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SPEECH TO INFANTS WITH HEARING LOSS

Highlights

Infants with congenital hearing loss exhibit delays in language development
compared to infants with normal hearing despite access to different hearing
interventions early in life.

Independent of any intervention, the social and linguistic environment can yield
significant positive or negative effects on language acquisition.

Infants with hearing loss receive language input that is acoustically different
from infants with normal hearing.

Infants’ hearing experience impacts the acoustic adjustments observed in infant-
directed speech by their caregivers.

Future interventions for facilitating language outcomes in infants with hearing

loss should consider infants’ social and linguistic environments.
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Abstract

The majority of infants with permanent congenital hearing loss fall significantly behind
their normal hearing peers in the development of receptive and expressive oral communication
skills. Independent of any prosthetic intervention (“hardware”) for infants with hearing loss,
the social and linguistic environment (“software”) can still be optimal or sub-optimal and so
can exert significant positive or negative effects on speech and language acquisition, with far-
reaching beneficial or adverse effects, respectively. This review focusses on the nature of the
social and linguistic environment of infants with hearing loss, in particular others’ speech to
infants. The nature of this “infant-directed speech” and its effects on language development
has been studied extensively in hearing infants but far less comprehensively in infants with
hearing loss. Here, literature on the nature of infant-directed speech and its impact on the
speech perception and language acquisition in infants with hearing loss is reviewed. The review
brings together evidence on the little-studied effects of infant-directed speech on speech and
language development in infants with hearing loss, and provides suggestions, over and above
early screening and external treatment, for a natural intervention at the level of the carer-infant
microcosm that may well optimize the early linguistic experiences and mitigate later adverse
effects for infants born with hearing loss.

Keywords: infants, hearing loss, infant-directed speech, language development.
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1. Introduction

Approximately two out of every 1000 infants worldwide are born with unilateral or
bilateral hearing loss (HL) (van Wieringen et al., 2019). Congenital HL, which refers to HL
present at birth, has major negative effects on children’s early development and subsequent
effects on quality of life including speech and language acquisition, literacy, mental health,
social and cognitive functioning, as well as academic achievement (Moeller et al., 2007; Qi &
Mitchell, 2011; Wake et al., 2004). Accordingly, it is important to determine the factors that
are crucial for optimal language development in infants and children with normal hearing (NH)
and with HL, and which of these are possibly operating sub-optimally or differently as a result
of HL. There are two main moderators that may attenuate the negative effects of HL on spoken
language development: intervention via hearing devices (“hardware”) and the nature of the
infant’s social and linguistic environment (“software”).

This article is concerned with the software component — the quality of the linguistic
environment that infants with HL experience in infancy. Extensive research with infants with
NH has demonstrated that the quality and quantity of infant-directed speech (IDS) to which
infants are exposed in their first years of life are significant predictors of concurrent and future
language abilities. Critically, the quality of IDS is dynamically adjusted to the cognitive,
sensory, and linguistic needs of each infant. Congenital HL in the infant is one of the factors
that can impact the acoustic and linguistic properties of IDS by the caregiver. The evidence in
this review will provide the basis for understanding the extent of this impact and the
implications for children’s subsequent spoken language development. The review is divided
into three sections. First, we provide a general overview of the types of interventions provided
to infants with HL and their early oral language development in the first years of life. Second,
we review the quality of early linguistic environment experienced by infants with HL and

infants’ sensitivity to the acoustic features present in their caregivers’ IDS. As this is the main
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focus of the present work, we present a comprehensive review of published studies with infants
with HL from 0 to 24 months of age (see Supplementary Materials for a detailed description
of the systematic review approach used in this section). Finally, we provide a discussion about
the linguistic function of the acoustic properties of IDS and their implications for early
language development in infants with HL and identify directions for future research.
2. Overview of the Early Detection and Remediation of Hearing Loss and Oral
Language Development in Infants with Hearing Loss

Before proceeding to the discussion of oral language development in infants with HL,
we provide a general overview of the detection of HL and its subsequent remediation. It is
important to consider such detection and remediation due to their significant effects on infants’
language development. For HL intervention to be optimally beneficial for infants, two of the
most critical factors are the age at which HL is detected and the timing of subsequent
intervention. Delayed HL detection may significantly affect restoration of hearing, thus
exacerbating the negative effects of HL. This occurs due to the absence of auditory input early
in life, and it may impair not only the development of the auditory pathways, but also the neural
pathways connecting the auditory cortex with other parts of the brain. Delayed intervention,
therefore, can compromise the establishment of attentional and cognitive neural networks
important for auditory processing (Kujala et al., 2000; Neville & Bruer, 2001; Ponton et al.,
1999), leading to negative effects on infants’ speech perception, attention, language
development and learning (Houston et al., 2003; Neville & Bruer, 2001; Tomblin et al., 2014).
Fortunately, the recent introduction of Universal Newborn Hearing Screening programmes
(UNHS; mid to late 1990s in USA, Russ et al., 2010; 1998 in Europe, Skarzynski &
Ludwikowski, 2018; 2000 in Australia, Coates & Gifkins, 2003) allows for much earlier
identification of HL than ever before (now on average at three to four months of age), and

earlier access to interventions, such as device fitting before six months (on average 13-16
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months earlier than before) (Yoshinaga-ltano, & Apuzzo, 1998; Vohr et al., 1998). Children
with HL who had access to Newborn Hearing Screening and were diagnosed with HL before
nine months of age have been shown to have higher receptive language scores than those who
were diagnosed after nine months (Kennedy et al., 2006; Korver et al., 2010), thus indicating
the importance of early diagnosis of HL for language development.

It is noteworthy that infants with HL differ widely in the type of remedial device they
receive (Korver et al., 2017; Moore, 1991, 2007; Myrthe et al., 2005; Niparko et al., 2003).
The type of hearing device used in HL intervention depends on various factors including the
context (such as country and infant age), and on the degree (severity) and configuration
(unilateral or bilateral HL) of HL. Extant studies of HL examine language development in
infants fitted with various devices — hearing aids (McGowan et al., 2008; Verhaert et al., 2008),
cochlear implants (Houston et al., 2003; Verhaert et al., 2008), and bone-anchored hearing aids
(Snik et al., 2009) — so a brief guide to their use will be useful here. The majority of infants
with mild to severe HL are fitted with hearing aids. For infants with severe to profound HL,
restoration of HL is achieved by cochlear implants. For infants with conductive or mixed HL,
bone-anchored hearing aids are used.

It is, of course, important to provide the infants with HL with the appropriate hearing
intervention, but it is doubly important to provide this as early as possible. There are many
studies that demonstrate that the age of intervention affects infants’ language development. For
example, in a prospective study with 350 children, Ching and colleagues (2017) demonstrated
that language outcomes at five years of age are significantly better for infants who receive
hearing aids or cochlear implants at three and six months of age than infants who receive their
hearing devices at 24 months. Furthermore, such early intervention gains were greater for
children with higher degrees of hearing loss. Additionally, it has been found that infants fitted

with hearing aids or cochlear implants before six months of age had better receptive and
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expressive language scores between two and seven years of age than infants who were fitted
after six months of age (Celik et al., 2021; Ching, 2015; Ramkalawan & Davis, 1991; Shojaei
et al., 2016). Together these findings strongly suggest that age of fitting with a hearing device
has important facilitative effects on infants’ language development, effects that persists through
at least to the school years.

Device fitting before six months is particularly beneficial, as it augments hearing during
the period when infants’ perceptual capacities become attuned to the language present in their
environment (see Matock & Burnham, 2006; Polka & Werker, 1994; Werker & Hensch, 2015).
It is during this period that infants reach (or do not reach) critical milestones in the development
of native language speech perception, an ability that provides the basis for later phonological,
lexical, and syntactic development. Achievement of each milestone is partially determined by
maturational factors, but experience plays a fundamental role (Werker & Hensch, 2015).
Literature on early speech perception development in infants with HL is much more limited
compared to speech perception development in infants with NH, and we review the available
studies here to understand how infants who have received early remediation through device
fitting perform on speech perception tasks compared to NH controls.

For infants fitted with hearing devices, despite any degradation or modification of the
signal delivered through such devices, there is evidence that speech perception is functionally
operational quite early after fitting. For example, within one to two months of fitting, infants
with cochlear implants successfully discriminate basic speech pattern differences (e.g., /hop
hop hop/ vs. /ahhh/) (Houston et al., 2003), and prefer their native to a foreign language
(Kishon-Rabin et al., 2010). Similarly, infants with four months of device use prefer to listen
to speech compared to static (white noise) and dynamic (time-reversed speech) nonspeech
stimuli (Segal & Kishon-Rabin, 2011); a preference that is comparable to that by infants with

NH, and which increases with age and hearing experience (Segal & Kishon-Rabin, 2011).
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Thus, it seems that despite impaired hearing ability, basic mechanisms for speech perception
are intact in infants with HL with fitted devices, even with limited hearing experience and
device use.

When it comes to more fine-grained speech perception, that of specific phonemes and
phoneme contrasts, infants with HL struggle to discriminate some of the contrasts that their
counterparts with NH can discriminate. For example, whereas infants with HL are able to
discriminate some vowel and consonant contrasts within six months of cochlear implant fitting,
they experience difficulty with some place of articulation consonant contrasts (e.g., /z/ - IV/)
even after 12 months of cochlear implant use (Schauwers et al., 2004; Uhler et al., 2011).
Furthermore, they struggle to discriminate some vowel contrasts as well. For example, the
vowel place contrast /do:/ vs. /de:/ has been found to be discriminated by infants with mild HL
fitted with hearing aids (less than 60 dB), but not by infants with severe to profound HL (greater
than 70 dB) fitted with hearing aids and subsequently with cochlear implants (Martinez et al.,
2008). Thus, in addition to discrepancies between speech sound discrimination in infants with
HL and NH, it appears to be the case that discrimination of consonant place and vowel place
contrasts is more challenging as a function of the severity of infants’ HL.

There is also evidence that infants with HL begin to rely on language-specific prosodic
patterns to segment words from continuous speech after a period of five to nine months of post-
fitting language exposure, similar to that of normal hearing five- to nine-month-old infants
(Jusczyk, 1997; Jusczyk et al., 1999; Mattys & Jusczyk, 2001; Saffran, et al., 1996). For
example, infants with cochlear implants between one and six months of experience with
hearing devices discriminate words based on different stress patterns, but their performance is
poorer than that of NH infants of the same chronological age (between 11 and 14 months)

(Segal et al., 2016). Similarly to NH infants, German-acquiring infants with cochlear implants
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exhibited mismatch negativity (MMN) responses to words with iambic but not trochaic stress
patterns after six months of cochlear implant use (Vavatzanidis et al., 2016).

These studies indicate that when infants with HL have access to auditory input, they
reach language acquisition milestones along a similar timeline to that of their peers with NH.
This timeline is based on the accumulated amount of language exposure, that is, hearing age,
and not chronological age. Hearing age in infants with NH and in infants with HL is not the
same. It is a difference that begins prenatally. The auditory system is functional in utero at six
months post-conception (Gerhardt & Abrams, 2000), and from this time infants begin to hear
sounds from the external world, including and especially their mother’s voice but also other
voices speaking in the ambient language(s). Therefore, at birth infants with HL likely already
have three months less hearing experience, and this deficit continues at least until infants with
HL have their hearing (partially) restored or improved with either hearing aids or cochlear
implants. Therefore, in comparative studies of NH and HL infants, it is necessary to compare
infants with HL with two NH control groups, one with the same chronological age as the infants
with HL, and the other with the same hearing age as the infants with HL. Such controls are
essential if the effects of maturational and experiential factors on language development in
infants with HL are to be disentangled.

Comparisons of infants with HL to controls with NH who are only chronological- and
not also hearing age-matched has indeed led to evidence for delayed language development in
infants with HL. Such evidence may be not only misleading but may also result in erroneous
attribution of causality and even introduction of intervention. For example, the onset of
canonical babbling in infants with NH is around seven to eight months of age, whereas for
infants with HL (without device intervention) onset is approximately six-and-a-half months
later (at around 14 months of age) (Moeller et al., 2007a). A similar delay (seven months) has

been found in the production of individual sounds — vowels, stops, nasals, glides, and liquids
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in infants with HL compared to infants with NH. In addition, it has been found that infants with
HL produce fewer multisyllabic utterances and more vowel-only utterances in comparison to
infants with NH of the same age (McGowan et al., 2008; Moeller et al., 2007a; von Hapsburg
& Davis, 2006). With respect to vocabulary development, two studies with infants between
eight and 37 months of age showed, using the MacArthur Communicative Development
Inventory (MCDI, Fenson et al., 1993), that infants with HL have a significant delay in
receptive and expressive vocabulary development in comparison to their peers with NH
(Mayne et al., 1999a; Mayne et al., 1999b). Moreover, the vocabulary spurt in infants with HL
occurs around 25 months of age, which is about eight months later than that observed in infants
with NH (Moeller et al., 2007b). This latter study showed that infants with HL not only had
delayed receptive and expressive vocabulary development, but that their word production at 24
months was less accurate, less intelligible, and less phonologically complex than word
production of infants with NH at the same age (Moeller et al., 2007b). Despite this apparent
delay, Moeller et al. (2007b) also compared NH infants to infants with HL with the same
amount of hearing experience as their NH counterparts and found that there was no difference
in the onset of canonical babbling between NH infants and infants with HL of the same hearing
age.

These findings further corroborate that early hearing experience achieved through early
device fitting allow infants with HL to access the rich oral language input available in their
environment. Several studies now provide evidence that infants with HL whose hearing has
been restored through a cochlear implant or a hearing aid indeed receive a similar amount of
language input as their peers with NH (VanDam et al., 2012; Vanormelingen et al., 2016). For
example, VanDam and colleagues (2012) compared the quantity of speech to infants with
hearing aids and to infants with NH using day-long audio recordings of infants’ speech

environment in the home. They operationalized the quantity of speech as the total number of
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adult words and the number of conversational turns between the caregiver and the infant. Their
results showed that infants with HL heard a similar number of adult words, and they engaged
in a similar number of conversational turns as their peers with NH. Hence, this evidence
indicates that in terms of the quantity of speech input, infants with HL receive a similar amount
as do infants with NH. Next, we turn to the quality of speech input.
3. Quality of Language Input: Infant-Directed Speech, Acoustic and Phonetic Features
The overview above indicates that the quantity of exposure to language input, as
determined by infants’ hearing age, is essential for early speech perception and production
development. However, infants’ early language acquisition is also determined by the quality of
language input that they receive and importantly, whether hearing devices provide access to
the same or similar qualitative aspects of human speech as those available to infants with NH.
In this section, our review focuses on infant-directed speech, specifically, its acoustic and
phonetic qualities, early preferences for this register in infants with HL, and the degree of
prosodic and phonetic exaggeration in IDS to infants with HL.

Infant-directed speech (IDS) refers to the speech register used in interactions with
infants. Compared to adult-directed speech (ADS), IDS to infants with NH has shorter and
grammatically simplified utterances (Kavanaugh & Jirkovsky, 1982; Phillips, 1973; Snow,
1977), a higher proportion of questions (Soderstrom et al., 2008), increased repetition, longer
duration of vowels and pauses (Andruski & Kuhl, 1997), slower speech rate (Fernald & Simon,
1984), greater positive affect (Fernald & Kuhl, 1987; Uther et al., 2007), greater pitch
(fundamental frequency, FO) variations (McRoberts & Best, 1997), and exaggerated
articulation of speech sounds (Burnham et al., 2002; Kuhl et al., 1997). In addition, in the visual
modality, facial movements made in producing IDS differ from those in ADS (Chong et al.,

2003; Shepard et al., 2012), with IDS showing characteristics such as exaggerated lip
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movements (Green et al., 2010), exaggerated smiles, increased eyebrow raising, and greater

eye widening (Werker & McLeod, 1989).

IDS is not an epiphenomenon; it serves specific functions and involves both the speaker
(an adult, usually a parent or caregiver, or even an older child) and the listener. Because it is
difficult to reproduce IDS features in the absence of an infant (Fernald & Simon, 1984), it has
been argued that the production of IDS is a reflexive, instinctive, and unconscious speech
behaviour that is elicited in the interlocutor as a product of speaking to an infant (Papousek et
al., 1990). Despite — or even because of — interaction with an infant involuntarily engaging the
interlocutor, IDS appears to serve specific functions: to communicate affect to infants
(Papousek et al., 1990; Trainor et al., 2000), to attract and maintain infants’ attention (Cooper
& Aslin, 1990; Fernald & Simon, 1984), and to aid language acquisition (Fernald & Mazzie,
1991; Kuhl, 2000). In parallel and quite possibly due to these functions, infants with NH prefer
to listen to IDS over ADS in their native (Cooper & Aslin, 1990; Fernald, 1985) and even in a
foreign language (Fernald & Morikawa, 1993; ManyBabies Consortium, 2020; Werker et al.,
1994). This preference may well focus their attention (Cooper & Aslin, 1990; Fernald & Simon,
1984) and facilitate processing of early linguistic input (Kalashnikova et al., 2018a; Peter et
al., 2016; Zangl & Mills, 2007; Zhang et al., 2011). It is of particular interest here to determine
whether this is also the case in infants with HL.

Two features in IDS have been identified as central for attracting infants’ attention to
this register and in facilitating early language development. These are the prosodic
exaggeration of pitch height and pitch range and the phonetic exaggeration of vowels (i.e.,
vowel hyperarticulation). Exaggerated pitch in IDS refers to an increase in mean height and/or
range of fundamental frequency (FO) compared to ADS (Fernald & Simon, 1984; Fernald et
al., 1989; Trainor et al., 2000). Many studies show that, compared to ADS, exaggerated pitch-

related features are observed more often in IDS to infants with NH: FO mean values are higher
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in IDS compared to ADS (Fernald & Simon, 1984; Grieser & Kuhl, 1988); FO excursions are
much wider and smoother in IDS (Fernald & Mazzie, 1991; Fernald & Simon, 1984); and FO
contours, such as rising, falling, and sinusoidal-bell shapes are more commonly observed in
IDS, whereas flat pitch productions are more prevalent in ADS (Fernald & Simon, 1984; Knoll

& Costall, 2015).

Exaggerated pitch in IDS has been found to play an important role in affect regulation
of young infants and in the transmission of maternal emotional and communicative intent to
the infant (Fernald, 1992; Kitamura & Burnham, 2003; Spinelli & Mesman, 2018; Stern et al.,
1983). Furthermore, it has been proposed that exaggerated pitch in IDS aids language
acquisition by attracting and maintaining infants’ attention to the speech stream (Cooper &
Aslin, 1990; Fernald & Simon, 1984). In turn, this increased attention to the speech stream may
facilitate language learning by increasing infants’ arousal and priming their system for learning
(Kaplan et al., 1996). Accordingly, it has been demonstrated that pitch exaggeration in speech
to infants predicts their associative learning (Kaplan et al., 1999), and exaggerated pitch height
and pitch range in IDS promote speech processing skills during infants’ first (Thiessen et al.,
2005; Trainor & Desjardins, 2002) and second years (Graf Estes & Hurley, 2013; Ma et al.,
2011). Over this period, pitch height and pitch range of IDS to infants with NH increases or
remains steady up to around 16 to 18 months of infants’ age (Kalashnikova & Burnham, 2018;
Kitamura & Burnham, 2003; Kitamura et al., 2001: Narayan & McDermott, 2016), and then
begins to decrease (Stern et al., 1983) possibly due to infants’ changing needs at later

developmental stages.

Vowel hyperarticulation, the phonetic exaggeration of the vowel space, refers to an
increase in the area encompassed by the three corner vowels /i/, /u/, /a/ in IDS compared to

ADS. It is indexed by plotting the centroid of exemplars of each of these three vowels in two-
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dimensional Formant 1 / Formant 2 (F1/F2) space and calculating the area of the triangle
formed by joining the centroids of plots of the three vowels. This measure was devised and
first used by Kuhl and colleagues (1997), and it has since been used in the majority of studies
on vowel hyperarticulation in IDS (and on other special speech registers). Vowel
hyperarticulation in IDS has been observed in American English (Adriaans & Swingley, 2017;
Cristia & Seidl, 2014; Kuhl et al., 1997), British English (Uther et al., 2007), Australian English
(Burnham et al., 2002; Kalashnikova & Burnham, 2018; Kalashnikova et al., 2017
Kalashnikova et al., 2018b; Lam & Kitamura, 2010, 2012; Xu et al., 2013), Mandarin Chinese
(Liu et al., 2003; Tang et al., 2017), Japanese (Miyazawa et al., 2017), Swedish and Russian
(Kuhl et al., 1997), and Spanish and Basque (Kalashnikova & Carreiras, 2021), but not in some
other languages, including Dutch, Norwegian, and German (Audibert & Falk, 2017; Benders,

2013; Englund, 2018).

A larger vowel triangle area (as is usually found in IDS compared to ADS) entails
greater phonetic separation of vowel categories, which in the case of IDS and ADS could be
interpreted as rendering at least these corner (and possibly other) vowels more discriminable
than they are in ADS. Accordingly, it has been proposed that vowel hyperarticulation in IDS
is a didactic device that facilitates infants’ language acquisition (Kuhl et al., 1997). In support
of this proposed linguistic function, it has been shown that infants are successful in a number
of language processing tasks when stimuli are presented in IDS with hyperarticulated vowels
but not when they are presented in ADS. For example, IDS vowels presented to nine-month-
old infants result in a mature mismatch negativity response (MMN), whereas ADS vowels do
not (Peter et al., 2016). Additionally, in six- to 12-month-olds input of vowels that are
hyperarticulated versus those that are not result in increased neural synchronisation, which is
important for phonetic encoding (Zhang et al., 2011). Moreover, the presence versus absence

of vowel hyperarticulation in speech facilitates word recognition in 19-month-old infants (Song
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et al., 2010). Furthermore, within mother-infant dyads, the degree of a mother’s vowel
hyperarticulation in IDS compared to ADS is correlated with their infant’s speech
discrimination (Kalashnikova & Carreiras, 2021; Liu et al., 2003), and mothers’ degree of
vowel hyperarticulation to young infants has been specifically linked to their infants’
vocabulary at 15 and 19 months (Kalashnikova & Burnham, 2018) and at two years of age
(Hartman et al., 2017). Therefore, IDS with its hyperarticulated vowels, not only attracts
infants’ attention to speech and facilitates their speech perception at both behavioural and

neural levels, but it also facilitates the development of their later vocabulary.

3.1. Preference for Infant-Directed Speech in Infants with Hearing Loss

We now turn to review the studies that have investigated the early sensitivity to IDS in
infants with HL, and that have assessed the acoustic features of this speech register (see
Supplementary Materials for detailed information on how these studies were selected).

Robertson and colleagues (2013) examined IDS to 19-month-old infants with HL with
seven months hearing experience and found that infants with HL prefer IDS over ADS to a
similar extent as do infants with NH matched by hearing age, but not with infants with NH
matched by chronological age. In another study, Wang and colleagues (2018) found that nine-
month-old infants fitted with HAs and with four months hearing experience display a
preference for IDS over ADS comparable to that of infants with NH of the same chronological
age. This finding suggests that infants with HL may develop a preference for IDS comparable
to their counterparts with NH due to a combination of their residual hearing before fitting with
HAs and their augmented hearing after fitting. These similarities carry through to older infants;
Wang and colleagues (2018) showed that 17-month-old (chronological age) infants with HL
with 12 months HA-assisted hearing experience, just like infants with NH of the same

chronological age, did not show the IDS over ADS preference. Taken together, these findings
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suggest that infants with HL prefer to listen to IDS over ADS early but not later in their
development, an attentional pattern identical to that of infants with NH.

Preference for IDS by infants with HL is not simply a sensory phenomenon, it also has
functional sequalae; infants reap important benefits from this preference. Wang and colleagues
(2017) found that a preference for IDS enhances attention to speech in infants with cochlear
implants 12 months post-implantation, and that the degree of the IDS over ADS preference was
related to infants’ later vocabulary development at 18 months post-implantation. Therefore,
IDS appears to be an important tool that aids language acquisition in infants with HL; IDS

promotes healthy language outcomes in infants with HL.

3.2. Pitch Modifications in Infant-Directed Speech to Infants with Hearing Loss

The reviewed evidence indicates that mothers exaggerate pitch height (Miyamoto et al.,
2005), pitch range, and pitch variability (Bergeson et al., 2006) in IDS to infants with cochlear
implants between 10 and 37 months of age. Mothers exaggerate pitch height and pitch range
to a similar degree as they do to infants with NH matched by hearing experience but not to
infants with NH matched by chronological age, suggesting that the nature of IDS is a response
to infants’ behaviour specifically related to their hearing experience, not behaviour that is a
product of more general maturational growth or cognitive development (Bergeson et al., 2006;
Miyamoto et al., 2005). As for infants with hearing aids, previous studies have demonstrated
that pitch height and range are exaggerated in IDS to infants with HL to a similar degree as to
infants with NH (Lovcevic et al., 2020; Traci, 1998).

With respect to developmental adjustments in pitch in IDS to infants with HL,
Kondaurova and colleagues (2013) examined pitch height, pitch range, and pitch variability in
IDS to infants with cochlear implants at three, six-, and 12-months post-implantation and
compared them to chronological-age and to hearing-age matched NH controls. Although pitch

height, range, and variability were exaggerated in speech to all three groups of infants, there
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was greater exaggeration of all features in IDS to infants with HL compared to NH controls
matched by chronological age, and all three pitch features were exaggerated to a similar degree
in IDS to infants with HL compared to infants with NH matched by hearing age. Additionally,
there was no change over the 12-month period similarly to previous findings of no changes in
pitch adjustments at six-months post-implantation (Kondaurova & Bergeson, 2011).
Seemingly different results were reported by Bergeson (2011) who found that pitch height in
IDS to infants with cochlear implants decreased over the three-, six, and 12-months post-
implantation period to a similar degree as to chronological age-matched NH controls.
Nonetheless, the chronological age of infants in this study was up to 22 months, so as noted
above, it is not surprising that a decrease in pitch height was observed — similarly to findings
reported for infants with NH (Kitamura & Burnham, 2003; Stern et al., 1983). Taken together,
these studies support the view that there is equivalence with the NH literature on pitch
exaggeration: an increase or stabilisation during the first year of life and then, after the first
year, a decrease; and more generally, the results point to mothers adjusting their speech in
accord with their infants’ hearing experience.

Bergeson (2011) also included infants fitted with hearing aids, and contrary to the
results for infants with cochlear implants, found that pitch height in IDS increased from three
to six months post-fitting and then began to decrease. These different trajectories for pitch
modification in IDS to infants with cochlear implants (decrease over age) and hearing aids
(increase and then decrease) may stem from two sources: from the different frequency
responses of cochlear implants and hearing aids and/or from the confounding factor that
hearing aids and cochlear implants are generally fitted to infants with quite different levels of
residual hearing (see Section 3.3.1 for further detail). Because Bergeson (2011) did not include
controls with NH matched by hearing age, it is difficult to determine whether the observed

results were due to infants’ chronological age or hearing experience.

17



SPEECH TO INFANTS WITH HEARING LOSS

Overall, the evidence presented in this section shows that the pitch-related
exaggerations typically found in IDS to infants with NH are also present to a large degree in
IDS to infants with HL. Additionally, these studies suggest that IDS modulations to infants
with HL across development are due to interlocutors reacting to the infants’ behavioural
manifestations/sequelae of their hearing experience rather than to their level of chronological
maturation. These studies provide valuable information, and highlight the need for further
research, specifically (i) research employing controls with NH matched for hearing-age to
infants with HL, and (ii) as suggested by Bergeson (2011), research on IDS to infants fitted
with different hearing devices (hearing aids vs. cochlear implants) to assess the effect of
hearing device on IDS, which may be related to the amount of residual hearing these infants

have.

3.3. Vowel Hyperarticulation in Infant-Directed Speech to Infants with Hearing Loss

In the last decade there have also been studies of vowel hyperarticulation to infants with
HL. Unfortunately, despite the range of languages in which vowel hyperarticulation in IDS to
infants with NH is evident, to our knowledge, all studies on vowel hyperarticulation in IDS to
infants with HL have been conducted in English. One of the earliest studies with this infant
population was conducted by Lam and Kitamura (2010), who recorded IDS produced by a
mother speaking to her twin sons, one who had bilateral HL and the other who had NH, on two
occasions, once at 12.5 months and again at 22 months of age. They found that the mother
hyperarticulated vowels in IDS to the twin with NH but not to the twin with HL. This finding
could be taken to indicate that IDS to infants with HL does not contain the supposed didactic
device of vowel hyperarticulation. However, the findings of this study must be interpreted with
caution because it is a single (twin) case study and could reflect idiosyncrasies in this mother’s
speech production patterns. Or, given the unusual situation of one twin with NH and one with

HL, it could be that the results are influenced by the mother’s conscious or unconscious use of
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contrasting styles of IDS to her twins, one known to have and the other known not to have HL.
Nevertheless, this result opens the intriguing possibility that infants’ hearing loss could
modulate the presence and degree of vowel hyperarticulation in maternal speech.

In a later study, Kondaurova and colleagues (2012) investigated vowel space area and
vowel duration for American English tense (/i/, /u/) and lax (/l/, /v/) vowels in IDS to infants
with HL prior to cochlear implantation and to chronologically age-matched NH controls. In
contrast to the twin case study by Lam and Kitamura (2010), they found that mothers
hyperarticulated vowels to infants with HL to a similar degree as to infants with NH. In a
follow-up study by Wieland and colleagues (2015), vowel hyperarticulation in IDS to infants
with cochlear implants and hearing aids between three and six months after fitting was
assessed, along with measures of individual F1 and F2 frequencies and vowel space dispersion,
in order to provide more detailed evidence regarding vowel production in IDS to infants with
HL. Wieland et al. (2015) showed higher F1 for /i/ in IDS to infants with hearing aids, and
higher F2 for the vowels /a/ and /i/ in IDS to infants with cochlear implants compared to both
age-matched and experience-matched groups of NH controls. High F1 and F2 frequencies are
important cues for vowel intelligibility and vowel identity (Ferguson & Kewley-Port, 2002;
2007), so these results open the intriguing possibility that mothers of infants with HL
compensate for their infants’ HL by producing higher formant frequencies, which make their
vowels clearer and more intelligible.

The contrasting findings of the studies by Kondaurova and colleagues (2012) and
Wieland and colleagues (2015) reinforce the possibility that the Lam and Kitamura (2010)
results were due to the mother contrasting her style of IDS according to her twins’ contrasting
hearing status. More generally, these results underline the notion that there will, of course, be
individual differences in mothers’ speech, their IDS, and their use of vowel hyperarticulation,

and it opens the possibility that, as is the case for infants with NH, individual differences in
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vowel hyperarticulation may affect later language development (Hartman et al., 2017;
Kalashnikova & Burnham, 2018; Liu et al., 2003). In this regard, Dilley and colleagues (2020)
assessed the effect of individual variations in maternal 1DS to infants 15 months after cochlear
implantation on the infants’ language ability both at 24 months after implantation and up to
nine years after implantation. They found that individual variations in vowel hyperarticulation,
but not in pitch height or pitch variability, influenced language scores at and after 24 months
post-implantation, while controlling for mothers’ socioeconomic status and infants’ age of
hearing intervention. In a similar vein, Lovcevic and colleagues (2020) found a positive relation
between individual mothers’ formant distances (distances between F1 and F2, an additional
measure of clarity in vowel production) for vowels /i/ and /u/, their degree of vowel
hyperarticulation, and their 15-month-old HL infants’ concurrent receptive vocabulary size.
Together these findings suggest that features of caregivers’ IDS play an important role in
language acquisition by infants with HL, and more specifically, that the degree of individual
mothers’ vowel hyperarticulation in IDS to infants with HL has a direct effect on infants’
concurrent and future language outcomes. In short, the more mothers of infants with HL
hyperarticulate vowels in their IDS, the better are the language outcomes for their infant.
3.3.1. Effects of Hearing Device on the Qualities of Infant-Directed Speech to Infants
with Hearing Loss

This review reveals that the acoustic and phonetic features of IDS to infants with HL
differ as a result of both the software components — infants” experience (quantity and quality
of speech input), and the hardware components — different intervention devices with which the
infant is fitted (hearing aids or cochlear implants). With respect to the interaction of hardware
and software, there is evidence that the IDS speaker’s pitch height tends to decrease over the
first six months of device use when speaking to infants with cochlear implants but, conversely,

tends to increase for infants with hearing aids (Bergeson, 2011; Kondaurova et al., 2013).
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Similarly, whereas the evidence regarding vowel hyperarticulation is more mixed, the findings
by Wieland and colleagues (2015) suggest that vowel production may follow different patterns
in IDS to infants with hearing aids and infants with cochlear implants with higher F1 for /i/ in
IDS to infants with hearing aids, and higher F2 for the vowels /a/ and /i/ in IDS to infants with
cochlear implants compared to infants with NH, impacting the manifestation of individual
vowel categories and the degree of speech clarity and intelligibility in this register.

Taken together, these findings may be interpreted in terms of the variability in the
auditory information available to infants with HL resulting from the type of hearing device, the
level of HL, and the left-right configuration and the frequency configuration of the HL. For
example, although cochlear implants successfully provide infants with severe to profound HL
access to auditory stimulation, frequency discrimination with cochlear implants is lower (Zeng
et al.,, 2014), and the dynamic range is narrower (Zeng, 2004) compared to sound
discrimination with normally functioning ears. Secondly, it is important to note that the nature
of the acoustic input from hearing aids and from cochlear implants is not only significantly
different from the sound coded by the hair cells in the cochlea but also significantly different
from each other (Macherey & Carlyon, 2014; Zeng, 2004; Zeng et al., 2014). In addition, the
pre-requisites for fitting vary; for infants fitted with hearing aids the degree of HL can vary
from mild to moderate, whereas for infants fitted with cochlear implants it can vary from severe
to profound (Joint Committee on Infant Hearing, 2007). Thus, the hardware differences may
result in variability in auditory information that is available and is perceived via different
devices, which in turn, may affect the communicative exchanges between the caregivers and
infants and result in different acoustic and phonetic qualities in speakers’ production of IDS.
Clearly, further studies of the degree of modifications in mothers’ speech to their infants with
HL under various environmental conditions at different chronological and hearing ages, and

with different hearing prostheses is required.
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3.4. Summary of Findings and Open Questions

Concerning the acoustic feature of IDS pitch, the evidence suggests that the degree of
maternal pitch exaggeration in IDS to infants with HL is attuned to infants’ hearing age and
not to their chronological age. Given the findings on lowered responsiveness in mother-infant
interactions of infants with HL compared to infants with NH of the same chronological age
(Koester, 1995), it is possible that mothers of infants with HL face more challenges in engaging
and retaining infants’ attention to speech than do mothers of NH infants.

Turning to the phonetics of IDS, while vowel hyperarticulation is evident in IDS to
infants with HL, the evidence indicates that (i) vowel hyperarticulation in caregivers’ IDS
positively correlates with infants’ spoken language outcomes (Dilley et al., 2020; Hartman et
al., 2017; Kalashnikova & Burnham, 2018; Lovcevic et al., 2020), and (ii) the level of vowel
hyperarticulation or vowel formant exaggeration may be modulated by known contrasts in
hearing status (NH versus HL, Lam & Kitamura, 2010), or by the type of hearing prosthesis,
hearing aids versus cochlear implants (Wieland et al., 2015). These vowel hyperarticulation
findings raise two important questions. First, what are the mechanisms underlying the presence
of vowel hyperarticulation in caregivers’ speech? Second, if vowel hyperarticulation is aimed
at facilitating language development, why might it be attenuated in IDS to some infants with
HL (Lam & Kitamura, 2010), who would, it would seem, require additional support in their
language acquisition? Indeed, the view that vowel hyperarticulation benefits early language
acquisition has been disputed. A lack of vowel hyperarticulation in IDS has been documented
in three languages (Dutch, Norwegian, and German; Audibert & Falk, 2017; Benders, 2013;
Englund, 2018), and this in conjunction with other findings has given rise to alternative
explanations. For instance, it has been suggested that vowel hyperarticulation is a by-product
of other features of IDS, and that it does not serve any dedicated role in early language

development (McMurray et al., 2013). Importantly, even in cases in which vowel space has
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been found to be expanded in IDS (which results in greater phonetic distance between different
vowel categories), it has also been noted that IDS is characterised by greater variability in
vowel production that results in more variance in distributions within individual vowel
categories in IDS compared to ADS (Cristia & Seidl, 2014; Englund, 2018; Martin et al., 2015;
McMurray et al., 2013; Miyazawa et al., 2017). This greater within-vowel dispersion results in
greater overlap in vowel categories, which could be considered to complicate infants’
acquisition of vowel category membership.

This debate is ongoing, so further evidence is required to evaluate arguments regarding
the origins of vowel hyperarticulation in IDS and its potential linguistic function. However, so
far, the possibility that both views can be seen to be correct should be considered. In this regard,
whereas detailed comparisons of tongue, lips and laryngeal movements in IDS and ADS show
that vowel hyperarticulation does not have an explicitly articulatory linguistic basis
(Kalashnikova et al., 2017), it does have a specifically linguistic outcome. This linguistic
outcome is underlined by evidence that greater degrees of vowel hyperarticulation in maternal
speech are linked to better linguistic outcomes for infants (Dilley et al., 2020; Hartman et al.,
2017; Kalashnikova & Burnham, 2018; Kalashnikova & Carreiras, 2021; Lovcevic et al.,
2020).

4. Conclusions and Future Directions

The evidence presented in this review highlights the relative paucity of research on
language development and speech input to infants with HL. However, there is sufficient
evidence to draw a number of important conclusions and to pave the way for future research.

Fundamentally, there are physical limitations to the hearing experience of infants with
HL and these have in the past and will in the future be partially overcome by improvements in
the hardware available to improve infants’ hearing. However, large steps forward in hardware

development have already been made, and it appears that future improvements will provide
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increasingly small returns and asymptotic levels of advantage. Although earlier hearing device
fitting is now possible due to universal screening, and it allows infants with HL to develop
early speech perception abilities on par with NH peers of the same hearing age, there remains
a high degree of variability in individual performance with observable delays in different
domains of language development (Mayne et al., 1999a, 1999b; McGowan et al., 2008; Moeller
et al., 2007b; von Hapsburg & Davis, 2006). These delays may be due to the age of fitting and
the type of hearing device, which in turn are determined by multiple factors including, but not
limited to, the severity and configuration of HL and the amount of residual hearing, all of which
can impact infants’ later language outcomes (Nicholas & Geers, 2007; Szagun, 2001; 2004).
Considerably more research is required in order to determine if and how the type of
hearing devices affects first the caregivers’ speech to infants, and subsequently infants’
language development. So far, findings for infants with hearing aids and cochlear implants
seem to differ, with these differences stemming not only from the device itself, but also from
the dependence of device choice on the degree of HL. An important factor that should be
included and controlled in all studies with infants with HL is the amount of the time infants are
wearing the hearing device. Although it is implicitly assumed that infants fitted with devices
have access to ambient sounds and speech, evidence suggests that infants might not use the
fitted device optimally due to inconsistent use that might reduce their exposure to speech and
language (Walker et al., 2013). Although clinicians recommend the use of devices for eight to
ten hours per day to achieve optimal benefits (Contrera et al., 2014), evidence suggests that
infants wear the device approximately four hours per day, and this time increases with age
(Walker et al., 2013). Previously it was difficult to estimate objectively the actual wear-time of
hearing devices, but now this estimation is possible due to the introduction of a datalogging
feature that tracks the average wear-time of both hearing aids and cochlear implants. Evidence

from such datalogging suggests that greater wear-time of hearing devices results in better

24



SPEECH TO INFANTS WITH HEARING LOSS

language outcomes, including both speech perception and receptive vocabulary development
(Easwar et al., 2018; Gagnon et al., 2020; Guerzoni & Cuda, 2017). Hence, futures studies
should use this datalogging feature to document the actual wear-time of hearing devices, and
thus determine efficacy more accurately.

In this review, we have shown that the speech environment, in particular the incidence
and nature of IDS including such factors as pitch and vowel hyperarticulation, play important
roles in speech perception, and language and vocabulary development in infants with NH.
Moreover, the review shows that infants with HL are more receptive to linguistic cues than
previously thought, and that the incidence and nature of maternal IDS can be and is affected
by manifestations of infants’ social and linguistic needs.

The studies on the quality of IDS to infants with HL highlight the importance of
considering individual differences in infants’ hearing and linguistic experience. The observed
differences in hearing experience, hearing sensitivity, and subsequent language outcomes
suggest that infants with HL develop different attentional and linguistic needs compared to
both hearing-age and chronological-age matched NH infants. Their caregivers are sensitive,
albeit quite possibly unconsciously, to these needs, which is reflected in dynamic adjustments
to the type of speech they use to address their child (Lam & Kitamura, 2012). Additionally,
involvement in interventional therapies focused on teaching parents how to interact with infants
with HL and to modulate interactional experiences as a product of infants’ increasing age,
improve the maternal quality of interaction with infants with HL (Mohay, 2000). This in turn
may influence maternal speech to infants with HL.

A positive way forward in developing interventional therapy that will improve language
outcomes in infants with HL would involve studies of mothers’ (and others’) speech and
comparisons of the degree of IDS modifications to infants without prosthetics with various

levels of residual hearing, and to infants fitted with cochlear implants versus those fitted with
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hearing aids at various ages of fitting and time since fitting. Such a comprehensive study may
be difficult in a single laboratory, but a cross-laboratory corpus of IDS collected under the same
conditions in these different populations would be useful in determining the effects of the level
and nature of infant hearing on incoming IDS features, and also how these features may be
manipulated in clinical applications in order to develop the intervention optimised for infant’s
linguistic and processing needs (see Frank et al., 2020 for a discussion of multi-lab ‘Many
Babies’ infancy research). Furthermore, the laboratory studies may well be complemented with
long-format speech environment recordings using wearable devices (e.g., LENA; LENA
Foundation, 2009), which will allow researchers to obtain more speech sample data in
naturalistic contexts (Casillas & Cristia, 2019), which can help in gaining a better overall
picture of the quantity and quality of speech input that infants with HL receive on a regular
basis (e.g., VanDam et al., 2012).

Furthermore, individual IDS features may be perceptually weighted differently by
infants, depending on their attentional and linguistic capacities, so IDS to infants with HL and
NH may sound the same to an objective listener, but may serve quite different functions
depending on the infant’s hearing status and stage of development (Kalashnikova & Burnham,
2018). The field is therefore ripe for future in-depth investigations into the effects that factors
such as age, hearing level, hearing prosthesis may have on infants’ processing of their parents’
speech. Such studies will be informative about how infants with HL process the kind of IDS
that is directed to them, how they may implicitly “ask for” IDS with particular characteristics,
and what these particular characteristics might be.

Such studies with NH infants have become increasingly possible in recent years through
the use of neurophysiological methods (Ménnel & Friederici, 2010, 2013; Peter et al., 2016;
Saito et al., 2007; Santesso et al., 2007; Zangl & Mills, 2007; Zhang et al., 2011); methods that

are now possible with infants with HL due to the development of optical imaging technologies
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(e.g., Functional Near Infrared Spectroscopy, Bortfeld, 2019), that are safe for use with infants
and are not subject to electrical or magnetic interference from hearing devices. Such future
research is essential for the understanding of early language experiences of infants with HL
and for the optimization of the hardware and software for successful early language
development.

In conclusion, despite the advances in hardware development, universal screening
resulting in early fitting of devices, and the positive effects these devices have had on hearing
restoration in recent years, there is still wide variability in hearing outcomes across individuals
and across different ages and devices and levels of residual hearing. We wish to emphasize that
future practical and clinical developments for facilitating language outcomes (and other aspects
of socio-cognitive development) in infants with HL should take particular heed of the growing
research on the significant improvements that can be made by consideration of environmental
influences, particularly infant-directed speech — the software that is readily available to every

parent to ameliorate the effects of hearing loss.
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