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ABSTRACT

The ability to rapidly discriminate successive auditory stimuli within tens-of-milliseconds is crucial for speech
and language development, particularly in the first year of life. This skill, called Rapid Auditory Processing
(RAP), is altered in infants at familial risk for language and learning impairment (LLI) and is a robust predictor of
later language outcomes. In the present study, we investigate the neural substrates of RAP, i.e., the underlying
neural oscillatory patterns, in a group of Italian 6-month-old infants at risk for LLI (FH+, n = 24), compared to
control infants with no known family history of LLI (FH—, n = 32). Brain responses to rapid changes in fun-
damental frequency and duration were recorded via high-density electroencephalogram during a non-speech
double oddball paradigm. Sources of event-related potential generators were localized to right and left auditory
regions in both FH+ and FH— groups. Time-frequency analyses showed variations in both theta (6) and gamma
(y) ranges across groups. Our results showed that overall RAP stimuli elicited a more left-lateralized pattern of
oscillations in FH— infants, whereas FH+ infants demonstrated a more right-lateralized pattern, in both the
theta and gamma frequency bands. Interestingly, FH + infants showed reduced early left gamma power (starting
at 50 ms after stimulus onset) during deviant discrimination. Perturbed oscillatory dynamics may well constitute
a candidate neural mechanism to explain group differences in RAP. Additional group differences in source
location suggest that anatomical variations may underlie differences in oscillatory activity. Regarding the pre-
dictive value of early oscillatory measures, we found that the amplitude of the source response and the mag-
nitude of oscillatory power and phase synchrony were predictive of expressive vocabulary at 20 months of age.
These results further our understanding of the interplay among neural mechanisms that support typical and
atypical rapid auditory processing in infancy.

1. Introduction

events that change over a time range as little as tens of milliseconds
(Tallal, 2004). This ability to process and categorize fast acoustic

1.1. Electrophysiological correlates of rapid auditory processing in infancy

The ability to perform fine-grained acoustic analyses of the in-
coming auditory input is a critical aspect of language acquisition (e.g.,
Aslin, 1989; Benasich and Tallal, 2002). Within the speech stream,
crucial information is coded by detecting brief, rapid and successive

changes over time is called Rapid Auditory Processing (RAP). RAP
deficits are characteristic of individuals with developmental language
and reading disorders (for a review, see Tallal and Gaab, 2006), af-
fecting not only basic speech processing but also higher-level linguistic
skills, such as language comprehension and later reading ability (e.g.,
Banai et al., 2005; Cantiani et al., 2010; Gaab et al., 2007; Tallal, 1980).

Abbreviations: RAP, Rapid Auditory Processing; LLI, language learning impairment; FH+ /—, family history positive/negative; ISI, interstimulus interval; TSE,
temporal spectral evolution; ITPL, intertrial phase locking; LAC, left auditory cortex; RAC, right auditory cortex
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Developmental disorders affecting language and reading skills are often
comorbid and aggregate in families suggesting a genetic etiology
(Plomin and Kovas, 2005). Up to 67% of children with language im-
pairment in preschool-age continue on to develop reading problems by
elementary school (Bishop and Snowling, 2004). In addition, bivariate
genetic analyses, which are based on cross-trait correlations in twin
pairs and assess the proportion of phenotypic covariance attributable to
common genetic contributions, have shown that genetic effects on
language strongly correlate with genetic effects on reading in twins
from the general population (r = 0.67-1.0) (Hohnen and Stevenson,
1999) and in affected twins (r = 0.53-0.86) (Bishop, 2001), supporting
the view that language and reading (dis)abilities share common genes
and are not etiologically distinct. For these reasons, the term “language-
learning impairment” (LLI) has become increasingly popular and been
used to characterize children with disorders affecting either or both
language and reading skills. Thus, we will use the term LLI in the
present study to describe our familial risk sample.

Converging evidence based on behavioral and electrophysiological
measures suggests that RAP proficiency is impacted in young infants
with an elevated risk of LLI (Benasich et al., 2002; Cantiani et al., 2016;
Choudhury et al., 2007; Choudhury and Benasich, 2011) by virtue of a
family history for the disorder (Hayiou-Thomas, 2008; Tomblin and
Buckwalter, 1998). Further, studies suggest that RAP impairment in
infancy is a robust predictor of language and reading abilities at later
ages (Benasich et al., 2002; Cantiani et al., 2016; Choudhury et al.,
2007; Choudhury and Benasich, 2011; Guttorm et al, 2005;
Hamadldinen et al., 2013; Leppéanen et al., 2010; Lohvansuu et al., 2018;
Molfese et al., 2001; van Zuijen et al., 2012). Within this framework,
several studies have investigated the electrophysiological responses to
basic auditory stimuli in infants at high risk for LLI, reporting overall:
(a) atypical discrimination processes as indexed by reduced amplitude
of the MisMatch Response (MMR) (Cantiani et al., 2016; Choudhury
and Benasich, 2011; van Leeuwen et al., 2006; van Zuijen et al., 2013,
2012) (b) delayed latency of the main ERP components (Cantiani et al.,
2016; Choudhury and Benasich, 2011; Friedrich et al., 2004; Riva et al.,
2018b; van Herten et al., 2008; van Zuijen et al., 2012) and/or (c)
atypical brain lateralization of the ERP responses (Cantiani et al., 2016;
Choudhury and Benasich, 2011; Friedrich et al., 2009; Guttorm et al.,
2005; Leppéanen et al., 2010, 2002, 1999; van Herten et al., 2008).
Although results involving reduced amplitude and/or delayed latency
of the primary emerging ERP peaks seem to be quite established, the
atypical brain lateralization observed in at-risk infants has been con-
troversial. For instance, while some studies have reported attenuated
ERP responses in left hemisphere (Leppanen et al., 2010, 2002; van
Herten et al., 2008; van Leeuwen et al., 2007) other studies have re-
ported atypically enhanced responses in the right hemisphere (Friedrich
et al., 2009; Guttorm et al., 2010, 2005, 2001; Leppénen et al., 1999) or
a combination of the two patterns (Choudhury and Benasich, 2011). In
a recent study from our group, analyzing 18 electrodes localized in the
left and right fronto-central areas, equal left and right amplitudes were
found for the control group, whereas reduced right as compared to left
hemisphere amplitude was seen in the at-risk group (Cantiani et al.,
2016). One of the reasons for these controversial results might be in the
different reference electrode(s) used in EEG measurement/analysis that
might strongly affect the waveforms at the scalp level. These findings
require further investigation using a fine-grained analysis and more
appropriate analytic strategies that can closely examine the neural
substrates that support RAP (e.g., Musacchia et al., 2013). Specifically,
the use of source localization might explicate the issue relative to the
choice of the reference electrode(s), since the underlying potential
distribution (the potential map) is independent of the reference used
and thus solely determined by the underlying brain processes.

1.2. Source localization of ERP generators during auditory processing

In order to better characterize the mechanisms underlying typical
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and atypical RAP in infancy, it is essential to reliably determine brain
areas that might sub-serve the ERP responses. Although functional
magnetic resonance imaging (fMRI) is a gold standard technique that
provides spatial information about brain areas involved in cognitive
tasks, excellent estimation of activity location can achieved within the
EEG/ERP domain, using source localization techniques that allow
identification of the loci of the neural activation measured at the scalp
surface (Slotnick, 2004). Despite source localization being widely used
in adults, only a few studies have specifically investigated the cortical
sources of the MMR in childhood and infancy. Albrecht et al. (2000)
explored the potential of dipole source analysis for studying localization
of auditory processing over development in healthy children, from pre-
school age to adolescence. Dehaene-Lambertz and Baillet (1998) used a
continuous stream of syllables to examine a mismatch-like response in
3-to-4 month infants and reported sources located in left and right
temporal lobes. EEG-derived source localization in the first year of life
has also been studied using tone pairs differing in fundamental fre-
quency (Hamaldinen et al., 2011; Musacchia et al., 2017, 2013) as well
as consonant-vowel syllables differing in voice onset time (Ortiz-
Mantilla et al., 2019, 2016, 2013, 2012). Bilateral activation in auditory
cortex has been reported in all the studies, with an additional activation
near anterior cingulate cortex reported in Hamaldinen et al. (2011) and
Ortiz-Mantilla et al. (2012, 2013, 2016). For the first time, Piazza et al.
(2016) applied independent component analysis (ICA) decomposition
to 6-month-old infant ERP data collected in response to non-speech
tones. This method allowed identification of several important con-
tributors to the ERP response from bilateral auditory cortex and mul-
tiple extra-auditory cortical areas, including mid-cingulate cortex.

To our knowledge, no studies have reported source localization of
ERP generators during auditory processing in infants at risk for LLI. The
use of this technique in developmental clinical populations has shown
potential for clarifying controversial findings. For example, source
analyses on ERP responses to shortening of pseudo-words were helpful
in identifying a sub-group of dyslexic children characterized by atypi-
cally enhanced brain responses originating from a more posterior area
of the right temporal cortex, as compared to the responses of control
children and children at-risk but without reading disorder (Lohvansuu
et al., 2014).

1.3. Spectrotemporal brain dynamics related to auditory processing

In addition to evoked information related to amplitude, latency and
location of neural generators, measurement of changes in the event-
related spectrum over time yields information that is not apparent in
the averaged ERPs (Makeig, 1993). Specifically, spectrotemporal ana-
lysis of event-related brain responses captures phase-resetting and
amplitude shifts in neuronal oscillations, which are defined as the
periodic and rhythmic shifting of an ensemble of neurons between high
and low excitability states (Bishop, 1933; Schroeder et al., 2008). In
humans, peaks of oscillatory activity usually group into the following
bands: delta (1-3 Hz), theta (4-8 Hz), alpha (9-12 Hz), beta (13-30 Hz),
and gamma (> 30Hz), although the boundaries of corresponding
bands appear to be lower in infants and children (see Saby and
Marshall, 2012 for a review). The examination of neural oscillatory
activity provides two kinds of information: (1) a measure of amplitude
strength, reflecting the amount of energy (or power) in a given fre-
quency range, and (2) a measure of phase-locking across trials, re-
flecting the temporal stability of the oscillatory phase across trials
(Tallon-Baudry et al., 1996; Tallon-Baudry and Bertrand, 1999). Over
and above traditional averaged ERPs, trial-by-trial analysis of neural
oscillations characterizes the stability of the phase-locked response,
perturbations of the ongoing EEG and induced neural activity that is not
phase-locked to stimulus onset (Nunez and Srinivasan, 2006). Recent
studies have established that examination of spectrotemporal brain
dynamics in infants is of great value in understanding the basic neural
mechanisms that relate to auditory discrimination and early language
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acquisition (Bosseler et al., 2013; Isler et al., 2012; Musacchia et al.,
2017, 2015, 2013; Ortiz-Mantilla et al., 2019, 2016, 2013).

It has been proposed that changes in oscillatory activity play a role
in cognitive and information processing (for a review, see Basar et al.,
2001). During brain development, synchrony of oscillations within and
across nuclei facilitates maturation of cortical networks (for a review,
see Uhlhaas et al., 2010), including auditory processing networks in
subcortical and cortical structures (Buzsaki and Draguhn, 2004; Kaas
and Hackett, 2000). Accordingly, neural synchrony has been proposed
to play a crucial mechanistic role in the development of RAP
(Musacchia et al., 2013) and in language acquisition (Tallal, 2004;
Tallal and Gaab, 2006).

In particular, neural oscillations in both the theta and gamma range
have been related to rapid auditory processing (i.e. RAP) and speech
perception. Shifts in theta and gamma amplitude have been shown to
index the temporal dynamics of speech at different time scales. The
oscillatory activity in the gamma band is more directly associated to
RAP, since it has been shown to correlate with temporal sampling at the
level of short-duration cues typically associated with the phonemic
scale, such as formant transitions (for example,/ba/versus/da/) or
voicing (for example,/ba/versus/pa/). Conversely, the oscillatory ac-
tivity in the theta band correlates more closely with temporal sampling
at slower modulation rates, corresponding to the syllabic scale
(Poeppel, 2003). Importantly, theta and gamma generators that are
weakly coupled at rest become more strongly coupled and nested in
response to a more complex acoustic stream including information
supporting acoustic characteristics of different timescales (e.g., formant
transitions or syllables) (Giraud and Poeppel, 2012). The suggestion
from Poeppel and colleagues is that theta band oscillations may func-
tion to “package” rapid acoustic changes that exceed the theta rate,
enabling the construction of an information-bearing representation on a
multi-dimensional timescale.

In typically developing infants, an overall increase in theta power
and in theta phase synchronization has been reported in response to
auditory discrimination (Isler et al., 2012; Musacchia et al., 2017, 2013;
Ortiz-Mantilla et al., 2016, 2013; Piazza et al., 2014), with greater
enhancement of left auditory activity for speech stimuli (Ortiz-Mantilla
et al., 2013) as well as rapid-rate presentation of non-verbal stimuli
(Musacchia et al., 2013). To our knowledge, the study from Musacchia
and colleagues was the first to show that theta oscillations encode fast
acoustic changes in infants.

In another series of studies, theta synchronization has been shown
to index change detection with greater synchronization seen in adults as
compared to children (Bishop et al., 2011). In comparison with age-
matched controls, children with LLI showed typical synchronization of
theta oscillatory activity in the initial detection or discrimination of
sound differences, as reflected in even greater levels of intertrial co-
herence in the time window corresponding to the MMR. However, they
also showed a reduction of low frequency event-related desynchroni-
zation (i.e., a less prolonged decrease in power) in a later time window,
corresponding to the late discriminative negativity (LDN), reflecting
differences in the late-stage auditory processing (Bishop et al., 2010;
Halliday et al., 2014).

Auditory-evoked gamma activity, which most closely relates to
neuronal firing (Fries et al., 2002) indexes learning and experience in
the auditory system in adults (Heim and Keil, 2006). Selective en-
hancement of induced gamma oscillations was also found in response to
specific native-contrast discrimination at 6 months of age (Ortiz-
Mantilla et al., 2013). Interestingly, the oscillatory synchronization in
both the theta and gamma frequency bands has been shown to index a
more automatized and efficient processing of native language from 6 to
12 months-of-age (Ortiz-Mantilla et al., 2016). Specifically, compared
with 6-month-olds, 12-month-olds' responses to native phonemes
showed a general decrease in the magnitude of power elicited in the
theta range, and a corresponding increase in high-gamma power in both
frontal and left auditory sources, supporting the gradual shift from
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lower- to higher-frequency bands characterizing development (Ortiz-
Mantilla et al., 2016).

In response to rapidly successive tones, Nagarajan et al. (1999)
found that adults with poor reading abilities exhibited weaker cross-
scalp coherence in the gamma frequency range compared to controls.
Similarly, brain responses of school-age children with LLI, to the second
of two fast-rate complex tones, showed oscillations in the gamma fre-
quency range that were characterized by reduced power and attenuated
phase-locking with respect to control children (Heim et al., 2011). In a
longitudinal follow-up study, the same fast-rate complex tones were
presented to the children after they participated in a specific compu-
terized intervention program that targeted RAP skills (Heim et al.,
2013). The RAP-focused intervention was found to boost gamma power
in the immediate post-training period, but did not impact phase locking
(Heim et al., 2013). Taken together, these studies highlight the role of
gamma oscillations during auditory discrimination and suggest reduc-
tion in gamma power as the neural mechanism subserving deficits in
RAP seen in LLI. But, since no studies of oscillatory dynamics have been
conducted in pre-verbal infants at risk for LLI it is still unknown if the
same gamma patterns could be seen at such an early age.

1.4. Hemispheric specialization for auditory processing

The debate over the nature of hemispheric specialization for audi-
tory processing has moved from the classical views positing left later-
alization for speech vs. right for non-speech (Lenneberg, 1966), to the
hypothesis that left hemisphere specialization reflects processing of
rapid elements characterizing both speech and non-speech signals
whereas right hemisphere specialization is engaged for spectral pro-
cessing, i.e., required for discrimination of slow pitch changes (e.g.,
Abrams et al., 2006; Belin et al., 1998; Jamison et al., 2006; Minagawa-
Kawai et al., 2011a; Poeppel, 2003; Zaehle et al., 2004). Similar
hemispheric asymmetries have already been identified in childhood
and infancy (Dehaene-Lambertz, 2017; Minagawa-Kawai et al., 2011a;
Thompson et al., 2016). Whereas the speech (left) vs. non-speech
(right) asymmetry has been extensively replicated in infants from the
fetal period onward (Dehaene-Lambertz et al., 2002; Homae et al.,
2011; Mahmoudzadeh et al., 2013; Minagawa-Kawai et al., 2011c; Pena
et al., 2003), the temporal (left) vs. spectral (right) asymmetry is still
quite controversial and thus merits further investigation (Minagawa-
Kawai et al., 2011b; Telkemeyer et al., 2009). Recently, Musacchia
et al. (2013) explored this hypothesis by examining the neural sub-
strates of various temporal modulations of complex acoustic stimuli in
4-month-old infants. Specifically, combining source localization and
time-frequency analyses of event-related oscillations, an overall right-
hemisphere dominance for tone processing with an additional left-
hemisphere recruitment specific to rapid frequency change was de-
monstrated. Additionally, a more mature left-to-right asymmetry for
rapid frequency changes was reported in 7-month-olds who received
early auditory training consisting of an interactive acoustic experience
with temporally modulated non-speech stimuli (Musacchia et al.,
2017).

Several lines of research support the hypothesis that asymmetric
routing between cerebral hemispheres represents an important me-
chanism for auditory encoding in the developing human auditory
system (see Bishop, 2013 for a review). The use of Near Infrared
Spectroscopy (NIRS), fMRI and source localization of dense-array EEG/
ERPs techniques have recently made it possible to study normal and
abnormal development of lateralized function in the developing brain,
confirming links with LLIL In particular, with respect to the left-hemi-
sphere specialization observed in response to rapid vs. slow transitions,
children with developmental dyslexia as well as pre-reading children
with a familial risk for dyslexia showed neuronal disruption of left
prefrontal brain regions during rapid spectrotemporal processing of
nonlinguistic stimuli (Gaab et al., 2007; Raschle et al., 2013). A dif-
ferent study, using paired tones characterized by short within-pair
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intervals, reported that both typically developing and at-risk children
without dyslexia showed larger responses in the source waveforms in
the left than right hemisphere, whereas at-risk children with dyslexia
showed equal amplitudes over both hemispheres and thus diminished
hemispheric asymmetry (Khan et al., 2011). Higher order sequelae of
auditory processing, such as reading skill, have also been shown to vary
with degree of auditory hemispheric asymmetry (Abrams et al., 2009).

1.5. Aims of the study

In the present study, using the same cohort reported in Cantiani
et al. (2016), we examine; (1) the sources of the neural activity elicited
by rapid-rate presentation of stimuli changing in two different auditory
attributes: frequency and duration, and (2) the oscillatory under-
pinnings of these responses at the source level. Whereas responses to
frequency changes have been more often investigated in the framework
of RAP (Benasich et al,, 2002; Choudhury and Benasich, 2011;
Hamaéldinen et al., 2011; Heim et al., 2011; Musacchia et al., 2017,
2013), the introduction of changes in duration was driven by the cri-
tical role that this acoustical feature may have for phonemic dis-
crimination in Italian. Specifically, sound duration in Italian is an es-
sential cue for a specific phenomenon known as “consonant
germination” (Esposito and Di Benedetto, 1999), where the duration of
the intervocalic consonant is a discriminative feature indicating dif-
ferences in meaning (e.g., the word “note” [no:te] music notes vs. the
word “notte” [not:e] night).

Based on previous studies from our group (Cantiani et al., 2016;
Choudhury and Benasich, 2011), we focus our analyses on the large
positivity at about 300 ms from deviant stimulus onset. In the infant
literature, this component is thought to reflect a neural change detec-
tion process (e.g., Kushnerenko et al., 2002). In previous studies, con-
ducted on similar populations and using similar paradigms, it has been
labeled the MisMatch Response (MMR), specifically in reference to the
component of the calculated difference waveform (e.g. DEV-STD,
Choudhury and Benasich, 2011) or P3 component, to reflect its polarity
and average time of onset when considering standard and deviant
waveforms (Cantiani et al., 2016). It is important to note that ERP
components in infants are not necessarily the same as those in older
children and adults, and that, in particular, the underlying neural
substrates may differ (e.g., Lippé et al., 2009; Morr et al., 2002). For
this reason, the component analyzed here cannot be directly interpreted
as the typical mismatch negativity elicited within similar paradigms in
older children and adults, nor as the P3 historically described in the
adult EEG literature (Friedman et al., 2001). For this reason, in the
present study this component will be labeled as the “positive response”.

Based on the literature on typical infants (Bosseler et al., 2013;
Hamaéldinen et al., 2011; Isler et al., 2012; Musacchia et al., 2017, 2015,
2013; Ortiz-Mantilla et al., 2013), we hypothesize that we will observe
bilateral activation in the auditory cortex, particularly in the left
hemisphere, and theta/gamma enhancement in response to the audi-
tory input and discrimination processes. Based on the literature on LLI
in children and adults (Bishop et al., 2010; Halliday et al., 2014; Heim
et al.,, 2013, 2011), we also expect reduced strength in theta/gamma
oscillatory mechanisms in the group of infants at high risk for LLI.

Moreover, we expect the present study to provide more clarity on
the controversial evidence regarding hemispheric anomalies in infants
at risk for LLL. The studies that applied neuroimaging techniques sup-
porting good spatial resolution (fMRI and/or source localization of
dense-array EEG/ERPs) on typical infants (Musacchia et al., 2017,
2013) and on LLI children and adults (Gaab et al., 2007; Khan et al.,
2011; Raschle et al., 2013) have shown variations in the pattern of
hemispheric activation in infants with and without familial risk for LLI
in response to non-speech stimuli characterized by rapid changes. In
our sample we expect the group of typically developing infants to be
characterized by greater enhancement of left auditory activity as
compared to the group of infants at familial risk.
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Finally, the association between these measures of neural activation
at the source level at 6 months and early linguistic outcome will be
explored. Following Cantiani et al. (2016), correlations will be per-
formed with a measure of expressive vocabulary at 20 months that is
highly correlated with concurrent and later measures of language de-
velopment (Rescorla and Alley, 2001). Significant correlations are ex-
pected based on the wide literature on the predictive role of early ERP
measures on later language development (Benasich et al., 2002;
Cantiani et al., 2016; Choudhury and Benasich, 2011; Leppénen et al.,
2010; Lohvansuu et al., 2018; Riva et al., 2018a; van Zuijen et al.,
2012). Piazza et al. (2016) confirmed these correlations when taking
into account ERP measures at the source level (derived by independent
component analysis decomposition) and suggested that measures ob-
tained from source analysis might be even more predictive of later
outcome than those measures provided by traditional ERP analysis (see
Piazza, 2016 for further discussion [Unpublished PhD dissertation]).

2. Method
2.1. Participants

Two groups of infants were included in this study: typically-devel-
oping infants with no known family history of LLI (Family History
Negative, FH—, n = 32) and infants at high familial risk for LLI (Family
History Positive, FH+, n = 24). In the present study we retained all
infants previously reported (Cantiani et al., 2016). EEG/ERPs during a
non-speech double oddball paradigm were recorded at 6-months-of-age
and a follow-up session to monitor expressive language development
was scheduled at 20-months-of-age.

Families were recruited by local advertisement and/or physician
referral from three hospitals within the Lecco and Monza-Brianza area
(Northern Italy). Written informed consent was obtained from all par-
ents prior to testing. Ethical and Scientific Committees of all participant
institutes approved the study protocol.

Infants were included in the study if: (1) both parents were native-
Italian speakers and infants reside in monolingual households, (2) ge-
stational age was =37 weeks, (3) birth-weight = 2500 g, (4) APGAR
scores at birth at 1’ and 5 were = 9 and (5) the Bayley Cognitive
Score = 7, (6) infants did not have a history of hearing impairments
and passed the hearing screening at birth.

Infants were assigned to FH+ if at least one first-degree relative
(sibling or parent): (1) had a certified (clinical) diagnosis of LLI and/or
(2) performed at least two standard deviations (SD) below the popu-
lation mean on at least one reading task from a selected battery of tests
standardized on the Italian population including a text-reading test
(Judica and De Luca, 2005) and a single word- and a pseudoword-
reading test (Sartori et al., 1995) and (3) had no certified diagnosis of
intellectual deficiency, attention-deficit disorder, sensorial and neuro-
logical disorders or autism. This yielded 24 infants (13 Males and 11
Females), of which 7 had a positive family history for language im-
pairment, 14 for reading difficulties and 3 for both.

Infants were assigned to the FH— group if all first-degree relatives
(1) had an absence of a certified diagnosis of LLI and (2) a performance
above 0.5 SD below the population mean on all reading tasks. This
yielded 32 infants (17 Males and 15 Females). For a more complete
description of the recruitment procedure see Cantiani et al., 2016.

The two groups of infants did not differ on demographic (e.g., so-
cioeconomic status, parents' age and educational level) or clinical (ge-
stational age, Bayley cognitive subscale at 6 months, expressive voca-
bulary at 20 months) characteristics (all ps > 0.05). A complete
description of the sample can be found in Cantiani et al. (2016).

2.2. General testing procedure

Families were contacted two weeks prior to the child's 6-month
birthday: a first visit to the laboratory was scheduled at 6 months,
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15 days * two weeks. During the visit, the EEG/ERP was recorded (see
Section 2.3) and the cognitive subscale of the Bayley Scales of Infant
Development (Bayley, 2006) administered. Before the child's 20-month
birthday, caregivers were mailed packets containing the Language De-
velopment Survey (LDS) to fill-in at home. The LDS is a 310-word
parental-report screening tool that provides an expressive vocabulary
score and has been shown to significantly correlate with the MacArthur
Communicative Development Inventories (CDI) words and sentences
(Fenson et al., 1993; Rescorla et al., 2005). The CDI has recently been
standardized on an Italian population (Rescorla et al., 2014) and norms
(including percentile ranks and age-equivalent scores) are available
from ages 18-35months (Rescorla and Alley, 2001). Parents were
asked to bring the forms to a scheduled laboratory visit at 20 months,
15 days * two weeks.

2.3. Double oddball paradigm

2.3.1. Stimuli

Electro-cortical activity related to Rapid Auditory Processing (RAP)
was assessed by means of a non-speech multi-feature paradigm, in
which pairs of complex tones with an 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 5ms 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 fre-
quency 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
1200 stimuli (80% STD, 10% DEVF, 10% DEVD) were pseudo-rando-
mized, 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
75dB 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).

2.3.2. EEG data acquisition and preprocessing

During EEG recording, children were seated on their caregiver's lap
in a sound-attenuated and electrically-shielded room, and watched si-
lent movies or were entertained with quiet toys. EEG was 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 processed offline following the
procedure described in Cantiani et al., 2016, in order to extract in-
dividual and group ERPs. Data were exported to a MATLAB (Math-
works, Natick, MA) compatible format and processed using EEGLAB
(Delorme and Makeig, 2004) and ERPLAB (Lopez-Calderon and Luck,
2014). An offline bandpass filter of 0.5-30 Hz was used. Noisy channels
were interpolated with a spherical spline (never > 12 of the 60 chan-
nels). 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 seg-
mented according to stimulus type (pre-deviant STD, DEVF and DEVD)
with 100ms pre-stimulus time (used for baseline correction) and
800 ms post-stimulus time. Bad EEG epochs (including epochs con-
taminated by blink artifacts and/or artifacts due to infants' movements)
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 aver-
aging ERPs. The obtained ERPLAB files containing trigger and sensor
information were finally imported to BESA Research 5.3 in order to
estimate sources.
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2.3.3. Source localization of ERP generators

For this paper, we used the ERPs reported in Cantiani et al. (2016)
to compute cortical sources and investigate where in the brain the ERP
responses were generated. For source localization, ERPs were mapped
onto a 6-month infant MRI brain template, using BESA Research 5.3
and Brain Voyager QX (Scherg et al., 2010) software, and age-appro-
priate estimates of scalp, skull bone, and subarchnoid thickness applied
following previous source localization infant studies (see Hamaldinen
et al., 2011; Ortiz-Mantilla et al., 2012). Specifically, the MRI brain
template for 6-month-olds was created by affine transform of MRI
images collected from 19 sleeping 6-7-month-old infants (see Raschle
et al., 2012 for further details about MRI acquisition techniques) into
the MRI space of an infant with the median age of the sample and
combined into an average image. The average brain template was
aligned and transformed into Talairach space. The parameters used for
scalp and skull thickness, and subarachnoid width were as follows: skull
thickness = 1.5 mm; average subarachnoid space = 1.7 mm; average
scalp thickness = 2.5 mm, estimated bone conductivity = 0.0581.

To localize the generators of the ERP responses, we utilized an es-
tablished technique of auditory source localization and analysis in the
infant brain (Haméldinen et al., 2011; Musacchia et al., 2013, 2017,
2015; Ortiz-Mantilla et al., 2012, 2013, 2016, 2019). This technique is
based on a two-step procedure. First, we localized the generators of the
grand average ERP file, comprised of the individual files of all infants
by group. In that way we increased the signal to noise ratio and obtain
an accurate source localization by group. Second, we localized the
generators at the individual level. In order to do so, we first visually
inspected the localization of the dipoles after fitting the model to the
data to assure they were located as close as possible to the grand
average localization; and secondly, we looked at the residual variance
(RV) to determine how well the dipole-model explained the variance in
the data (RV below 20%). Only infants that had both reliable dipole
location and RV below the cut-off were included in the statistical
analyses (in the analyses related to DEVF, 28 FH — infants and 20 FH +
were included, whereas in the analyses related to DEVD, 24 FH— in-
fants and 17 FH+ were included).

Since the main aim of the present work was characterization of the
auditory discrimination process, the analyses focused on the positive
response, specifically targeting the neural change detection process.
The longitudinal studies conducted to date (Cantiani et al., 2016;
Choudhury and Benasich, 2011) have also identified a negative peak
defined as the N2* peak, which is developmentally considered the
“precursor” of the emerging mismatch negativity. This peak is not
analyzed here due to methodological constraints: in our experience we
have found it quite difficult to source localize small, just emerging
peaks at the individual level. Thus, we report here only those peaks for
which we found reliable source localization that explains most of the
variance. In order to preserve the cleanest possible signal we use re-
sponse to the pre-deviant standard and response to each deviant (which
represents the discrimination response), instead of using the more tra-
ditional mathematical subtraction to conduct temporo-spectral ana-
lyses.

As expected, the positive response was larger, and detectable in
individual averaged responses to the deviant stimuli (DEVF and DEVD),
compared to the STD responses. For this reason, for the deviant stimuli
the peak was identified and source localized both in the grand average
and in individual ERP waveforms, whereas the response of the standard
stimulus was identified and source localized in the grand average only.
A dipole source model (Scherg and Von Cramon, 1985) using a 4-shell
ellipsoidal head model was fitted to the data. A time window of + 20
ms around each individual's max peak was used for dipole fitting.
Following the dipole fit, source peaks were identified and measures of
latency, amplitude and x (medial-lateral), y (posterior-anterior) and z
(inferior-superior) source coordinates extracted for each individual's
dipoles in both deviant conditions and submitted to statistical analyses.
In order to confirm the sources of activation identified by the dipole
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source model addition, we used a distributed source model calculated
using the Classic LORETA Recursively Applied (CLARA) method
(Hoechstetter et al., 2010). We selected this method because, as com-
pared to other distributed source models, it identifies more focal dis-
tributed source images by applying them iteratively.

2.3.4. Time-frequency analysis

2.3.4.1. Temporal spectral evolution (TSE). Spectrotemporal changes
during processing of non-speech stimuli were subsequently examined
in source space. For this part of the analysis, we included only
participants for which source localization was possible at the
individual level (see paragraph 2.3.3) and used for each child the
dipole model created during source analysis in the individual averaged
ERP data. The dipole model works as a virtual source montage (Scherg
and Ebersole, 1994) to transform the raw, unfiltered 48-channel EEG
recording into source space. For each stimulus type (STD, DEVF and
DEVD), the ongoing EEG was then transformed into a 2-channel (i.e.,
left auditory cortex [LAC] and right auditory cortex [RAC]) source
space). For DEVF and DEVD, the dipole model created for the
corresponding condition was used. Since source localization at the
individual level was not possible for the STD stimulus, the dipole model
created for DEVF was used in this condition. This choice maximized the
sample size for these analyses (as reported in Paragraph 2.3.3., source
localization at the individual level was possible for 48 infants for DEVF
and 41 infants for DEVD). Next, single trials were transformed into the
time-frequency domain using complex demodulation with 1 Hz wide
frequency bins and 50 ms time resolution, from —300 to 800 ms in the
range of 2-80 Hz, (for detailed information of this methodology, see
Scherg et al., 2010). TSE was used to examine percent change (relative
to the baseline) of evoked (phase-locked) and induced (non-phase-
locked) amplitude of oscillatory activity related to stimulus
presentation at a particular time-frequency sampling point (Hari
et al., 1997; Tallon-Baudry et al., 1996; Tallon-Baudry and Bertrand,
1999). Following the previous literature on auditory-evoked infant
oscillations (Isler et al., 2012; Musacchia et al., 2013, 2017; Ortiz-
Mantilla et al., 2013), TSE was examined only in the delta/theta
frequency band (2-12Hz) and in the gamma frequency band
(30-80 Hz).

2.3.4.2. Inter-trial phase locking (ITPL). In addition to TSE, the inter-
trial phase locking (ITPL) value, which relates only to evoked activity,
was used to measure how consistently the phase at different frequency
bands locks to stimulation presented across trials. ITPL has a value that
ranges from O to 1, with 0 indicating random phase across trials, and a
value of 1 corresponding to perfect inter-trial phase alignment (Tallon-
Baudry et al., 1996; Tallon-Baudry and Bertrand, 1999). Based on the
above-mentioned infant literature on auditory oscillations, ITPL was
examined only in lower frequency range (2-12 Hz).

TSE and ITPL measurements were obtained at the two sources
previously identified (i.e., LAC and RAQC), for each stimulus type (i.e.,
STD, DEVF, DEVD) for each FH— and FH + participant and exported to
MATLAB for plotting graphics across subjects.

2.4. Analytic strategy

2.4.1. Source analyses

Statistical source analyses were carried out using SPSS Statistics 21
software. Effects of Stimulus Type (DEVF vs. DEVD), source (LAC vs.
RAC) and Group (FH— vs. FH+) were examined using 2X2 X2 re-
peated measures ANOVAs for source amplitude, latency and dipole
coordinates (x: medial- lateral; y: posterior-anterior; and z: inferior-
superior). When necessary to clarify interactions, post -hoc analyses (t-
tests between relevant conditions) were conducted.

2.4.2. Time-frequency analysis
For time-frequency, statistical analysis on magnitude of spectral
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amplitude change (TSE) and phase-coherence (ITPL) over Left and
Right auditory cortices were conducted through data clustering, in
combination with permutation testing, using BESA Statistics 2.0
(BESA). The statistical method used is parameter-free permutation
testing on the basis of Student's t-test (Maris and Oostenveld, 2007). In
particular, it automatically identifies clusters in time and frequency
where two groups or conditions are significantly different. Results are
considered corrected for multiple comparisons as only clusters that
have higher values than 95% of all clusters derived by 1000 random
permutations of data are identified (for a more detailed description of
this method see the on-line BESA Statistics manual: http://www.besa.
de/products/besa-statistics/brochures/). In this way, we identified
clusters where significant differences in the time-frequency domain
were found either between the conditions (paired t-tests) or between
the groups (unpaired t-tests). The first set of analyses is aimed to ex-
plore for each group the oscillatory patterns in the different frequency
bands that are related to discrimination, whereas the second set of
analyses directly focuses on differences between the groups. The p-va-
lues reported here are corrected for multiple comparisons through data
clustering in combination with permutation testing. Only the effects
that survived to permutations are reported.

2.4.3. Correlations of ERP/EEG measures with the linguistic outcome

Pearson's product moment correlations were conducted to assess
associations between infant electrophysiological measures and 20-
month language abilities (expressive vocabulary percentile scores).
First, in order to examine the association of source components and
linguistic outcome, measures of latency and amplitude of the source
peaks separated by stimulus type and source location were entered in
the correlation analysis. Second, in order to assess the association of
magnitude of spectral power (TSE) and phase coherence (ITPL) and
linguistic outcome, cluster permutation testing, based on the correla-
tion analysis was applied in BESA Statistics v2.0. Specifically, the pre-
sence of spatially contiguous clusters of coherent r values was identified
within the previously identified clusters of activity differentiating STD
from DEV stimuli.

3. Results
3.1. Source localization

For both groups, we found that a 2-dipole model explained about
98% of the variance (residual variance in the grand average for STD,
FH—: 1.7%, FH+: 2.6%; DFVF, FH—: 1.3%, FH+: 1.8%; and DEVD:
FH—: 1.2%, FH+: 1.3%) with 2 dipoles located at LAC and RAC. A
distributed source model (CLARA) confirmed sources of activation
(Fig. 1).

At the individual level the positive response for DEVF could be re-
liably modeled in 28 out of 32 (87%) FH — infants (mean of individual
fit intervals: 420.6-460.6 [SD = 26.6], min: 348-388, max: 488-528)
and in 20 out of 24 (71%) FH + infants (mean of individual fit intervals:
422-462 [SD = 33.3], min: 352-392, max: 472-512), whereas the re-
sponse for DEVD was reliably modeled in 24 out of 32 (75%) FH— and
17 out of 24 (70%) FH+ infants (mean of individual fit intervals:
491.2-531.2 [SD = 31.0], min: 444-484, max: 564-604; and
487.3-527.3 [SD = 28.3], min: 432-472, max: 540-580, respectively).
Individual source locations are displayed in Fig. 2. The 2-dipole model
explained ~95% of the variance for FH— infants (residual variance for
DEVF: 4.47 [SD = 3.38] and DEVD: 5.59 [SD = 4.17]) and ~93% for
the FH+ group (residual variance for DEVF: 5.61 [SD = 2.31] and
DEVD: 7.09 [SD = 3.77]). No significant group differences were found
between start and end time used for fitting or in the residual variance
for each condition (all ps > 0.05).

The source waveforms are displayed in Fig. 3. In both groups, a
large positive deflection emerged, occurring with different timing for
each stimulus type and resembling the positive (P3) component of the
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Fig. 1. Left and Right Auditory Cortex (LAC, RAC) source localizations for FH— and FH+ infants. The two-dipole best fit source models are overlaid on distributed
source activity (CLARA) over the infant template for 6-month-old infants. Plots are separated for groups (FH— and FH+ infants) and stimulus type (Standard, STD;

frequency deviant, DEVF; duration deviant, DEVD).

original ERP waveforms (Cantiani et al., 2016). Means and SD of am-
plitude and latency of the positive source peaks based on individual
source analyses can be found in Table 1.

The 2x2x2 (Source [LAC vs. RAC] x Stimulus Type [DEVF vs. DEVD]
x Group [FH— vs. FH+]) repeated-measures ANOVAs were conducted
separately on the source latency and amplitude. The ANOVA for peak
latency revealed a main effect of stimulus type (F(1,38) = 98.756,
p < .001, n* = 0.722) in which the positive response to the DEVF
stimulus had shorter latency than the response to DEVD. Statistical
analysis on the source amplitude demonstrated a Condition x
Hemisphere x Group interaction (F(1,38) =4.639, p =.038,
n% = 0.109). Post-hoc t-tests conducted to further investigate this in-
teraction revealed that as compared to FH+ the FH— group had higher
amplitude for the DEVD stimulus in the RAC source (#(1,38) = 2.36,
p =.024). In addition, a main effect of stimulus type, (F

(1,38) = 37.146,p < .001, n* = 0.494) was also found, in which peak
amplitude for the DEVD stimulus was smaller than for DEVF.
Differences in source localization across groups were examined in-
dividually by 2x2x2 (Source [LAC vs. RAC] x Stimulus Type [DEVF vs.
DEVD] x Group [FH— vs. FH+]) ANOVAs for the x, ¥, and 2z co-
ordinates. A significant Source x Group interaction emerged for the x
coordinate, F(1,38) = 4.288, p = .045, n2 = 0.101. However, no sig-
nificant difference emerged between groups, neither in the RAC source
(FH—: M = 0.40, SD = 0.10; FH+: M = 0.45, SD = 0.07) nor in the
LAC source (FH—: M= —0.43; SD =0.08; FH+: M= —0.41,
SD = 0.08). A main effect of source (F(1,38) = 4.692, p =.037,
2 =0.110) and a main effect of Group (F(1,38) = 4.278, p = .045,
n% = 0.101) were found for the z coordinate. Sources in LAC (M = 0.05,
SD = 0.10) were more inferior compared with the RAC sources
(M = 0.09, SD = 0.10) and sources in the FH— group (M = 0.05,

DEVF DEVD

Fig. 2. Individual source locations superimposed on the schematic head (left and right transverse views). Plots are separated for groups (FH— and FH+ infants) and

stimulus type (frequency deviant, DEVF; duration deviant, DEVD).
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Fig. 3. Grand average source waveforms for FH— and FH+ infants. Plots are separated for source (Left and Right Auditory Cortex) and stimulus type (frequency
deviant, DEVF; duration deviant, DEVD). Waveforms relative to FH— infants (continuous lines) are plotted against the waveforms relative to FH+ infants (dashed
lines). The grey squares highlight the time-windows in which the positive response has been analyzed for the two stimulus types, corresponding to the range
including all individual fit intervals. Positivity is plotted up; amplitude is given in nanoampere meters (nAm) and latency in milliseconds (ms). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1

Latency and amplitude of the positive response peak to DEVF and DEVD stimuli based on individual source analyses. Latency is given in milliseconds (ms) and

amplitude in nanoampere meters (nAm).

FH—- (n=24) FH+ (n=16) t(df) P Cohen's d
Latency DEVF LAC 444.3 (32.5) 439.0 (34.9) 0.494 (38) 0.624 0.157
DEVF RAC 441.3 (27.7) 433.2 (36.0) 0.801(38) 0.428 0.252
DEVD LAC 507.2 (34.0) 511.5 (38.4) —0.375 (38) 0.710 0.118
DEVD RAC 510.3 (35.0) 504.5 (26.8) 0.564 (38) 0.576 0.186
Amplitude DEVF LAC 72.93 (26.06) 60.30 (22.34) 1.586 (38) 0.121 0.520
DEVF RAC 72.56 (28.55) 69.86 (26.67) 0.301 (38) 0.765 0.520
DEVD LAC 51.21 (30.72) 43.09 (13.10) 1.148 (38) 0.259 0.343
DEVD RAC 55.93 (35.47) 35.47 (20.43) 2.360 (38) 0.024 0.706
SD = 0.07) were more inferior compared with the sources in the FH+ 3.2.1.2. Comparison between Groups. As a second step, power

group (M = 0.10, SD = 0.07). No significant differences were found for
the y coordinate.

3.2. Time-frequency analyses

3.2.1. Temporal spectral evolution (TSE) measures

3.2.1.1. Paired comparisons within Group. Differences in spectral power
between each deviant (DEVF and DEVD) and the STD were estimated
through paired comparisons within each group (FH— and FH+) to
assure that both groups discriminated the stimuli. We confirmed that
infants in both FH— and FH+ groups generated significantly more
theta power for the deviant than for the STD in both auditory cortices.
The only exception to this pattern was the absence of differences
between DEVD and STD in RAC for the FH+ group. In addition, this
group showed more power in the gamma frequency range for STD than
DEVF in RAC (means, p values and cluster definitions where differences
were found are presented in Table 2). See Fig. 4 for theta and Fig. 5 for
gamma power representation.

differences between the groups (FH— vs. FH+) were estimated for
each stimulus type (STD, DEVF and DEVD) (Table 3). No significant
differences in spectral power between the groups were found in a pre-
stimulus period examined from —300 to O ms. Differences in spectral
power for each condition revealed a distinctive pattern of oscillatory
activity for each group: while FH— group displayed more power for all
three stimuli in LAC (STD in theta and both deviants in gamma range)
at earlier time frames, the FH+ presented more power in RAC (STD in
theta and gamma and DEVF in theta) at later periods of processing
(means, p values and cluster definitions where differences were found
are presented in Table 3).

3.2.2. Inter-trial phase locking (ITPL) measures

3.2.2.1. Paired comparisons within group. Differences in phase-
coherence between both deviant stimuli (DEVF and DEVD) and the
STD were estimated in the theta frequency range through paired
comparisons within each group (FH— and FH+). In general, for both
groups phase synchrony was higher for both deviant stimuli than the
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Table 2

Power differences between conditions in the FH— and FH+ groups: condition comparison using cluster identification and permutation testing.
Stimulus comparison Time (ms) Frequency band Frequency (Hz) Source Direction p-value Mean STD Mean DEV
FH— group
STD vs. DEVF 250-550 0 2-10 RIGHT F > STD < 0.001 —-0.016 0.048
STD vs. DEVF 250-550 0 2-6 LEFT F > STD 0.002 0.020 0.079
STD vs. DEVD 300-600 0 2-6 RIGHT D > STD 0.003 —0.017 0.040
STD vs. DEVD 400-600 0 2-6 LEFT D > STD 0.033 0.020 0.061
FH+ group
STD vs. DEVF 250-550 0 2-10 RIGHT F > STD 0.002 0.027 0.090
STD vs. DEVF 250-550 0 2-8 LEFT F > STD 0.002 0.013 0.071
STD vs. DEVF 50-600 Y 62-72 RIGHT STD > F < 0.001 0.019 —0.047
STD vs. DEVD 350-550 0 2-6 LEFT D > STD 0.031 —0.018 0.051

STD in both left and right auditory sources (ps <
Fig. 6)

0.001, Table 4;

3.2.2.2. Comparison between groups. Differences in phase coherence
(ITPL) between the groups (FH— vs. FH+) were estimated in the
theta frequency range for each stimulus type (STD, DEVF and DEVD)
(Table 5). No significant differences between the groups were found in
the pre-stimulus period (from —300 to Oms). Similar to what was
found for power differences, the FH— group was characterized by
higher ITPL values in the left auditory area, whereas the FH+
presented higher ITPL values in the right auditory areas for both the
STD and the DEVD stimulus (means, p values and cluster definitions
where differences were found are presented in Table 5.
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3.3. Associations between electrophysiological measures at 6 months and
language abilities at 20 months of age

3.3.1. Language abilities at 20 months of age

Follow-up data were available for 49 subjects, 88% of the larger
sample. The percentile score of the Language Development Survey
(LDS) (Rescorla et al., 2014) relative to expressive vocabulary was
calculated based on gender-specific norms. Since no differences
emerged between groups in the expressive vocabulary percentile score
(FH—, n=26, M = 44.04, SD = 28.71; FH+, n =23, M = 32.39,
SD = 26.15), correlations were computed using the combined groups.
Correlations within groups are mentioned in the text and also shown in
the scatterplots for descriptive purposes.

3.3.2. Associations between amplitude and latency of the positive response
at source level and language abilities

The measure of expressive vocabulary was correlated by means of
Pearson's product moment correlations with measures of latency and
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Fig. 4. Temporal Spectral Evolution (TSE) grand average plots in the theta band (2-10 Hz) of the source waveforms at left auditory cortex (LAC) and right auditory
cortex (RAC) sources. Plots are separated for group (FH — infants, first row; FH+ infants, second row) and stimulus type (standard, STD; frequency deviant, DEVF;
duration deviant, DEVD). Time (from left to right) is presented in milliseconds (ms) and frequency (from bottom to top) in hertz (Hz). Green squares mark the within-
group effects (DEVF and DEVD with respect to STD; as reported in Table 2). Red squares mark between-group effects, with * highlighting the group in which power
values are significantly higher (as reported in Table 3). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 5. Temporal Spectral Evolution (TSE) grand average plots in the gamma band (55-80 Hz) of the source waveforms at left auditory cortex (LAC) and right
auditory cortex (RAC) sources. Plots are separated for group (FH — infants, first row; FH+ infants, second row) and stimulus type (standard, STD; frequency deviant,
DEVF; duration deviant, DEVD). Time (from left to right) is presented in milliseconds (ms) and frequency (from bottom to top) in hertz (Hz). Green squares mark the
within-group effects (DEVF vs. STD; as reported in Table 2). Red squares mark between-group effects, with * highlighting the group in which power values are
significantly higher (as reported in Table 3). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 3

Power differences between groups: comparison between FH— and FH+ groups using cluster identification and permutation testing.

Stimulus Time (ms) Frequency band Frequency range (Hz) Source Direction p-value Mean FH— Mean FH +
STD 50-200 <] 4-8 LEFT FH- > FH+ < 0.001 0.061 0.005

STD 250-450 <] 4-8 RIGHT FH+ > FH- 0.032 —0.002 0.059

STD 50-500 Y 63-68 RIGHT FH+ > FH— < 0.001 —0.034 0.025
DEVF 450-600 <] 5-8 RIGHT FH+ > FH- 0.031 —0.004 0.078
DEVF 50-400 Y 61-68 LEFT FH- > FH+ 0.001 0.012 —0.048
DEVD 50-250 Y 59-63 LEFT FH- > FH+ < 0.001 0.012 —0.051

Table 4

Differences in phase-coherence (ITPL) between conditions in the FH— and FH+ group: Condition comparison using cluster identification and permutation testing.

Stimulus comparison Time (ms) Frequency band

Frequency (Hz) Source Direction p-value Mean STD Mean DEV

FH— group

STD vs. DEVF 200-600 6 2-10 RIGHT F > STD 0.001 0.142 0.243
STD vs. DEVF 200-600 0 2-10 LEFT F > STD < 0.001 0.136 0.300
STD vs. DEVD 300-600 0 2-8 RIGHT D > STD 0.001 0.144 0.207
STD vs. DEVD 300-600 6 2-8 LEFT D > STD < 0.001 0.147 0.213
FH+ group

STD vs. DEVF 200-600 0 2-10 RIGHT F > STD < 0.001 0.154 0.262
STD vs. DEVF 200-600 6 2-10 LEFT F > STD 0.001 0.141 0.227
STD vs. DEVD 300-600 0 2-8 RIGHT D > STD 0.001 0.169 0.197
STD vs. DEVD 300-600 0 2-8 LEFT D > STD < 0.001 0.155 0.222

amplitude of the peaks of the positive response separated by stimulus
type and source (LAC, RAC). Only peak amplitude was significantly
correlated with the expressive vocabulary outcome (Fig. 7). Specifi-
cally, higher amplitude of the positive response to DEVF stimulus, in
both LAC and RAC sources, was associated with better expressive vo-
cabulary at 20 months-of-age (LAC: r(45) =0.325, p = .029; RAC: r(45)
=0.357, p = .016). In response to DEVD stimulus peak amplitude was
positively associated with vocabulary in the RAC source (r(38) =0.409,
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p =.011). As seen in the scatterplots (Fig. 7), correlations within
groups showed similar directions, with the exception of the correlation
between peak amplitude for DEVD in RAC that correlated significantly
with vocabulary only for FH— children (r(23) =0.441, p = .035).

3.3.3. Associations between TSE and ITPL measures and language abilities
Cluster permutation testing based on correlation analysis was ap-
plied in BESA Statistics v2.0 in order to test the association between
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Fig. 6. Inter-trial Phase Locking (ITPL) in the theta band (2-10 Hz) of the source waveforms at left (LAC) and right (RAC) auditory cortex sources. Plots are separated
for group (FH — infants, first row; FH+ infants, second row) and stimulus type (standard, STD; frequency deviant, DEVF; duration deviant, DEVD). Time (from left to
right) is presented in milliseconds (ms) and frequency (from bottom to top) in hertz (Hz). Green squares mark the within-group effects (DEVF and DEVD with respect
to STD; as reported in Table 4). Red squares mark between-group effects, with * highlighting the group in which phase coherence values are significantly higher (as
reported in Table 5). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 5
Differences in phase-coherence (ITPL) between groups: Comparison between FH— and FH+ groups using cluster identification and permutation testing.
Stimulus Time (ms) Frequency band Frequency (Hz) Source Direction p-value Mean FH— Mean FH—
STD 250-400 0 2-6 RIGHT FH+ > FH- 0.033 0.163 0.207
DEVF 500-600 0 2-4 LEFT FH—- > FH+ 0.049 0.327 0.268
DEVD 50-300 5] 3-6 RIGHT FH+ > FH- 0.034 0.199 0.156
a. b. : c. o
1004 R2 Linear =0.106 | 9roup 1004 R? Linear =0.127 | group 100 R? Linear =0.167 | group
@ FH @ FH
O FH+ O FH+
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Fig. 7. Person product moment correlations between 6-month source ERP measures and 20-month expressive language (percentile score in the Language
Development Survey) for FH— (black dots) and FH+ (white dots) infants. Correlations include amplitude of the peak of the positive response for (a) DEVF in the left
auditory cortex (LAC) source, (b) DEVF in the right auditory cortex (RAC) source, and (¢) DEVD in the RAC source. Bold regression lines represent the combined
group, whereas thin continuous lines represent the FH— group and thin dashed lines represent the FH+ group.

expressive vocabulary at 20 months and the magnitude of TSE and ITPL
measures. Specifically, the presence of spatially contiguous clusters of
coherent r values was identified within the previously identified clus-
ters of activity differentiating STD from DEV stimuli (see Tables 2 and

4). TSE and ITPL relative to the difference between responses evoked by
deviant versus standard stimuli (DEVF-STD and DEVD-STD) were sub-
mitted to the analyses. The results of the correlations presented here
were corrected for multiple comparisons of frequency and time points
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Fig. 8. Person product moment correlations between 6-month amount of spectral power in the left auditory cortex source during frequency (DEVF) and duration
(DEVD) changes and 20-month expressive language (percentile score in the Language Development Survey). The above panel shows the emerging significant clusters
associated with expressive vocabulary, including (a) Temporal Spectral Evolution (TSE) in LAC during frequency changes (DEVF-STD condition; 300-500 ms; 2-5 Hz)
and (b) Inter-trial Phase Locking (ITPL) in LAC during duration change (DEVD-STD condition; 300-500 ms; 2-5 Hz).The below panel shows the relative scatterplots
for FH— (black dots) and FH+ (white dots) infants. Bold regression lines represent the combined group, whereas thin continuous lines represent the FH— group and

thin dashed lines represent the FH+ group.

using permutation statistics.

In the theta range, amount of spectral power in LAC during fre-
quency change and of phase coherence in LAC during duration change
were positively related to language abilities. Fig. 8 shows the emerging
significant clusters associated with expressive vocabulary. The first
cluster (Fig. 8a, p = .030) included TSE in the DEVF-STD condition
(300-500 ms; 2-5 Hz — LAC source) whereas the second cluster (Fig. 8b,
P .048) included ITPL in the DEVD-STD condition (300-500 ms;
2-5Hz — LAC source). As can be observed from the scatterplots (Fig. 8),
correlations within groups resembled those seen in the combined
groups. However, the first cluster correlated significantly with voca-
bulary only for children in the FH— group (p = .017).

4. Discussion

In this study, we used the same cohort of infants with and without
familial risk for LLI reported in Cantiani et al. (2016) to examine more
closely the neural mechanisms that support typical and atypical Rapid
Auditory Processing (RAP) skills in infancy. Specifically, we examined
the sources of the neural activity and the oscillatory dynamics
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characterizing the response to rapid presentation of stimuli changing in
frequency and duration.

In both groups, the waveforms at the source level in response to the
two deviant stimulus types were characterized by a large positive re-
sponse peaking at approximately 440 ms for DEVF and at about 510 ms
for DEVD. In the infant literature, this component has been traditionally
referred to as the MisMatch Response, specifically when considering the
peak in the difference waveform (e.g. DEV-STD) and thus is usually
interpreted as reflecting a neural change detection process (e.g.,
Kushnerenko et al., 2002). In addition to this classical interpretation,
this component might very well reflect the involuntary switching of
attention that occurs whenever there is a sound change in the en-
vironment (e.g., Escera et al., 1998; Friedman et al., 2001; Escera and
Corral, 2007). It should also be kept in mind that although the oddball
paradigm in this study was presented in a passive fashion, at this time in
development infants are recognizing and establishing cortical re-
presentations of their native speech sounds. Therefore, infants are more
attentive to any acoustic change and may be well be scanning the au-
ditory environment for even subtle changes that “could be language”.

We found that both groups of infants showed bilateral activation in
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auditory cortices, as suggested by a two-dipole model explaining
around 98% of the variance and confirmed by a distributed source
model (CLARA). At the level of neural oscillations, the acoustic dis-
crimination process was also clearly reflected in both groups by the
predicted enhancement of theta and gamma power and the increase in
theta phase synchronization in response to deviants. Most importantly
however, our results demonstrate that even at this early preverbal
stage, left gamma power is already reduced in infants at risk for LLI and
this reduction could provide an earlier biomarker for detection of RAP
deficits in infancy.

4.1. Lateralization differences between groups

Although the overall neural pattern observed was similar in the two
groups of infants, a number of significant differences emerged in the
processing of both sound representation (standard stimulus) and dis-
crimination (deviant stimuli). One of the most striking differences be-
tween groups was related to the lateralization of the oscillatory re-
sponses. When directly comparing the groups, FH— infants
demonstrated a more left-lateralized pattern of oscillatory activity in
auditory cortex when processing the rapidly presented non-speech au-
ditory stimuli, whereas FH+ infants exhibited a more right-lateralized
pattern. More specifically, when looking at the percent change of both
evoked and induced amplitude of oscillatory activity related to stimulus
presentation (TSE) (Hari et al., 1997; Tallon-Baudry et al., 1996; Tallon-
Baudry and Bertrand, 1999), the FH— group generated greater left-
lateralized theta power than the FH+ group in response to the STD
stimuli and greater left-lateralized gamma power in response to both
deviant stimuli. Conversely, the FH+ group generated greater right-
lateralized theta power than the FH— group in response to the STD and
DEVF stimuli and greater right-lateralized gamma power in response to
STD stimulus. A similar lateralization pattern emerged when looking at
inter-trial phase alignment (ITPL) in the theta frequency band (Tallon-
Baudry et al., 1996; Tallon-Baudry and Bertrand, 1999). Whereas the
FH— group displayed greater left-lateralized phase locking in response
to DEVF stimulus, the FH+ group had greater right-lateralized phase
locking in response to STD and DEVD stimuli.

To date, brain lateralization during auditory processing in infants at
familial risk for LLI has been investigated by a number of ERP studies
with dissimilar outcomes, mainly but not exclusively, showing reduced
ERP responses in the left hemisphere and/or enhanced responses in the
right hemisphere (Cantiani et al., 2016; Choudhury and Benasich, 2011;
Friedrich et al., 2009; Guttorm et al., 2005; Leppénen et al., 2010;
2002, 1999; van Herten et al., 2008; van Leeuwen et al., 2007). A ca-
veat to ERP studies is that responses are typically analyzed using low-
pass filtered data that greatly reduces high gamma frequency content.
Our results using time-frequency analysis and source localization
techniques not only support the above-mentioned ERP results but also
provide three aspects of information not available with standard ERP
analyses: (1) measures of phase synchrony, (2) oscillatory power in
both low and high frequency bands, and (3) a more accurate localiza-
tion of the signal sources. In addition, by means of source localization
we alleviate issues related to the choice of the reference electrode(s)
that determines the recorded signals and might strongly affect the
waveforms seen at the scalp level. By performing time-frequency ana-
lyses in source space, we should have eliminated the effect of the spe-
cific reference selected (in our case the average of all electrodes) as the
2-dipole montage used to covert the raw scalp data to source space
works independently of the reference used for collection of the ERPs.

Our findings of a left-lateralized pattern of oscillatory activity in
auditory cortex in FH— infants vs. a right-lateralized pattern in FH+
infants are consistent with studies showing that older children with LLI
have a disrupted pattern of left-sided brain lateralization for language
(see Bishop, 2013 for a review). While our study does not examine
language processing per se, we examined non-speech stimuli char-
acterized by rapidly changing successive acoustic cues, thus reflecting
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the spectrotemporal characteristics of speech. Processing of such spec-
trotemporally modulated non-speech stimuli have been shown to ro-
bustly predict later language outcomes (Benasich et al., 2006;
Choudhury and Benasich, 2011). Based on the recent views proposing
early left hemisphere specialization for temporal processing vs. right
hemisphere specialization for spectral processing (Abrams et al., 2006;
Dehaene-Lambertz, 2017; Minagawa-Kawai et al., 2011a), we expected
to see enhanced processing for our stimuli in left auditory areas. With
similar stimuli, studies using fMRI and source localization of EEG/ERPs
techniques have revealed functional alterations in the left hemisphere
in children with developmental dyslexia and/or in pre-reading children
with a familial risk for dyslexia (Gaab et al., 2007; Khan et al., 2011;
Raschle et al., 2013). Although results from neuroimaging studies of
participants with specific language impairment are inconsistent
(Dibbets et al., 2006; Hugdahl et al., 2004; Weismer et al., 2005), a
recent fMRI study (de Guibert et al., 2011) examined a specific sub-
group of children with LI and reported several significant findings,
which included absence of left lateralization across all core language
regions and a right hyperactivation in the anterior insula and the ad-
jacent inferior frontal gyrus, suggesting a compensatory mechanism for
altered structural function. The present study adds to the literature by
demonstrating at the oscillatory level that compared to controls, 6-
month-old infants at risk for LLI already show lateralization differences
when processing auditory signals, including reduced activation in left
auditory cortex and larger activation in right auditory cortex.

The left > right asymmetry for processing rapid frequency changes
characterizing FH— but not FH+ infants, appears to reflect a more
typical pattern of processing rapidly presented sounds. For example,
evidence to support our claim comes from structural studies in neonates
showing that, similar to adults (Geschwind and Levitsky, 1968), the left
planum temporale is larger than the right (Witelson and Pallie, 1973).
However, the functional maturation of lateralization patterns seems to
be driven not only by anatomical differences and developmental
epochs, but also by the auditory environment (Minagawa-Kawai et al.,
2011a). For instance, a recent study found evidence that early inter-
active acoustic experience with temporally modulated non-speech sti-
muli can promote enhanced auditory processing efficiency (Benasich
et al., 2014), as reflected in larger and faster P2 peaks, faster change
discrimination peak (N2*) and overall more complex waveforms (more
often seen in typically developing older children). Interestingly, a re-
cent follow-up study hypothesized that these changes might be sup-
ported by more mature left-lateralized patterns of oscillatory activity
for tones (Musacchia et al., 2017) and speech (Ortiz-Mantilla et al.,
2019). In the study by Musacchia et al. (2017) the shift toward left-
lateralized processing was particularly evident in the gamma band, in
accordance with studies reporting enhanced oscillatory activity in this
frequency range linked to perceptual specialization for native pho-
nemes at 6 months-of-age (Ortiz-Mantilla et al., 2013), with a more
robust effect seen at 12 months-of-age in the left hemisphere (Ortiz-
Mantilla et al., 2016).

In the present study, the hemispheric differences between FH— and
FH+ groups were not limited to the gamma range but involved also the
theta range. However, it is important to note that although stimulus
discrimination has been demonstrated to involve changes in oscillatory
dynamics in both theta (Ko et al., 2012) and gamma ranges, the fast
oscillatory rate characteristic of gamma oscillations makes gamma
more suited for processing acoustic information that varies in the tens
of milliseconds range including discrimination of the segmental sub-
lexical information contained in phonemes (Giraud and Poeppel, 2012;
Poeppel et al., 2008). The left auditory cortex in particular, has been
more often related to rapid temporal processing (Zatorre, 2001) and
discrete phonological representations (Phillips et al., 2000). Our results
showing that compared to controls, FH+ infants generate lower
amounts of gamma power in left auditory cortex, clearly suggest diffi-
culties in processing rapidly presented information.
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4.2. Source localization of ERP generators

The presence of between-group differences both in the amount of
spectral power and phase synchrony seen here suggests that oscillatory
dynamics in FH+ infants may be disrupted in ways that do not simply
reflect a developmental delay. Although not specifically investigated in
the present study, differences between FH+ and FH— infants in the
oscillatory dynamics could be due to anatomical differences that di-
verge from a typical developmental timeline. Our results showing group
differences in the source localization of ERP generators seem to point in
this direction.

These differences specifically concern the fact that both RAC and
LAC sources were more superior for FH+ than for FH— infants.
Although we recognize that the exact source locations must be regarded
cautiously given the relatively poor spatial resolution of EEG, this is the
first evidence of spatial differences in the neural sources activated
during RAP in infants at high-risk for LLI. Previous studies revealed that
the brain responses of a sub-group of dyslexic children originated from
a more posterior area of the right temporal cortex as compared to the
responses of the other participants (Lohvansuu et al., 2014). Anato-
mical studies have provided evidence of cortical anomalies in the brains
of dyslexic individuals, characterized by the presence of neuronal ec-
topias, micropolygyria and architectonic dysplasias, located mainly but
not exclusively, in the left hemisphere, and of differences in symmetry
of the planum temporale, which deviates from the standard asymmetric
pattern observed in the planum (Galaburda et al., 1985). If present,
these structural differences might account for group differences in di-
pole location seen in the present study. In addition to differences be-
tween groups, source analyses revealed that the right source dipole was
more superior than the left dipole, similar to previously reported re-
sponses to non-speech stimuli in 4- and 6-month-old infants
(Hamaldinen et al., 2011; Musacchia et al., 2013) and in response to
syllables in 12-month-olds (Ortiz-Mantilla et al., 2016). As mentioned,
asymmetry in dipole location has been consistently observed over in-
fancy and aligns with reported anatomical differences between left and
right temporal speech-related areas (Geschwind and Levitsky, 1968;
Witelson and Pallie, 1973).

4.3. Associations of ERP/EEG measures with the linguistic outcome

A further discussion topic concerns the associations observed among
source components, oscillatory activity and linguistic outcome (ex-
pressive vocabulary) at 20 months. Consistent correlational results were
found for the amplitude of the positive response at the source level and
the magnitude of TSE and ITPL measures. Overall, infants with higher
peak amplitude and higher amounts of spectral power and phase co-
herence at 6 months demonstrated richer expressive vocabulary at
20 months-of-age. These results support previous research showing that
infant ERPs are predictive of linguistic skills at pre-school ages
(Benasich et al., 2006; Cantiani et al., 2016; Choudhury and Benasich,
2011; Guttorm et al., 2005; Riva et al., 2018a; van Zuijen et al., 2012).
To our knowledge, the only studies that have investigated the impact of
cortical measures other than the traditional scalp ERP on language
development were conducted by Piazza and collaborators (Piazza,
2016; Piazza et al., 2016) using techniques including independent
component analysis (ICA) and Adaptive Autoregressive identification
with spectral power decomposition. In these studies, statistically robust
correlational results were reported for the amplitude of the positive
response, at both scalp (channel F6) and cortical levels (mid-cingulate
source) (rs range 0.51-0.68 and 0.58-0.77, respectively), whereas
weaker correlations were found between language ability at 20 months
and the delta/theta power peak difference at the scalp (rs = 0.49)
(Piazza et al., 2014). These findings suggest that the oscillatory me-
chanisms thought to be involved in ERP generation (Klimesch et al.,
2007; Makeig, 2002), might be correlated only indirectly with language
outcomes. When all the results were combined in a regression model,

14

NeuroImage: Clinical 22 (2019) 101778

Piazza et al. (2016) found that the greatest amount of variance in 20-
month linguistic outcome was explained by ERP measures computed at
the source level, suggesting that these parameters are more sensitive
than other EEG measures in the prediction of language abilities.

The present study provides further support for the idea that analyses
of neural activity at the source level (even with different methods of
quantification) may be more highly related to clinical measures than
the mixture of brain and non-brain signals that usually converge in
standard scalp EEG recordings (Lenartowicz et al., 2014; Loo et al.,
2015; Rissling et al., 2014). In our previous report with the same
sample, we found that at the scalp level the amplitude of the positive
response to DEVF in the right hemisphere (see Cantiani et al., 2016)
explained 17% of variance of expressive vocabulary at 20 months (ad-
justed r?). Accordingly, the same percentage of variance (17%, adjusted
?) was explained when including in the model the amplitude of the
source peak (see paragraph 3.3.2), whereas a higher percentage of the
variance (29% adjusted %) was explained by TSE and ITPL measures
(see paragraph 3.3.3). Finally, when all the variables significantly
correlated with the linguistic outcome (amplitude of the positive re-
sponse at both the scalp and the source level and TSE/ITPL measures)
were combined in a regression model, 33% of variance in 20-month
linguistic outcome was explained. Taken together, these results provide
further evidence that at least in our sample, time-frequency measures
computed at the source level may produce better correlations to lan-
guage outcome than the scalp EEG channel measures alone.

4.4. The processing of duration in the right auditory cortex

The processing of DEVD seems to differ in a number of ways from
the processing of the STD and DEVF stimuli. In particular, three con-
vergent pieces of evidence point toward the specificity of DEVD pro-
cessing occurring primarily in right auditory cortex (RAC). The first
evidence concerns the oscillatory pattern in FH+ infants. Although
processing of DEVD generated more power (TSE) than the STD in LAC,
no power differences emerged in RAC when DEVD was compared to
STD stimulus in the FH+ group (Table 2). Second, the amplitude of the
RAC source peak was significantly higher in the FH— group compared
to the FH+ group (Table 1). Third, the correlational pattern between
the amplitude of the source peak and later language skills shows that
whereas the amplitude of the positive response to DEVF stimulus in
both LAC and RAC correlates with expressive language, in response to
DEVD only the amplitude in RAC correlates with language (see Section
3.3.2). Changes in sound duration, and specifically a change consisting
of a longer-than-expected sound (200 ms instead of 70 ms) could be
interpreted as a slow spectral modulation, that is expected to pre-
dominantly activate the right hemisphere (Poeppel et al., 2008;
Telkemeyer et al., 2011). In particular, as already highlighted in our
previous work (Cantiani et al., 2016), changes in sound duration seem
to produce a strong irregularity of the rhythm of sound presentation. It
might be hypothesized that this rhythmatic irregularity of the pre-
sentation requires a more substantial activation of the right hemi-
sphere, and that could be significantly more challenging for the high-
risk FH+ group.

5. Conclusion

In the present study, data from a cohort of infants with and without
familiar risk for LLI were analyzed to examine the sources of neural
activity and the oscillatory dynamics supporting typical and atypical
Rapid Auditory Processing (RAP) skills in infancy. Overall, the present
study has demonstrated that FH+ infants show significantly less acti-
vation in left auditory cortex and greater activation in right auditory
cortex, as compared to FH— controls. In addition to the previous ERP
results, our study explores oscillatory measures of neural synchrony
that have been proposed to play a mechanistic role in RAP skills. FH—
infants generated higher amounts of early left gamma power than their
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FH+ controls during discrimination of both deviants. Since oscillations
in the gamma band are known to be critical during sensory/perceptual
processing, reduced power in this specific frequency band might un-
derlie RAP difficulties and therefore provide a potential biomarker for
early identification of infants at high-risk for LLI deficits. Furthermore,
measures of amplitude at the source level as well as the magnitude of
power and phase synchrony were found to be associated with ex-
pressive vocabulary at 20 months, thus supporting the predictive role of
early RAP skills on later language development and importantly
showing that combining these measures increases prediction.

A note of caution should be raised concerning the relative hetero-
geneity of our sample of at-risk infants, defined as “at-risk for LLI” and
thus including infants with a first-degree relative with either language
impairment, reading difficulties or both disorders. Although it is clear
that language and reading (dis)abilities are not etiologically distinct
(Plomin and Kovas, 2005; Hohnen and Stevenson, 1999; Bishop, 2001),
and similarities can be assumed at both the behavioral and the neural
level, it should be noted that to date the specific electrophysiological
patterns characterizing infants at-risk for language impairment versus
infants at-risk for reading disorders have never been directly in-
vestigated. Further studies are needed to address this issue in detail in
order to delineate potential specific and perhaps alternate profiles.
Steps in this direction will allow more accurate identification of infants
at highest risk for LLI, and facilitate the design of targeted strategies to
implement early interventions and rehabilitation techniques that en-
able development of more efficient RAP skills in order to prevent and/
or ameliorate LLI.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nicl.2019.101778.
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