on 
peak amplitude of the P1 peak (auditory detection), and on mean 
amplitude of the MMR (auditory discrimination).

The ANOVA on the P1 peak included Stimulus type (STD vs. 
DEVF vs. DEVD) and Hemisphere (left vs. right) as within-subject 
factors. It revealed a main effect of Hemisphere, F(1,131) = 38.954, 
p < 0.001, and no effect of Stimulus Type, F(2,262) = 0.769, p = 0.465 
nor the two-way interaction, F(2,262) = 1.204, p = 0.302. Following 
these preliminary results, two composite variables were created for the 
P1 peak, collapsing stimulus types and keeping separate responses in 
the two hemispheres (P1 Left, P1 Right).

The ANOVA on mean amplitude of the MMR was computed on 
the difference waveforms, and included Stimulus Type (MMRF vs. 
MMRD) and Hemisphere (left vs. right) as within-subject factors. It 
revealed a main effect of Stimulus Type, F(1,131) = 15.762, p < 0.001, 
and a significant interaction Stimulus Type x Hemisphere, 
F(1,131) = 4.484, p = 0.036. Following these preliminary results, four 
separate variables were included in the following analysis for the MMR 
amplitude (MMRF Left, MMRF Right, MMRD Left, MMRD Right).

Despite these differences between hemisphere and stimulus type, 
all the electrophysiological variables were highly correlated among 
each other (Supplementary Table S2B).

Figure  1 shows the grand average waveforms for the overall 
sample and for two channels (F5 and F6) located, respectively, on left 
and right frontocentral regions.

2.6.3. Preliminary analysis on socio-demographic 
variables

Since our second and third experimental questions pertain to the 
influence of parental reading/musical skills and home environment 
(specifically literacy and musical environment) on children 
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development, we preliminarily investigated the possible intervening 
effect of the socio-demographic variables reported and described in 
Table 1 on the considered parental variables. Based on the literature, 
we expected higher SES and educational levels to be associated with 
richer literacy and musical environments (Albert, 2006; Van Steensel, 
2006). Spearman correlations were computed among the main socio-
demographic variables available (i.e., SES, maternal education, and 
paternal education) and all parental variables included in the analyses 
(the full correlation matrix reported in the Supplementary Table S3). As 
expected, some of our parental variables could be partly explained by 
socio-demographic variables: home literacy environment was associated 
with SES and maternal education, maternal reading was associated with 
maternal education, and paternal reading was associated with both 
paternal education and familial SES. Conversely, neither parental 
musical environment nor parental musical skills were associated with 
SES or educational level. For this reason, and so as to keep the number 
of variables included in our analyses at minimum, we decided not to 
include socio-demographic variables in the main analysis.

2.6.4. Analytic procedure
Descriptive statistics and Pearson’s bivariate correlation among 

the selected variables were performed using SPSS, Version 28.0 (IBM 
Corp. Released, 2021). These correlational analyses were exploratory 
and finalized to the generation of more specific data-driven hypotheses 
to be tested in the following mediation models. Due to the exploratory 
and preliminary nature of these correlational analyses, we did not 
adjust significance levels for multiple testing, in order to avoid type-II 
errors and not to miss potentially relevant associations to be tested in 
the further models (Bender and Lange, 2001).

Mediation models were tested by using Structural Equation 
Modeling (SEM) as implemented in the Mplus 8.1 software 
package (Muthén and Muthén, 2017). We estimated fit indices to 
determine how adequately the data fit with the chosen models; 
these indices included the chi-square statistic, the standardized 
root mean square residual (SRMR, with values ≤0.08 indicating 
adequate fit), the root mean square error of approximation 
(RMSEA, with values ≤0.08 indicating adequate fit), and the 
comparative fit index (CFI, with values of ≥0.95 indicating 
adequate fit; Preacher and Hayes, 2008). Indirect mediation effects 
were examined using the bias-corrected 5,000 bootstrap technique 
to assess non-normality in the product coefficient (Fritz and 
MacKinnon, 2003). Confidence intervals (95% CIs) that do not 
contain zero were indicators of significant mediation pathways 
(Tofighi and MacKinnon, 2011). The mediation models tested two 
hypotheses. First, we  tested the hypothesis that parental skills 
would influence children’s reading-related outcomes (phonological 
awareness at 5 years) both directly and indirectly (through early 
low-level auditory processing skills, as intermediate phenotype). 
Second, we  tested the hypothesis that parental skills would 
influence the environment provided to children, which in turn 
would influence children outcomes.

3. Results

Descriptive statistics of all the measures included in the analyses 
are reported in Table  2 (parental measures) and Table  3 
(children’s measures).

FIGURE 1

Grand average waveforms for the overall sample. Representative channels for the left and right fronto-central regions are shown. The waveform 
relative to the standard condition (STD, black line) is plotted against the waveforms relative to the frequency deviant condition (DEVF, red line) and the 
duration deviant condition (DEVD, blue line). In addition, the difference waveforms relative to MMRF (DEVF minus STD; red dotted line) and MMRD 
(DEVD minus STD; blue dotted line) are plotted. The black, red and blue lines beneath each waveform indicate the temporal sequence of stimulus 
presentation in each stimulus type (black lines = STD; red lines = DEVF; blue lines = DEVD). Negative voltage is plotted upward.
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3.1. Are reading skills and musical aptitudes 
associated?

Associations between reading skills and musical aptitudes were 
investigated in the overall sample of parents with both measures 
(N = 152, including 85 mothers and 67 fathers with both measures).

Scores in the ADCL questionnaire were negatively associated with 
both innovative musical aptitude, r(150) = −0.223, p = 0.006, and with 
reactive musical behavior, r(150) = −0.189, p = 0.020. Adults with 
lower scores in the ADCL questionnaire (corresponding to better self-
reported reading skills) were characterized by higher scores in the two 
subscales of musical aptitude.

3.2. Are parental reading skills/musical 
aptitudes associated with their offspring’s 
auditory processing and phonological 
awareness?

Associations between parental measures and offspring 
electrophysiological measures of auditory processing were measured 
separately for maternal (N = 129) and paternal reading skills (N = 129).

As shown in Table  4, a clear pattern of correlations emerged: 
maternal reading skills were mostly associated with the amplitude of the 
P1 peak (indexing the detection of the auditory stimuli), whereas paternal 
reading skills were mostly associated with the amplitude of the MMR, 
specifically on the right hemisphere (indexing auditory discrimination).

Interestingly, both paternal and maternal reading skills were 
associated with the offspring’s phonological awareness at 5 years of age, 
r(100) = −0.254; p = 0.011, and r(101) = −0.248; p = 0.013, respectively.

Table 5 shows the pattern of correlations between infants’ auditory 
processing skills and their later phonological awareness skills. As 
expected, auditory processing skills at 6 months were significantly 
associated with phonological awareness at 5 years of age, but only for 
the amplitude of the MMR, specifically on the right hemisphere.

Associations between maternal and paternal musical aptitudes, 
mutually correlated (see Supplementary Table S4A), and the 
offspring’s auditory processing and phonological awareness skills 
were assessed in a more modest sample (N ranging between 46 and 
58), providing basically no significant correlations with the only 
exception of a correlation between maternal reactive musical 
behavior and children’s amplitude of the MMR for the duration in the 
right hemisphere [r(56) = −0.297, p = 0.023], and an association 
between paternal innovative musical aptitude and children’s 
phonological awareness [r(50) = 0.351, p = 0.011] (the full correlation 
matrix is reported in Supplementary Table S4B).

3.3. Do parental reading skills and their 
musical aptitudes influence the 
environment (respectively the literacy and 
musical environment) provided to 
children? How does this environment 
influence children’s auditory processing 
and phonological awareness?

Correlations were analyzed separately to explore the relationship 
between (1) parental reading skills and literacy environment, and (2) 
parental musical aptitudes (innovative musical aptitude and reactive 
musical behavior, mutually correlated, see Supplementary Table S4A) and 
musical environment. Paternal and maternal reading skills were not 
significantly related to home literacy [r(138) = −0.090, p = 0.294, and 
r(139) = −0.033, p = 0.697, respectively], whereas both maternal and 
paternal musical aptitudes were related to the musical environment 
provided by each parent [maternal innovative musical aptitude, 
r(69) = 0.250, p = 0.037; maternal reactive musical behavior, r(69) = 0.263, 
p = 0.028; paternal innovative musical aptitude, r(48) = 0.360, p = 0.011], 
with the exception of paternal reactive musical behavior, r(48) = 0.217, 
p = 0.135 that was not related to paternal music environment.

The correlations between literacy and musical home environment 
and children’s skills show that both literacy and music environment 
were related to phonological awareness at 5 years of age (home literacy, 
r(92) = 0.230, p = 0.027; paternal musical environment, r(39) = 0.398, 
p = 0.010, with the exception of maternal musical environment, 
r(51) = −0.120, p = 0.390). However, against expectations, the musical 
environment provided in the first year of life did not influence 
auditory processing skills at 6 months of age (the full correlation 
matrix is reported in the Supplementary Table S4B). The influence of 
home literacy environment on auditory processing skills was not 
tested, since data collection took place in different time-points 
(auditory processing at 6 months, and home environment at 3 years).

3.4. Mediation models

Based on the correlation matrices, two hypotheses were further 
explored by means of mediation models.

3.4.1. Auditory processing skills as a mediator 
between parental reading skills and children’s 
phonological awareness

Having shown that individual differences in children’s phonological 
awareness were associated with maternal and paternal reading skills and 
with specific measures of early auditory processing skills in infants 

TABLE 2 Descriptive statistics of parental variables.

Mothers Fathers Combined measures

N Min Max Mean SD N Min Max Mean SD N Min Max Mean SD

Reading self-report 172 0 9 2.52 2.20 172 0 15 2.90 2.50 344 0 15 2.71 2.36

Home literacy 141 13 62 48.10 7.32

Innovative musical aptitude 87 1 4.14 2.07 0.80 68 1 4.71 2.21 1.01 155 1 4.71 2.13 0.90

Reactive musical behavior 87 1 5 3.77 0.79 68 1.44 4.89 3.22 0.77 155 1 5 3.53 0.83

Musical environment 71 1 660 72.68 94.8 51 0 120 28.16 23.59
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(amplitude of the MMR in the right hemisphere), we used SEM to test the 
mediation model depicted in Figure 2A. The mediation model provided 
a good fit to the data [X2 (9) = 52.752, p < 0.001; RMSEA = 0.000, CI 
(90%) = 0.000–0.000; CFI = 1.00; SRMR = 0.000] and explained 27.9% of 
the variance in children’s phonological awareness.

Standardized estimates of path coefficients are shown in 
Figure 2A. The mediation model yielded several significant direct effects. 
There was a significant path coefficient from amplitude of the MMR in 
response to frequency stimuli to phonological awareness scores (β = 0.397, 
p < 0.001). Children with higher discrimination skills (as reflected in the 
amplitude of the MMR on the right hemisphere) have higher phonological 
awareness scores at age 5 years. A significant effect was found from 
paternal reading skills to both measures of auditory discrimination 
(MMRF, β = −0.190, p = 0.017; MMRD, β = −0.244, p = 0.001): better 
paternal reading skills predict higher amplitude of the MMR.

More interestingly, using 5,000 bootstrap CI 95%, we  found a 
significant indirect effect from paternal reading to children’s 
phonological awareness scores via auditory processing skills 
(β = −0.075; SE = 0.037; 95% CI [ −0.148, –0.002]: paternal reading was 
associated with more positive MMRF at age 6 months which, in turn, 

influenced phonological awareness skills at age 5 years. Conversely, 
maternal reading was directly associated with children’s phonological 
awareness (β = −0.217; SE = 0.089; 95% CI [−0.390, –0.043].

3.4.2. Musical environment as a mediator 
between parental musical aptitudes and 
children’s phonological awareness

Having shown that individual differences in children’s 
phonological awareness were associated with parental musical 
aptitudes and with the musical environment provided by fathers to 
infants in the first year, we used SEM to test the mediation model 
depicted in Figure 2B. The mediation model provided a good fit to the 
data [X2 (5) = 18.693, p = 0.002; RMSEA = 0.000, CI (90%) = 0.000–
0.000; CFI = 1.00; SRMR = 0.000] and explained 21.8% of the variance 
in children’s phonological awareness.

Standardized estimates of path coefficients are shown in 
Figure 2B. The mediation model yielded several significant direct 
effects. There was a significant path coefficient from musical 
environment to phonological awareness scores (β = 0.321, p = 0.002). 
Children whose fathers provided richer musical environment during 
the first year of life had higher phonological awareness scores at age 
5 years. A significant effect was found from paternal musical aptitudes 
(innovative musical aptitude) to paternal musical environment 
provided to the children (β = 0.351, p = 0.003): fathers with higher 
musical aptitudes provided richer musical environment to 
their children.

More interestingly, using 5,000 bootstrap CI 95%, we  found a 
significant indirect effect from paternal musical aptitude to children’s 
phonological awareness scores via the musical environment (β = 0.113; 
SE = 0.058; 95% CI [ 0.022, 0.248].

4. Discussion

In the present study, some predictions from the MAPLE 
framework (Nayak et  al., 2022) were investigated in an 

TABLE 3 Descriptive statistics of children variables.

N Min Max Mean SD

Electrophysiological 

variables (at 

6 months)

P1 Left 132 −0.39 6.43 2.66 1.43

P1 Right 132 0.28 7.02 3.41 1.58

MMRF Left 132 −3.36 12.72 3.96 2.94

MMRF 

Right 132 −4.01 11.94 3.94 2.93

MMRD 

Left 132 −3.26 12.63 3.36 2.76

MMRD 

Right 132 −4.01 11.98 2.66 2.84

Phonological awareness (at 5 years) 103 4.00 15.00 10.96 2.40

TABLE 4 Pearson’s correlations between parental reading measures and 
offspring’s auditory processing skills and phonological awareness skills.

Paternal ADCL 
(N = 129)

Maternal ADCL 
(N = 129)

P1 Left r 0.027 0.207*

p 0.762 0.019

P1 Right r −0.021 0.190*

p 0.812 0.031

MMRF Left r −0.088 0.126

p 0.324 0.154

MMRF Right r −0.179* 0.030

p 0.043 0.736

MMRD Left r −0.125 0.054

p 0.159 0.544

MMRD Right r −0.247** 0.027

p 0.005 0.759

Significant correlations are reported in bold. Asterisks indicate the level of significance as 
follows: *p < 0.05; **p < 0.01.

TABLE 5 Pearson’s correlations between infants’ auditory processing 
skills and later phonological awareness skills.

Phonological awareness at 
5  years (N = 77)

P1 Left r −0.011

p 0.924

P1 Right r −0.004

p 0.971

MMRF Left r 0.091

p 0.433

MMRF Right r 0.361**

p 0.001

MMRD Left r 0.059

p 0.609

MMRD Right r 0.265*

p 0.020

Significant correlations are reported in bold. Asterisks indicate the level of significance as 
follows: *p < 0.05; **p < 0.01.
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intergenerational longitudinal design. We attempted to disentangle 
the complex relations among parental reading skills and musical 
aptitudes, infants’ neural signatures of auditory processing and later 
phonological awareness skills, and literacy and musical environment. 
When interpreting the whole pattern of results, it should be kept in 
mind that family risk for language or learning impairment was 
slightly overrepresented in our sample (around 20% of the 
total sample).

4.1. Associations between reading skills and 
musical aptitudes

The associations between reading skills and musical aptitudes 
were investigated in the sample of adults included in the study as 
parents (N = 152). Weak but significant associations were found 

between the two domains (both self-reported). We  could have 
expected the rhythmic properties of musical ability to be specifically 
related to phonological awareness and reading skills, based on a 
previous study conducted on developmental population (Politimou 
et al., 2019). By contrast, the observed associations involved both 
reactive musical behavior, concerning the sense of rhythm and 
synchronization, and innovative musical aptitude, concerning the 
melodic aspects of musical skills. In both cases, self-reported reading 
skills corresponded to higher musical aptitudes. This result is in line 
with the large existing literature on the associations between musical 
abilities and different aspects of typical and atypical language/reading 
competence across the lifespan (Besson et al., 2007; Bonacina et al., 
2018; Boll-Avetisyan et al., 2020; Ladányi et al., 2020). However, the 
use of self-reported measures and the absence of additional measures 
on the underlying shared mechanisms are indeed limitations, 
preventing us from discussing this result further.

FIGURE 2

The tested mediation models. Standardized coefficients are reported. Significant paths are presented as continuous lines, whereas non-significant 
paths are presented as dotted lines.
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4.2. Intergenerational associations among 
parental reading skills/musical aptitudes, 
infants’ auditory processing, and later 
children’s phonological awareness

In line with the intergenerational multiple deficit model applied 
to dyslexia (van Bergen et al., 2014b) arguing that parental cognitive 
abilities can partly reveal their offspring’s risk, we  found that the 
reading abilities of both parents were predictors of the offspring’s 
pre-reading (phonological awareness) skills. When looking at the 
associations between parental reading skills and infants’ neural 
signature of auditory processing, as a possible endophenotype, an 
interesting pattern of association emerged. Although, to the best of 
our knowledge, such a correlational approach has never been applied 
to similar data, several studies have compared auditory processing 
skills in infants with and without familial risk for dyslexia, where the 
risk of dyslexia was quantified based on current parental reading skills 
(Van Zuijen et al., 2012; Plakas et al., 2013; Thiede et al., 2019). Here, 
we could add to this literature a potentially different effect of maternal 
and paternal reading skills.

Maternal reading skills were associated with the amplitude of the 
P1 peak, the ERP response obligatorily elicited by stimulus occurrence 
(Čeponiene et al., 2002), reflecting auditory detection. Interestingly, 
the direction of the association suggested that the amplitude of the 
ERP peak was higher in infants whose mothers reported worse 
reading skills, and lower in infants whose mothers reported better 
reading skills. This finding is novel and deserves further attention in 
ad-hoc studies. Since our paradigm is a long oddball paradigm (overall 
1,200 stimuli) characterized by the first stimulus in every pair being 
always identical, we could speculate that the auditory detection of this 
first stimulus might be subjected to the phenomenon of repetition 
suppression, i.e., the decrease of neural activity that can be observed 
when a certain stimulus is presented repeatedly (Nordt et al., 2016). 
Here, we  can hypothesize that the risk for language and reading 
difficulties transmitted by mothers reflects itself in a reduced repetition 
suppression, resulting in an enhanced P1 peak. This explanation is 
supported by a few studies reporting reduced neural repetition 
suppression in children with language impairment (Helenius et al., 
2014) and with small expressive vocabulary (von Torkildsen et al., 
2009). However, further studies specifically manipulating the 
repetition of the stimuli are needed.

Conversely, paternal reading skills were associated with the 
amplitude of the MMR, the large positivity peaking at about 300 ms 
from change detection (Kushnerenko et  al., 2002), reflecting the 
neural change detection process that occurs when there is any 
detectable auditory change within a sequence of homogeneous 
sounds. This finding is well-reported in the literature comparing 
infants with and without familial risk for language and reading 
impairment (Benasich et  al., 2006; Van Leeuwen et  al., 2006; 
Leppänen et al., 2010), where the risk is often estimated based on 
parental reading skills (Van Zuijen et al., 2012, 2013; Thiede et al., 
2019). The same finding of a reduced MMR in at-risk infants was also 
previously reported using the same or very similar paradigms 
(Choudhury and Benasich, 2011; Cantiani et al., 2016). Even the 
hemisphere effect found in the present study (associations with 
paternal reading are limited to MMR elicited in the right hemisphere) 
is coherent with what previously found in our Italian sample 
(Cantiani et al., 2016; Riva et al., 2017). In Cantiani et al. (2016) 

we compared a sample of 24 6-month-old infants at familial risk for 
language and learning impairment with a group of 32 infants without 
such a risk, and found that infants at familial risk were characterized 
by reduced mean amplitude of the MMR for both deviant stimuli, but 
only in the right hemisphere. Here, although the approach is different, 
we found that infants of parents with the worst reading skills behave 
similarly to infants at familial risk. A speculative explanation for this 
specific hemisphere effect (that was not found in other studies 
including similar but not identical paradigms, for example 
Choudhury and Benasich, 2011) may take into account the specificity 
of our paradigm, where changes in sound duration produce an 
irregularity of the rhythm of sound presentation. Such irregularity in 
the rhythm might require a more substantial activation of the right 
hemisphere, being significantly more challenging for infants at higher 
risk. However, this speculative explanation requires further 
investigation, possibly using analytic strategies that allow 
age-appropriate source localization (e.g., Cantiani et al., 2019).

The influence of this specific auditory discrimination ability seems 
to be parent-specific, and driven by fathers. Some forms of parent-of-
origin effects, denoting a change in the way an allele may influence a 
trait dependent on which parent it was inherited from (Lawson et al., 
2013) have already been proposed for many complex traits and 
disorders (Davies et  al., 2001; Nudel et  al., 2022), including ASD 
(Flashner et al., 2013; Connolly et al., 2017), and language-related 
traits and disorders (Nudel et al., 2022). In a recent GWAS on receptive 
language, a paternal over-transmission of risk alleles was found, with 
the minor allele considerably reducing language scores when 
specifically inherited from the father (Nudel et al., 2022).

In our longitudinal work, the pattern of intergenerational 
associations among maternal and paternal reading skills, infants’ 
auditory processing at 6 months, and children’s phonological awareness 
skills at 5 years was further investigated through a more comprehensive 
structural equation model, revealing that whereas maternal reading 
skills were directly associated with phonological awareness, the 
association between paternal reading skills and children’s phonological 
awareness seemed to be mediated by early auditory processing skills 
(specifically by the amplitude of the MMR elicited in the right 
hemisphere in response to frequency deviants). The association from 
this electrophysiological response at 6 months of age and phonological 
awareness 4.5 years later was expected based on the original theories of 
Rapid Auditory Processing (Tallal and Gaab, 2006) predicting the 
relationship between RAP and language/reading skills through the 
building of phonological representations and the ability in 
manipulating them. Our results add to this finding the potential 
pathogenetic mechanisms in the pathway of familial transmission. 
However, molecular genetics and twin studies are needed in order to 
investigate the biological basis of possible maternal and 
paternal differences.

Associations between maternal and paternal musical aptitudes 
and the offspring’s auditory and phonological processing skills were 
investigated in a more modest sample (N = 58). Since we hypothesized 
that music and reading-related traits shared underlying heritable 
mechanisms, we expected parental musical aptitudes to be related to 
both infants’ auditory processing and later phonological awareness. 
Our findings showed that only paternal musical aptitude, concerning 
the melodic aspects of musical skills, was associated with children’s 
phonological awareness outcomes. However, infants’ neural 
signatures of low-level auditory processing did not appear to 
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be  influenced by either paternal or maternal musical skills and 
aptitudes. This result contrasts with previous findings reporting that 
infants with musically trained parents had better neural entrainment 
to beat and meter compared to infants with musically untrained 
parents (Cirelli et  al., 2016). On the one hand, the absence of 
association could reflect a low degree of shared variance between 
parental musical aptitudes and infants’ auditory processing. It should 
be  noted that the heritability of musical traits has been less 
investigated and only more recently than the heritability of reading 
traits. On the other hand, we also should notice that this lack of a 
relationship cannot be taken as definitive, because of the relatively 
small sample size for these specific measures.

4.3. The interaction between parental 
reading skills/musical aptitudes and home 
environment in explaining children’s 
development

The transmission of parental skills does not only follow genetic 
pathways but could be passed on also via environmental pathways 
(van Bergen et  al., 2014a). The role of the home environment 
(specifically the home literacy environment) in children’s language 
and reading development has been well documented (Burgess et al., 
2002; Park, 2008; Dong et  al., 2020; Niklas et  al., 2020). Here 
we have explored not only the simple influence of home literacy on 
children’s development but also the influence of parental 
characteristics on the environment they are providing to their 
children. As expected, we  found that our measure of the home 
literacy environment collected at 3 years of age had an effect on 
children’s phonological awareness around two years later. 
Surprisingly, however, we found that parental reading skills were 
not associated with such a measure of home literacy environment. 
Some previous studies have reported minimal differences between 
the home literacy environment experienced by young children with 
and without a dyslexic parent (Elbro et al., 1998; Laakso et al., 1999; 
Torppa et al., 2007; van Bergen et al., 2014a). Their results showed 
that experiences of shared reading, print exposure, and cognitive 
stimulation were similar in families where at least one parent had 
reading difficulties and in families without such risk. Similarly, in 
our study, we found that the reading difficulties of the parents did 
not influence the overall home literacy provided at home 
(questionnaire filled-up by one of the parents – more often by the 
mother). These findings suggest that our previously reported 
association between parental reading skills and children’s 
phonological awareness is more likely to be  explained by a 
predominantly genetic transmission rather than an environmental 
pathway. Similar results have been found in previous longitudinal 
studies, suggesting that genetic transmission and passive gene–
environment correlations might be  more important than direct 
environmental effects (van Bergen et al., 2014a). Yet, it should also 
be considered that, as expected, our preliminary analysis confirmed 
that both home literacy and parental reading skills correlate with 
socio-demographic measures such as SES and education level. This 
suggests that the environmental influence is likely to be  more 
complex than simple exposure to print and music, and may 
encompass further aspects related to SES and parental educational 
level, that have not been explored in this study.

The interaction between parental musical aptitudes, musical 
environment, and children’s development followed a different 
pattern. Significant associations were found between both parents’ 
musical aptitudes and the musical environment they each provided 
to their children in the first year of life: parents who rated themselves 
as more musically talented were more likely to provide an enriched 
musical environment for their children. This finding is in line with 
previous studies reporting that parental musical experience was 
associated with the habit of listening to music with their child, and 
with the frequency of playing music and singing to them (Custodero 
and Johnson-Green, 2003; Ilari, 2005). However, against 
expectations, the musical environment provided by mothers or 
fathers did not influence their children’s neural signatures of 
auditory processing at 6 months of age. To our knowledge, only one 
study has focused on the relation between informal musical activities 
carried out at home and children’s electrophysiological indices of 
neural auditory change detection (Putkinen et al., 2013). This study, 
which suggests that children whose environment was more musically 
enriched had developed more mature auditory processing at the 
neural level, was carried out with older toddlers (2–3 years of age) 
compared to our participants (6 months of age). In a previous study 
from our research group, we preliminarily investigated the feasibility 
and short-term effects of a rhythmic training program proposed to 
infants (7–9 months) and their caregivers (Dondena et al., 2021). 
We  found beneficial effects on the neural correlates of auditory 
processing skills. Similarly, Zhao and Kuhl (2016) found enhanced 
neural responses in infants who participated in similar early musical 
training. Here, the absence of any effect of the auditory musical 
environment on the neural responses might suggest that, at least in 
the first year of life, the type of musical activities [e.g., those 
specifically related to sensorimotor coupling as in Dondena et al. 
(2021) and Zhao and Kuhl (2016)] is more relevant than the simple 
quantity of time spent in any music-related activities.

Concerning the association between early musical environment and 
children’s phonological awareness skills at 5 years of age, we only found an 
effect of the musical environment provided by fathers. Although extensive 
previous research has focused on the beneficial effects of formal music 
training in preschool or school age on language and reading skills 
(Moreno et al., 2009; Bhide et al., 2013; Flaugnacco et al., 2015; Cancer 
and Antonietti, 2022), less is known about the effects of early informal 
activities that can be carried out by parents at home. Only recently the 
effect of shared musical activity at home in the first year of life has been 
reported on language development (Papadimitriou et al., 2021; Franco 
et al., 2022). For example, Franco et al. (2022) reported that self-reported 
high levels of parental singing with their infants at 6 months predicted 
significant advantages on language outcomes (i.e., word comprehension) 
at 14 months. Similarly, Papadimitriou et al. (2021) reported that both 
parental singing and overall home musical environment significantly 
predicted concurrent word comprehension in infants below 12 months, 
but not in older toddlers. The present result of a long-term effect of 
informal musical activities carried out by fathers early in development on 
preschool pre-reading skills, however, is novel. The pattern of 
intergenerational associations among paternal musical aptitudes, musical 
environment provided by fathers, and children’s phonological awareness 
skills was further investigated through a structural equation model, 
revealing that the association between paternal musical aptitudes and 
children’s phonological awareness seems to be mediated by the musical 
environment. Again, this pattern of intergenerational transmission seems 
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to be parent-specific, and more driven by fathers. In addition to the 
interpretation of a parent-of-origin effect, already proposed for the similar 
effect found in the paternal reading skills – children’s phonological 
awareness relationship, a specific effect of the environment provided by 
fathers emerged for music. A previous study has investigated how fathers’ 
singing in general is highly engaging to infant listeners (O’Neill et al., 
2001), and this might explain the special status of the early paternal 
influences found in the present study. Here, we  found that paternal 
melodic skills (including singing) have a specific influence on the time 
they spend in musical activities with their children. Unfortunately, we did 
not disentangle the specific role of paternal singing, since we collapsed 
information about listening to music with their child, singing to their 
child, and lulling their child rhythmically.

4.4. Limitations of the study

Although the present study can provide an initial insight on how 
parental reading and musical abilities both contribute in modulating 
their offspring’s language development, some limitations should 
be  acknowledged. First, when investigating intergenerational 
associations using mediation models, different sample sizes were 
available for parental reading measures (N = 129) and musical traits 
and environment (N = 58). Since such differences prevented us from 
building a solid comprehensive model that could include both 
aspects, we  showed how parental reading and musical traits 
separately influence children’s phonological awareness through 
different mediators. Larger and more similar sample sizes are needed 
in order to investigate how the association between the two traits 
impacts the intergenerational pathway, i.e., whether it is possible to 
encompass both parental traits and the environment in a single 
overall model, and shed more light on how they interact in 
influencing children’s language competence. A second limitation of 
the study is the use of self-report measures of parental skills instead 
of directly assessing them as done with children. Regarding reading 
skills, however, the ADCL questionnaire is considered as a reliable 
measure of screening for (suspected) dyslexia in adults (Turner, 
2008). Moreover, we directly assessed reading speed and accuracy in 
a subsample of parents (around ⅔ of the whole sample) using 
standardized tests, and significant associations between direct and 
self-report measures emerged. Conversely, we did not test melody 
and synchronization skills; our estimate of parental musical traits was 
only based on their self-report answers to the questionnaire. Further 
studies should also include direct behavioral testing of parental 
musical abilities. Finally, we  should acknowledge that the music 
environment was only investigated in the first year of life, since 
we had specific hypotheses on the very early influences that informal 
musical activities can have on the infants’ brain and language 
development (Dondena et al., 2021). However, it is well-known that 
also in preschool years informal home musical experience may have 
a positive effect on auditory processing (Putkinen et  al., 2013), 
vocabulary (Williams et al., 2015; Schaal et al., 2020) and grammar 
(Politimou et al., 2019). Recently, a novel tool (i.e., Music@Home) 
has been developed to assess the home musical environment in the 
early years comprising an infant and a preschool version (Politimou 
et al., 2019; Schaal et al., 2020): the longitudinal use of such a tool in 
further studies may help in disentangling the early vs. later effect of 
home musical environment.

5. Conclusion

To conclude, we present here some findings from an intergenerational 
longitudinal design and highlight the shared mechanisms underlying 
parental reading and musical traits, neural underpinnings of infants’ 
auditory processing, and later phonological awareness skills. Although 
we overall found associations between reading and musical traits when 
looking at parents alone, we  could only assess the intergenerational 
transmission effects of these two traits separately, due to the different 
sample sizes. For reading traits, we  confirmed the predictions of an 
intergenerational transmission to children’s pre-reading (phonological) 
skills and added some pieces of evidence on the potential mechanisms 
underlying parent-specific pathways. Specifically, maternal reading skills 
seem to directly predict children’s phonological awareness, whereas 
paternal reading skills seem to exert an indirect effect, mediated by 
infants’ neural underpinning of auditory discrimination skills. 
Interestingly, the home literacy environment had a significant effect on 
children’s phonological awareness skills but was not directly associated 
with either maternal or paternal reading skills. This suggests that the 
effects of parental reading skills on children’s phonological awareness are 
more likely to be explained by a predominantly genetic transmission 
rather than an environmental pathway. As for musical traits, we found 
again that paternal musical aptitudes and skills, rather than maternal 
characteristics, were associated with children’s phonological phenotypes: 
in this case, the association was mediated by the musical environment 
provided at home. Besides shedding light on possible intergenerational 
transmission mechanisms concerning reading and musical traits, this 
study may open up new perspectives for early intervention based on 
environmental enrichment: our findings suggest that home literacy and 
musical environment may be suitable targets for early intervention.

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed and 
approved by Ethical Committee of the Scientific Institute IRCCS 
Eugenio Medea. Written informed consent to participate in this study 
was provided by the participants’ legal guardian/next of kin.

Author contributions

CC, MM, and ML designed the study. CC and CD ran the 
experiment and collected the data and drafted the manuscript. CC, 
CD, and VR analyzed the data. CC and ML interpreted the results. All 
authors edited and revised the manuscript.

Funding

This work was supported by the Italian Ministry of Health 
(Ricerca Corrente).

https://doi.org/10.3389/fnins.2023.1201997
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org


Cantiani et al. 10.3389/fnins.2023.1201997

Frontiers in Neuroscience 14 frontiersin.org

Acknowledgments

The authors  wish to thank Giulia Mornati and Marco Borromini 
for their help in data collection. Additionally, the authors wish to 
express their gratitude to Cecilia Marino for the stimulating 
discussions and helpful advice. Special thanks go to all infants and 
their parents who participated in this study.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fnins.2023.1201997/
full#supplementary-material

References
Albert, D. J. (2006). Socioeconomic status and instrumental music: what does the 

research say about the relationship and its implications? Updat. Appl. Res. Music Educ. 
25, 39–45. doi: 10.1177/87551233060250010105

Andreola, C., Mascheretti, S., Belotti, R., Ogliari, A., Marino, C., Battaglia, M., et al. 
(2021). The heritability of reading and reading-related neurocognitive components: a 
multi-level meta-analysis. Neurosci. Biobehav. Rev. 121, 175–200. doi: 10.1016/J.
NEUBIOREV.2020.11.016

Bayley, N. (2006). Bayley scales of infant and toddler development. London: PsychCorp, 
Pearson.

Benasich, A. A., Choudhury, N., Friedman, J. T., Realpe-Bonilla, T., Chojnowska, C., 
and Gou, Z. (2006). The infant as a prelinguistic model for language learning 
impairments: predicting from event-related potentials to behavior. Neuropsychologia 44, 
396–411. doi: 10.1016/J.NEUROPSYCHOLOGIA.2005.06.004

Bender, R., and Lange, S. (2001). Adjusting for multiple testing—when and how? J. 
Clin. Epidemiol. 54, 343–349. doi: 10.1016/S0895-4356(00)00314-0

Besson, M., Schön, D., Moreno, S., Santos, A., and Magne, C. (2007). Influence of 
musical expertise and musical training on pitch processing in music and language. 
Restor. Neurol. Neurosci. 25, 399–410.

Bhide, A., Power, A., and Goswami, U. (2013). A rhythmic musical intervention for 
poor readers: a comparison of efficacy with a letter-based intervention. Mind Brain Educ. 
7, 113–123. doi: 10.1111/MBE.12016

Boll-Avetisyan, N., Bhatara, A., and Höhle, B. (2020). Processing of rhythm in speech 
and music in adult dyslexia. Brain Sci. 10:261. doi: 10.3390/BRAINSCI10050261

Bonacina, S., Krizman, J., White-Schwoch, T., and Kraus, N. (2018). Clapping in time 
parallels literacy and calls upon overlapping neural mechanisms in early readers. Ann. 
N. Y. Acad. Sci. 1423, 338–348. doi: 10.1111/NYAS.13704

Brandt, A. K., Slevc, R., and Gebrian, M. (2012). Music and early language acquisition. 
Front. Psychol. 3:327. doi: 10.3389/FPSYG.2012.00327

Brewer, C. C., Zalewski, C. K., King, K. A., Zobay, O., Riley, A., Ferguson, M. A., et al. 
(2016). Heritability of non-speech auditory processing skills. Eur. J. Hum. Genet. 24, 
1137–1144. doi: 10.1038/ejhg.2015.277

Burgess, S. R., Hecht, S. A., and Lonigan, C. J. (2002). Relations of the home literacy 
environment (HLE) to the development of reading-related abilities: a one-year 
longitudinal study. Read. Res. Q. 37, 408–426. doi: 10.1598/RRQ.37.4.4

Cancer, A., and Antonietti, A. (2022). Music-based and auditory-based interventions 
for reading difficulties: a literature review. Heliyon 8:e09293. doi: 10.1016/j.heliyon.2022.
e09293

Cantiani, C., Ortiz-Mantilla, S., Riva, V., Piazza, C., Bettoni, R., Musacchia, G., et al. 
(2019). Reduced left-lateralized pattern of event-related EEG oscillations in infants at 
familial risk for language and learning impairment. NeuroImage Clin. 22:101778. doi: 
10.1016/j.nicl.2019.101778

Cantiani, C., Riva, V., Piazza, C., Bettoni, R., Molteni, M., Choudhury, N., et al. (2016). 
Auditory discrimination predicts linguistic outcome in Italian infants with and without 
familial risk for language learning impairment. Dev. Cogn. Neurosci. 20, 23–34. doi: 
10.1016/j.dcn.2016.03.002

Čeponiene, R., Alku, P., Westerfield, M., Torki, M., and Townsend, J. (2005). ERPs 
differentiate syllable and nonphonetic sound processing in children and adults. 
Psychophysiology 42, 391–406. doi: 10.1111/J.1469-8986.2005.00305.X

Čeponiene, R., Rinne, T., and Näätänen, R. (2002). Maturation of cortical sound 
processing as indexed by event-related potentials. Clin. Neurophysiol. 113, 870–882. doi: 
10.1016/S1388-2457(02)00078-0

Čeponiene, R., Torki, M., Alku, P., Koyama, A., and Townsend, J. (2008). Event-
related potentials reflect spectral differences in speech and non-speech stimuli in 
children and adults. Clin. Neurophysiol. 119, 1560–1577. doi: 10.1016/J.CLINPH. 
2008.03.005

Choudhury, N., and Benasich, A. A. (2011). Maturation of auditory evoked potentials 
from 6 to 48 months: prediction to 3 and 4 year language and cognitive abilities. Clin. 
Neurophysiol. 122, 320–338. doi: 10.1016/J.CLINPH.2010.05.035

Cirelli, L. K., Spinelli, C., Nozaradan, S., and Trainor, L. J. (2016). Measuring neural 
entrainment to beat and meter in infants: effects of music background. Front. Neurosci. 
10:229. doi: 10.3389/FNINS.2016.00229/BIBTEX

Colling, L. J., Noble, H. L., and Goswami, U. (2017). Neural entrainment and 
sensorimotor synchronization to the beat in children with developmental dyslexia: an 
EEG study. Front. Neurosci. 11:360. doi: 10.3389/FNINS.2017.00360/BIBTEX

Connolly, S., Anney, R., Gallagher, L., and Heron, E. A. (2017). A genome-wide 
investigation into parent-of-origin effects in autism spectrum disorder identifies 
previously associated genes including SHANK3. Eur. J. Hum. Genet. 25, 234–239. doi: 
10.1038/EJHG.2016.153

Corriveau, K. H., and Goswami, U. (2009). Rhythmic motor entrainment in children 
with speech and language impairments: tapping to the beat. Cortex 45, 119–130. doi: 
10.1016/J.CORTEX.2007.09.008

Custodero, L. A., and Johnson-Green, E. A. (2003). Passing the cultural torch: musical 
experience and musical parenting of infants. J. Res. Music. Educ. 51, 102–114. doi: 
10.2307/3345844

Davidson, J. W., Howe, M. J. A., Moore, D. G., and Sloboda, J. A. (1996). The role of 
parental influences in the development of musical performance. Br. J. Dev. Psychol. 14, 
399–412. doi: 10.1111/J.2044-835X.1996.TB00714.X

Davies, W., Isles, A. R., and Wilkinson, L. S. (2001). Imprinted genes and mental 
dysfunction. Ann. Med. 33, 428–436. doi: 10.3109/07853890108995956

Delorme, A., and Makeig, S. (2004). EEGLAB: an open source toolbox for analysis of 
single-trial EEG dynamics including independent component analysis. J. Neurosci. 
Methods 134, 9–21. doi: 10.1016/j.jneumeth.2003.10.009

Dionne, G., Mimeau, C., and Mathieu, E. (2013). “The role of Oral language 
development in promoting school readiness” in Promoting school readiness and early 
learning: Implications of developmental research for practice. eds. M. Boivin and K. L. 
Bierman (New York: The Guilford Press)

Dondena, C., Riva, V., Molteni, M., Musacchia, G., and Cantiani, C. (2021). Impact of 
early rhythmic training on language acquisition and electrophysiological functioning 
underlying auditory processing: feasibility and preliminary findings in typically 
developing infants. Brain Sci. 11:1546. doi: 10.3390/BRAINSCI11111546

Dong, Y., Dong, W. Y., Wu, S. X. Y., and Tang, Y. (2020). The effects of home literacy 
environment on Children’s Reading comprehension development: a meta-analysis. Educ. 
Sci. Theory Pract. 20, 63–82. doi: 10.12738/JESTP.2020.2.005

Drayna, D., Manichaikul, A., De Lange, M., Snieder, H., and Spector, T. (2001). 
Genetic correlates of musical pitch recognition in humans. Science 291, 1969–1972. doi: 
10.1126/SCIENCE.291.5510.1969

Eising, E., Mirza-Schreiber, N., de Zeeuw, E. L., Wang, C. A., Truong, D. T., 
Allegrini, A. G., et al. (2022). Genome-wide analyses of individual differences in 
quantitatively assessed reading- and language-related skills in up to 34,000 people. Proc. 
Natl. Acad. Sci. U. S. A. 119:e2202764119. doi: 10.1073/PNAS.2202764119

Elbro, C., Borstrøm, I., and Petersen, D. K. (1998). Predicting dyslexia from 
kindergarten: the importance of distinctness of phonological representations of lexical 
items. Read. Res. Q. 33, 36–60. doi: 10.1598/RRQ.33.1.3

https://doi.org/10.3389/fnins.2023.1201997
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnins.2023.1201997/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2023.1201997/full#supplementary-material
https://doi.org/10.1177/87551233060250010105
https://doi.org/10.1016/J.NEUBIOREV.2020.11.016
https://doi.org/10.1016/J.NEUBIOREV.2020.11.016
https://doi.org/10.1016/J.NEUROPSYCHOLOGIA.2005.06.004
https://doi.org/10.1016/S0895-4356(00)00314-0
https://doi.org/10.1111/MBE.12016
https://doi.org/10.3390/BRAINSCI10050261
https://doi.org/10.1111/NYAS.13704
https://doi.org/10.3389/FPSYG.2012.00327
https://doi.org/10.1038/ejhg.2015.277
https://doi.org/10.1598/RRQ.37.4.4
https://doi.org/10.1016/j.heliyon.2022.e09293
https://doi.org/10.1016/j.heliyon.2022.e09293
https://doi.org/10.1016/j.nicl.2019.101778
https://doi.org/10.1016/j.dcn.2016.03.002
https://doi.org/10.1111/J.1469-8986.2005.00305.X
https://doi.org/10.1016/S1388-2457(02)00078-0
https://doi.org/10.1016/J.CLINPH.2008.03.005
https://doi.org/10.1016/J.CLINPH.2008.03.005
https://doi.org/10.1016/J.CLINPH.2010.05.035
https://doi.org/10.3389/FNINS.2016.00229/BIBTEX
https://doi.org/10.3389/FNINS.2017.00360/BIBTEX
https://doi.org/10.1038/EJHG.2016.153
https://doi.org/10.1016/J.CORTEX.2007.09.008
https://doi.org/10.2307/3345844
https://doi.org/10.1111/J.2044-835X.1996.TB00714.X
https://doi.org/10.3109/07853890108995956
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.3390/BRAINSCI11111546
https://doi.org/10.12738/JESTP.2020.2.005
https://doi.org/10.1126/SCIENCE.291.5510.1969
https://doi.org/10.1073/PNAS.2202764119
https://doi.org/10.1598/RRQ.33.1.3


Cantiani et al. 10.3389/fnins.2023.1201997

Frontiers in Neuroscience 15 frontiersin.org

Fiveash, A., Bedoin, N., Gordon, R. L., and Tillmann, B. (2021). Processing rhythm in 
speech and music: shared mechanisms and implications for developmental speech and 
language disorders. Neuropsychology 35, 771–791. doi: 10.1037/NEU0000766

Flashner, B. M., Russo, M. E., Boileau, J. E., Leong, D. W., and Gallicano, G. I. (2013). 
Epigenetic factors and autism spectrum disorders. NeuroMolecular Med. 15, 339–350. 
doi: 10.1007/S12017-013-8222-5

Flaugnacco, E., Lopez, L., Terribili, C., Montico, M., Zoia, S., and Schön, D. (2015). 
Music training increases phonological awareness and Reading skills in developmental 
dyslexia: a randomized control trial. PLoS One 10:e0138715. doi: 10.1371/JOURNAL.
PONE.0138715

Flint, J., and Munafò, M. R. (2007). The endophenotype concept in psychiatric 
genetics. Psychol. Med. 37, 163–180. doi: 10.1017/S0033291706008750

Franco, F., Suttora, C., Spinelli, M., Kozar, I., and Fasolo, M. (2022). Singing to infants 
matters: early singing interactions affect musical preferences and facilitate vocabulary 
building. J. Child Lang. 49, 552–577. doi: 10.1017/S0305000921000167

Fritz, M. S., and MacKinnon, D. P. (2003). Required sample size to detect the mediated 
effect. Psychol. Sci. 18, 233–239. doi: 10.1111/j.1467-9280.2007.01882.x

Goswami, U. (2011). A temporal sampling framework for developmental dyslexia. 
Trends Cogn. Sci. 15, 3–10. doi: 10.1016/J.TICS.2010.10.001

Goswami, U. (2018). A neural basis for phonological awareness? An oscillatory 
temporal-sampling perspective. Curr. Dir. Psychol. Sci. 27, 56–63. doi: 
10.1177/0963721417727520

Goswami, U. (2022). Language acquisition and speech rhythm patterns: an auditory 
neuroscience perspective. R. Soc. Open Sci. 9:1855. doi: 10.1098/RSOS.211855

Gottesman, I. I., and Gould, T. D. (2003). The endophenotype concept in psychiatry: 
etymology and strategic intentions. Am. J. Psychiatry 160, 636–645. doi: 10.1176/APPI.
AJP.160.4.636

Gustavson, D. E., Coleman, P. L., Wang, Y., Nitin, R., Petty, L. E., Bush, C. T., et al. 
(2023). Exploring the genetics of rhythmic perception and musical engagement in the 
Vanderbilt online musicality study. Ann. N. Y. Acad. Sci. 1521, 140–154. doi: 10.1111/
NYAS.14964

Guttorm, T. K., Leppänen, P. H. T., Poikkeus, A. M., Eklund, K. M., Lyytinen, P., and 
Lyytinen, H. (2005). Brain event-related potentials (ERPs) measured at birth predict 
later language development in children with and without familial risk for dyslexia. 
Cortex 41, 291–303. doi: 10.1016/S0010-9452(08)70267-3

Hämäläinen, J. A., Salminen, H. K., and Leppänen, P. H. T. (2013). Basic auditory 
processing deficits in dyslexia: systematic review of the behavioral and event-related 
potential/ field evidence. J. Learn. Disabil. 46, 413–427. doi: 10.1177/0022219411436213

Hannon, E. E., and Trainor, L. J. (2007). Music acquisition: effects of enculturation and 
formal training on development. Trends Cogn. Sci. 11, 466–472. doi: 10.1016/J.
TICS.2007.08.008

Helenius, P., Sivonen, P., Parviainen, T., Isoaho, P., Hannus, S., Kauppila, T., et al. 
(2014). Abnormal functioning of the left temporal lobe in language-impaired children. 
Brain Lang. 130, 11–18. doi: 10.1016/J.BANDL.2014.01.005

Hollingshead, A. A. (1975). Four-Factor Index of Social Status. New Haven, CT: 
Yale University.

Ilari, B. (2005). On musical parenting of young children: musical beliefs and behaviors 
of mothers and infants. Early Child Dev. Care 175, 647–660. doi: 
10.1080/0300443042000302573

IBM Corp. IBM SPSS Statistics for Windows, Version 28.0; IBM Corp.: Armonk, NY, 
United Status, 2021. Available at: https://www.ibm.com/support/pages/downloading-
ibm-spss-statistics-28 (Accessed 9, January 2023).

Judica, A., and De Luca, M. (2005). Prova di velocità di lettura di brani per la scuola 
media superiore. Roma: IRCCS Fondazione Santa Lucia.

Kalashnikova, M., Goswami, U., and Burnham, D. (2019). Sensitivity to amplitude 
envelope rise time in infancy and vocabulary development at 3 years: a significant 
relationship. Dev. Sci. 22:e12836. doi: 10.1111/DESC.12836

Khanolainen, D., Salminen, J., Eklund, K., Lerkkanen, M. K., and Torppa, M. (2022). 
Intergenerational transmission of dyslexia: how do different identification methods of 
parental difficulties influence the conclusions regarding Children’s risk for dyslexia? 
Read. Res. Q. 58, 220–239. doi: 10.1002/RRQ.482

Kushnerenko, E., Ceponiene, R., Balan, P., Fellman, V., Huotilaine, M., and Näätäne, R. 
(2002). Maturation of the auditory event-related potentials during the first year of life. 
Neuroreport 13, 47–51. doi: 10.1097/00001756-200201210-00014

Laakso, M.-L., Poikkeus, A.-M., and Lyytinen, P. (1999). Shared reading interaction 
in families with and without genetic risk for dyslexia: implications for toddlers’ language 
development. Infant Child Dev. Int. J. Res. Pract. 8, 179–195. doi: 10.1002/(SICI)1522
-7219(199912)8:4<179::AID-ICD197>3.0.CO;2-G

Ladányi, E., Persici, V., Fiveash, A., Tillmann, B., and Gordon, R. L. (2020). Is atypical 
rhythm a risk factor for developmental speech and language disorders? Wiley Interdiscip. 
Rev. Cogn. Sci. 11:e1528. doi: 10.1002/WCS.1528

Lawson, H. A., Cheverud, J. M., and Wolf, J. B. (2013). Genomic imprinting and 
parent-of-origin effects on complex traits. Nat. Rev. Genet. 14, 609–617. doi: 10.1038/
NRG3543

Leppänen, P. H. T., Hämäläinen, J. A., Salminen, H. K., Eklund, K. M., Guttorm, T. K., 
Lohvansuu, K., et al. (2010). Newborn brain event-related potentials revealing atypical 
processing of sound frequency and the subsequent association with later literacy skills in 
children with familial dyslexia. Cortex 46, 1362–1376. doi: 10.1016/J.CORTEX.2010.06.003

Lohvansuu, K., Hämäläinen, J. A., Ervast, L., Lyytinen, H., and Leppänen, P. H. T. 
(2018). Longitudinal interactions between brain and cognitive measures on reading 
development from 6 months to 14 years. Neuropsychologia 108, 6–12. doi: 10.1016/J.
NEUROPSYCHOLOGIA.2017.11.018

Lopez-Calderon, J., and Luck, S. J. (2014). ERPLAB: an open-source toolbox for the 
analysis of event-related potentials. Front. Hum. Neurosci. 8:213. doi: 10.3389/
fnhum.2014.00213

Lorenzo, O., Herrera, L., Hernández-Candelas, M., and Badea, M. (2014). Influence 
of music training on language development. A longitudinal study. Procedia Soc. Behav. 
Sci. 128, 527–530. doi: 10.1016/J.SBSPRO.2014.03.200

Marotta, L., Trasciani, M., and Vicari, S. (2008). Test CMF. Valutazione delle 
competenze metafonologiche. Erickson.

Mascheretti, S., Gori, S., Trezzi, V., Ruffino, M., Facoetti, A., and Marino, C. (2018). 
Visual motion and rapid auditory processing are solid endophenotypes of developmental 
dyslexia. Genes Brain Behav. 17, 70–81. doi: 10.1111/GBB.12409

McPherson, G. E. (2009). The role of parents in children’s musical development. 
Psychol. Music 37, 91–110. doi: 10.1177/0305735607086049

Moreno, S., Marques, C., Santos, A., Santos, M., Castro, S. L., and Besson, M. (2009). 
Musical training influences linguistic abilities in 8-year-old children: more evidence for 
brain plasticity. Cereb. Cortex 19, 712–723. doi: 10.1093/CERCOR/BHN120

Muthén, B., and Muthén, L. (2017). “Mplus,” in Handbook of item response theory, ed. 
LindenW. J. van der (Boca Raton: Chapman and Hall/CRC), 507–518.

Nayak, S., Coleman, P. L., Ladányi, E., Nitin, R., Gustavson, D. E., Fisher, S. E., et al. 
(2022). The musical abilities, pleiotropy, language, and environment (MAPLE) 
framework for understanding musicality-language links across the lifespan. Neurobiol. 
Lang. 3, 615–664. doi: 10.1162/NOL_A_00079

Niarchou, M., Gustavson, D. E., Sathirapongsasuti, J. F., Anglada-Tort, M., Eising, E., 
Bell, E., et al. (2022). Genome-wide association study of musical beat synchronization 
demonstrates high polygenicity. Nat. Hum. Behav. 6, 1292–1309. doi: 10.1038/
S41562-022-01359-X

Niklas, F., Wirth, A., Guffler, S., Drescher, N., and Ehmig, S. C. (2020). The home literacy 
environment as a mediator between parental attitudes toward shared Reading and Children’s 
linguistic competencies. Front. Psychol. 11:1628. doi: 10.3389/FPSYG.2020.01628/BIBTEX

Nordt, M., Hoehl, S., and Weigelt, S. (2016). The use of repetition suppression 
paradigms in developmental cognitive neuroscience. Cortex 80, 61–75. doi: 10.1016/J.
CORTEX.2016.04.002

Nudel, R., Zetterberg, R., Hemager, N., Christiani, C. A. J., Ohland, J., Burton, B. K., 
et al. (2022). A family-based study of genetic and epigenetic effects across multiple 
neurocognitive, motor, social-cognitive and social-behavioral functions. Behav. Brain 
Funct. 18, 14–20. doi: 10.1186/S12993-022-00198-0

O’Neill, C. T., Trainor, L. J., and Trehub, S. E. (2001). Infants’ responsiveness to fathers’ 
singing. Music. Percept. 18, 409–425. doi: 10.1525/mp.2001.18.4.409

Ortiz-Mantilla, S., Hämäläinen, J. A., and Benasich, A. A. (2012). Time course of ERP 
generators to syllables in infants: a source localization study using age-appropriate brain 
templates. NeuroImage 59, 3275–3287. doi: 10.1016/J.NEUROIMAGE.2011.11.048

Papadimitriou, A., Smyth, C., Politimou, N., Franco, F., and Stewart, L. (2021). The 
impact of the home musical environment on infants’ language development. Infant 
Behav. Dev. 65:101651. doi: 10.1016/J.INFBEH.2021.101651

Park, H. (2008). Home literacy environments and children’s reading performance: a 
comparative study of 25 countries. Educ. Res. Eval. 14, 489–505. doi: 
10.1080/13803610802576734

Patel, A. D. (2011). Why would musical training benefit the neural encoding of speech? The 
OPERA hypothesis. Front. Psychol. 2:142. doi: 10.3389/FPSYG.2011.00142/BIBTEX

Patel, A. D. (2012). “Language, music, and the brain: a resource-sharing framework” 
in Language and music as cognitive systems. eds. P. Rebuschat, M. Rohrmeier, J. A. 
Hawkins and I. Cross (New York: Oxford University Press), 204–223.

Piazza, C., Cantiani, C., Akalin-Acar, Z., Miyakoshi, M., Benasich, A. A., Reni, G., 
et al. (2016). ICA-derived cortical responses indexing rapid multi-feature auditory 
processing in six-month-old infants. NeuroImage 133, 75–87. doi: 10.1016/J.
NEUROIMAGE.2016.02.060

Pinnelli, S., and Cursi, R. (2010). “Dislessia in età adulta: il questionario di M. 
Vinegrad in una ricerca esplorativa con studenti universitari” in Dislessia e Università. 
Esperienze e interventi di supporto. eds. E. Genovese, E. Ghidoni, G. Guaraldi and G. 
Stella (Trento: Erickson).

Plakas, A., van Zuijen, T., van Leeuwen, T., Thomson, J. M., and van der Leij, A. (2013). 
Impaired non-speech auditory processing at a pre-reading age is a risk-factor for dyslexia but 
not a predictor: an ERP study. Cortex 49, 1034–1045. doi: 10.1016/J.CORTEX.2012.02.013

Politimou, N., Dalla Bella, S., Farrugia, N., and Franco, F. (2019). Born to speak and 
sing: musical predictors of language development in pre-schoolers. Front. Psychol. 
10:948. doi: 10.3389/FPSYG.2019.00948/BIBTEX

https://doi.org/10.3389/fnins.2023.1201997
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1037/NEU0000766
https://doi.org/10.1007/S12017-013-8222-5
https://doi.org/10.1371/JOURNAL.PONE.0138715
https://doi.org/10.1371/JOURNAL.PONE.0138715
https://doi.org/10.1017/S0033291706008750
https://doi.org/10.1017/S0305000921000167
https://doi.org/10.1111/j.1467-9280.2007.01882.x
https://doi.org/10.1016/J.TICS.2010.10.001
https://doi.org/10.1177/0963721417727520
https://doi.org/10.1098/RSOS.211855
https://doi.org/10.1176/APPI.AJP.160.4.636
https://doi.org/10.1176/APPI.AJP.160.4.636
https://doi.org/10.1111/NYAS.14964
https://doi.org/10.1111/NYAS.14964
https://doi.org/10.1016/S0010-9452(08)70267-3
https://doi.org/10.1177/0022219411436213
https://doi.org/10.1016/J.TICS.2007.08.008
https://doi.org/10.1016/J.TICS.2007.08.008
https://doi.org/10.1016/J.BANDL.2014.01.005
https://doi.org/10.1080/0300443042000302573
https://www.ibm.com/support/pages/downloading-ibm-spss-statistics-28
https://www.ibm.com/support/pages/downloading-ibm-spss-statistics-28
https://doi.org/10.1111/DESC.12836
https://doi.org/10.1002/RRQ.482
https://doi.org/10.1097/00001756-200201210-00014
https://doi.org/10.1002/(SICI)1522-7219(199912)8:4<179::AID-ICD197>3.0.CO;2-G
https://doi.org/10.1002/(SICI)1522-7219(199912)8:4<179::AID-ICD197>3.0.CO;2-G
https://doi.org/10.1002/WCS.1528
https://doi.org/10.1038/NRG3543
https://doi.org/10.1038/NRG3543
https://doi.org/10.1016/J.CORTEX.2010.06.003
https://doi.org/10.1016/J.NEUROPSYCHOLOGIA.2017.11.018
https://doi.org/10.1016/J.NEUROPSYCHOLOGIA.2017.11.018
https://doi.org/10.3389/fnhum.2014.00213
https://doi.org/10.3389/fnhum.2014.00213
https://doi.org/10.1016/J.SBSPRO.2014.03.200
https://doi.org/10.1111/GBB.12409
https://doi.org/10.1177/0305735607086049
https://doi.org/10.1093/CERCOR/BHN120
https://doi.org/10.1162/NOL_A_00079
https://doi.org/10.1038/S41562-022-01359-X
https://doi.org/10.1038/S41562-022-01359-X
https://doi.org/10.3389/FPSYG.2020.01628/BIBTEX
https://doi.org/10.1016/J.CORTEX.2016.04.002
https://doi.org/10.1016/J.CORTEX.2016.04.002
https://doi.org/10.1186/S12993-022-00198-0
https://doi.org/10.1525/mp.2001.18.4.409
https://doi.org/10.1016/J.NEUROIMAGE.2011.11.048
https://doi.org/10.1016/J.INFBEH.2021.101651
https://doi.org/10.1080/13803610802576734
https://doi.org/10.3389/FPSYG.2011.00142/BIBTEX
https://doi.org/10.1016/J.NEUROIMAGE.2016.02.060
https://doi.org/10.1016/J.NEUROIMAGE.2016.02.060
https://doi.org/10.1016/J.CORTEX.2012.02.013
https://doi.org/10.3389/FPSYG.2019.00948/BIBTEX


Cantiani et al. 10.3389/fnins.2023.1201997

Frontiers in Neuroscience 16 frontiersin.org

Preacher, K. J., and Hayes, A. F. (2008). Asymptotic and resampling strategies for 
assessing and comparing indirect effects in multiple mediator models. Behav. Res. 
Methods 40, 879–891. doi: 10.3758/BRM.40.3.879/METRICS

Pugh, K. R., Landi, N., Preston, J. L., Mencl, W. E., Austin, A. C., Sibley, D., et al. (2013). The 
relationship between phonological and auditory processing and brain organization in 
beginning readers. Brain Lang. 125, 173–183. doi: 10.1016/J.BANDL.2012.04.004

Putkinen, V., Tervaniemi, M., and Huotilainen, M. (2013). Informal musical activities 
are linked to auditory discrimination and attention in 2-3-year-old children: an event-
related potential study. Eur. J. Neurosci. 37, 654–661. doi: 10.1111/EJN.12049

Raschle, N. M., Stering, P. L., Meissner, S. N., and Gaab, N. (2014). Altered neuronal 
response during rapid auditory processing and its relation to phonological processing 
in Prereading children at familial risk for dyslexia. Cereb. Cortex 24, 2489–2501. doi: 
10.1093/CERCOR/BHT104

Riva, V., Cantiani, C., Benasich, A. A., Molteni, M., Piazza, C., Giorda, R., et al. (2017). 
From CNTNAP2 to early expressive language in infancy: the mediation role of rapid 
auditory processing. Cereb. Cortex 28, 2100–2108. doi: 10.1093/cercor/bhx115

Riva, V., Marino, C., Piazza, C., Riboldi, E. M., Mornati, G., Molteni, M., et al. (2019). 
Paternal—but not maternal—autistic traits predict frontal EEG alpha asymmetry in 
infants with later symptoms of autism. Brain Sci. 9:342. doi: 10.3390/brainsci9120342

Sartori, G., Job, R., and Tressoldi, P. E. (1995). Batteria per la valutazione della dislessia 
e della disortografia evolutiva in età evolutiva. Firenze: OS.

Schaal, N. K., Politimou, N., Franco, F., Stewart, L., and Müllensiefen, D. (2020). The 
German music@home: validation of a questionnaire measuring at home musical 
exposure and interaction of young children. PLoS One 15:e0235923. doi: 10.1371/
JOURNAL.PONE.0235923

Seesjärvi, E., Särkämö, T., Vuoksimaa, E., Tervaniemi, M., Peretz, I., and Kaprio, J. 
(2016). The nature and nurture of melody: a twin study of musical pitch and rhythm 
perception. Behav. Genet. 46, 506–515. doi: 10.1007/S10519-015-9774-Y

Snowling, M. J., and Melby-Lervåg, M. (2016). Oral language deficits in familial dyslexia: 
a meta-analysis and review. Psychol. Bull. 142, 498–545. doi: 10.1037/BUL0000037

Tallal, P., and Gaab, N. (2006). Dynamic auditory processing, musical experience and 
language development. Trends Neurosci. 29, 382–390. doi: 10.1016/J.TINS.2006.06.003

Thiede, A., Virtala, P., Ala-Kurikka, I., Partanen, E., Huotilainen, M., Mikkola, K., et al. 
(2019). An extensive pattern of atypical neural speech-sound discrimination in newborns at 
risk of dyslexia. Clin. Neurophysiol. 130, 634–646. doi: 10.1016/J.CLINPH.2019.01.019

Tierney, A., and Kraus, N. (2014). Auditory-motor entrainment and phonological 
skills: precise auditory timing hypothesis (PATH). Front. Hum. Neurosci. 8:949. doi: 
10.3389/FNHUM.2014.00949

Tofighi, D., and MacKinnon, D. P. (2011). RMediation: an R package for mediation analysis 
confidence intervals. Behav. Res. Methods 43, 692–700. doi: 10.3758/S13428-011-0076-X

Torppa, M., Poikkeus, A. M., Laakso, M. L., Tolvanen, A., Leskinen, E., Leppänen, P. H. 
T., et al. (2007). Modeling the early paths of phonological awareness and factors 
supporting its development in children with and without familial risk of dyslexia. Sci. 
Stud. Read. 11, 73–103. doi: 10.1080/10888430709336554

Turner, M. (2008). Psychological assessment of dyslexia. London: Whurr Publishers Ltd.

Umek, L. M., Podlesek, A., and Fekonja, U. (2005). Assessing the home literacy 
environments: relationships to child language comprehension and expression. Eur. J. 
Psychol. Assess. 21, 271–281. doi: 10.1027/1015-5759.21.4.271

van Bergen, E., De Jong, P. F., Maassen, B., and van der Leij, A. (2014a). The effect of 
parents’ literacy skills and children’s preliteracy skills on the risk of dyslexia. J. Abnorm. 
Child Psychol. 42, 1187–1200. doi: 10.1007/S10802-014-9858-9

van Bergen, E., van der Leij, A., and de Jong, P. F. (2014b). The intergenerational 
multiple deficit model and the case of dyslexia. Front. Hum. Neurosci. 8:346. doi: 
10.3389/FNHUM.2014.00346/BIBTEX

van Bergen, E., van Zuijen, T., Bishop, D., and de Jong, P. F. (2017). Why are home 
literacy environment and Children’s Reading skills associated? What parental skills 
reveal. Read. Res. Q. 52, 147–160. doi: 10.1002/RRQ.160

van Herten, M., Pasman, J., van Leeuwen, T. H., Been, P. H., van der Leij, A., Zwarts, F., 
et al. (2008). Differences in AERP responses and atypical hemispheric specialization in 
17-month-old children at risk of dyslexia. Brain Res. 1201, 100–105. doi: 10.1016/J.
BRAINRES.2008.01.060

Van Leeuwen, T., Been, P., Kuijpers, C., Zwarts, F., Maassen, B., and Van Der Leij, A. 
(2006). Mismatch response is absent in 2-month-old infants at risk for dyslexia. 
Neuroreport 17, 351–355. doi: 10.1097/01.WNR.0000203624.02082.2D

Van Steensel, R. (2006). Relations between socio-cultural factors, the home literacy 
environment and children’s literacy development in the first years of primary education. 
J. Res. Read. 29, 367–382. doi: 10.1111/J.1467-9817.2006.00301.X

Van Zuijen, T. L., Plakas, A., Maassen, B. A. M., Been, P., Maurits, N. M., Krikhaar, E., 
et al. (2012). Temporal auditory processing at 17 months of age is associated with 
preliterate language comprehension and later word reading fluency: an ERP study. 
Neurosci. Lett. 528, 31–35. doi: 10.1016/J.NEULET.2012.08.058

Van Zuijen, T. L., Plakas, A., Maassen, B. A. M., Maurits, N. M., and Van der Leij, A. 
(2013). Infant ERPs separate children at risk of dyslexia who become good readers from 
those who become poor readers. Dev. Sci. 16, 554–563. doi: 10.1111/DESC.12049

Vinegrad, M. D. (1994). A Revised Adult Dyslexia Checklist. Educare 48, 21–23.

von Torkildsen, J. K., Friis Hansen, H., Svangstu, J. M., Smith, L., Simonsen, H. G., 
Moen, I., et al. (2009). Brain dynamics of word familiarization in 20-month-olds: effects 
of productive vocabulary size. Brain Lang. 108, 73–88. doi: 10.1016/j.bandl.2008.09.005

Werner, P. D., Swope, A. J., and Heide, F. J. (2006). The music experience 
questionnaire: development and correlates. J. Psychol. 140, 329–345. doi: 10.3200/
JRLP.140.4.329-345

Williams, K. E., Barrett, M. S., Welch, G. F., Abad, V., and Broughton, M. (2015). 
Associations between early shared music activities in the home and later child outcomes: 
findings from the longitudinal study of Australian children. Early Child Res. Q. 31, 
113–124. doi: 10.1016/J.ECRESQ.2015.01.004

Zhao, T. C., and Kuhl, P. K. (2016). Musical intervention enhances infants’ neural 
processing of temporal structure in music and speech. Proc. Natl. Acad. Sci. 113, 
5212–5217. doi: 10.1073/PNAS.1603984113

Zuk, J., Ozernov-Palchik, O., Kim, H., Lakshminarayanan, K., Gabrieli, J. D. E., 
Tallal, P., et al. (2013). Enhanced syllable discrimination thresholds in musicians. PLoS 
One 8:e80546. doi: 10.1371/JOURNAL.PONE.0080546

https://doi.org/10.3389/fnins.2023.1201997
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.3758/BRM.40.3.879/METRICS
https://doi.org/10.1016/J.BANDL.2012.04.004
https://doi.org/10.1111/EJN.12049
https://doi.org/10.1093/CERCOR/BHT104
https://doi.org/10.1093/cercor/bhx115
https://doi.org/10.3390/brainsci9120342
https://doi.org/10.1371/JOURNAL.PONE.0235923
https://doi.org/10.1371/JOURNAL.PONE.0235923
https://doi.org/10.1007/S10519-015-9774-Y
https://doi.org/10.1037/BUL0000037
https://doi.org/10.1016/J.TINS.2006.06.003
https://doi.org/10.1016/J.CLINPH.2019.01.019
https://doi.org/10.3389/FNHUM.2014.00949
https://doi.org/10.3758/S13428-011-0076-X
https://doi.org/10.1080/10888430709336554
https://doi.org/10.1027/1015-5759.21.4.271
https://doi.org/10.1007/S10802-014-9858-9
https://doi.org/10.3389/FNHUM.2014.00346/BIBTEX
https://doi.org/10.1002/RRQ.160
https://doi.org/10.1016/J.BRAINRES.2008.01.060
https://doi.org/10.1016/J.BRAINRES.2008.01.060
https://doi.org/10.1097/01.WNR.0000203624.02082.2D
https://doi.org/10.1111/J.1467-9817.2006.00301.X
https://doi.org/10.1016/J.NEULET.2012.08.058
https://doi.org/10.1111/DESC.12049
https://doi.org/10.1016/j.bandl.2008.09.005
https://doi.org/10.3200/JRLP.140.4.329-345
https://doi.org/10.3200/JRLP.140.4.329-345
https://doi.org/10.1016/J.ECRESQ.2015.01.004
https://doi.org/10.1073/PNAS.1603984113
https://doi.org/10.1371/JOURNAL.PONE.0080546

	Intergenerational longitudinal associations between parental reading/musical traits, infants’ auditory processing, and later phonological awareness skills
	1. Introduction
	2. Materials and methods
	2.1. Participants
	2.2. Parental assessment: reading and literacy
	2.2.1. Reading skills
	2.2.2. Literacy environment
	2.3. Parental assessment: musical traits
	2.3.1. Musical skills: self-report
	2.3.2. Musical environment
	2.4. Electrophysiological recording
	2.4.1. Stimuli and procedure
	2.4.2. Data acquisition and pre-processing
	2.4.3. Analytic procedure
	2.5. Children follow-up
	2.6. Statistical analysis
	2.6.1. Selection of variables for parental reading skills
	2.6.2. Preliminary analysis on the ERP data and definition of electrophysiological variables
	2.6.3. Preliminary analysis on socio-demographic variables
	2.6.4. Analytic procedure

	3. Results
	3.1. Are reading skills and musical aptitudes associated?
	3.2. Are parental reading skills/musical aptitudes associated with their offspring’s auditory processing and phonological awareness?
	3.3. Do parental reading skills and their musical aptitudes influence the environment (respectively the literacy and musical environment) provided to children? How does this environment influence children’s auditory processing and phonological awareness?
	3.4. Mediation models
	3.4.1. Auditory processing skills as a mediator between parental reading skills and children’s phonological awareness
	3.4.2. Musical environment as a mediator between parental musical aptitudes and children’s phonological awareness

	4. Discussion
	4.1. Associations between reading skills and musical aptitudes
	4.2. Intergenerational associations among parental reading skills/musical aptitudes, infants’ auditory processing, and later children’s phonological awareness
	4.3. The interaction between parental reading skills/musical aptitudes and home environment in explaining children’s development
	4.4. Limitations of the study

	5. Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material

	References

