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ABSTRACT:

This study investigated the effects of hearing loss and hearing experience on the acoustic features of infant-directed
speech (IDS) to infants with hearing loss (HL) compared to controls with normal hearing (NH) matched by either
chronological or hearing age (experiment 1) and across development in infants with hearing loss as well as the rela-
tion between IDS features and infants’ developing lexical abilities (experiment 2). Both experiments included
detailed acoustic analyses of mothers’ productions of the three corner vowels /a, i, u/ and utterance-level pitch in
IDS and in adult-directed speech. Experiment 1 demonstrated that IDS to infants with HL was acoustically more var-
iable than IDS to hearing-age matched infants with NH. Experiment 2 yielded no changes in IDS features over devel-
opment; however, the results did show a positive relationship between formant distances in mothers’ speech and
infants’ concurrent receptive vocabulary size, as well as between vowel hyperarticulation and infants’ expressive
vocabulary. These findings suggest that despite infants’ HL and thus diminished access to speech input, infants with
HL are exposed to IDS with generally similar acoustic qualities as are infants with NH. However, some differences
persist, indicating that infants with HL might receive less intelligible speech. © 2020 Acoustical Society of America.
https://doi.org/10.1121/10.0002641

(Received 10 May 2020; revised 14 September 2020; accepted 23 October 2020; published online 3 December 2020)

[Editor: Megha Sundara]

I. INTRODUCTION

Approximately two out of every 1000 infants world-
wide are born with unilateral or bilateral hearing loss (HL)
(van Wieringen et al., 2019). Infants with congenital HL
have limited access to auditory input both before and after
birth (Moeller and Tomblin, 2015), and the nature of their
acoustic input is degraded since it is significantly different
from the sound conducted through a normally functioning
ear (Macherey and Carlyon, 2014; Zeng, 2004; Zeng et al.,
2014). However, after birth, this early deprivation can be
mediated by hearing aids or cochlear implants, which may
facilitate infants’ early access to linguistic input, which
plays a fundamental role in their early language develop-
ment. However, there is no clear indication of whether the
quality (Lam and Kitamura, 2010; Wieland et al., 2015) and
quantity (Vanormelingen et al., 2016) of the early linguistic
input to infants with HL differs from their peers with normal
hearing (NH). This study investigates this issue by focusing
on the acoustic features of speech directed to infants with
HL as a function of their age and hearing experience.

When addressing infants, adults produce a special
speech register known as infant-directed speech (IDS)
(Fernald and Simon, 1984), which can be differentiated
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from adult-directed speech (ADS) by a number of linguistic,
acoustic, and visual properties (Chong et al., 2003; Cooper
and Aslin, 1990; Fernald and Simon, 1984; Kalashnikova
et al., 2017; Kuhl et al., 1997). Two acoustic properties of
IDS, namely heightened pitch and acoustic exaggeration of
vowels, have been proposed to serve a role in facilitating
infants’ language acquisition. These two IDS properties will
be the focus of this study. Exaggerated pitch in IDS refers to
the increases in mean height and range of fundamental fre-
quency (F0) in IDS compared to ADS (Fernald and Simon,
1984; Fernald et al., 1989; Trainor et al., 2000). Vowel
hyperarticulation refers to the greater vowel space area
encompassed by the three corner vowels (/i, u, a/) in IDS
compared to ADS. It is indexed by plotting these three vow-
els in two-dimensional formant 1 (F1) / formant 2 (F2)
space and calculating the area of the resulting triangle.
Using this measure, studies have shown that the vowel trian-
gle area for IDS is larger than for ADS (Burnham et al.,
2002; Kalashnikova et al., 2017; Kuhl et al., 1997; Uther
et al., 2007). It is noteworthy that these properties have been
identified in IDS produced by English-speaking parents, and
the extent to which they manifest in languages other than
English continues to be debated. For instance, heightened
pitch has been found in French, Italian, German (Fernald,
1989), Mandarin (Grieser and Kuhl, 1988), Cantonese
(Rattanasone et al., 2013), Thai (Kitamura et al., 2002), and
Japanese (Fernald, 1989), but not in Quiche Mayan
(Bernstein Ratner and Pye, 1984), which may be due to
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cultural differences in the use of pitch in that society. Vowel
hyperarticulation has been reported for IDS in Mandarin
Chinese (Liu et al., 2003; Tang et al., 2017) and Japanese
(Miyazawa et al., 2017) but not in Dutch, Norwegian,
Japanese, and German (Audibert and Falk, 2018; Benders,
2013; Englund, 2018). The reasons underlying these cross-
linguistic differences remain unclear, but we have chosen to
focus on these two properties of IDS since we studied
Australian English where they have been widely docu-
mented in previous studies (Burnham, et al., 2002;
Kalashnikova and Burnham, 2018; Kalashnikova et al.,
2017; Kalashnikova et al., 2018; Lam and Kitamura, 2010,
2012; Xu et al., 2013).

The linguistic function of IDS has been supported by
findings that infants are more successful in a number of
language processing tasks when presented with stimuli in
IDS than in ADS. It has been found that the distinctive pros-
ody of IDS facilitates infants’ phonetic discrimination
(Trainor et al., 2000), word segmentation (Thiessen et al.,
2005), and novel word-referent mapping (Graf Estes and
Hurley, 2013; Ma et al., 2011). Slow speaking rate and
vowel hyperarticulation in IDS have been shown to promote
infants’ efficiency in spoken language processing (Song
et al., 2010) and vowel discrimination (Peter et al., 2016;
Zhang et al., 2011). At the individual level, mothers’ vowel
hyperarticulation also has been linked to the development of
their infants’ speech perception (Liu et al., 2003) and vocab-
ulary growth (Hartman er al., 2017; Kalashnikova and
Burnham, 2018). Thus, IDS not only attracts infants’ atten-
tion and facilitates processing of the speech signal, but it
also appears to facilitate the development of their speech
perception and vocabulary growth. Over and above these
considerations, research has shown that the nature of IDS is
shaped by infant age and their changing linguistic needs.
However, the findings regarding pitch and vowel hyperarti-
culation modifications in IDS over development are mixed.
With regards to pitch, pitch height has been shown to
increase up to around 12 months (Kitamura and Burnham,
2003; Kitamura et al., 2001) and decrease around 16 to
30 months of age (Stern et al., 1983). These adjustments in
pitch height across ages may be explained by different infant
linguistic needs at specific ages and maternal usage of dif-
ferent acoustic cues in IDS to fulfill those needs. Thus,
greater pitch height at six and 12 months may be used to
comfort the infant or to encourage attention, while lower
pitch height may be a result of attempts to direct infants’
behaviour (Kitamura and Burnham, 2003), which may be
related to infants’ increased attention to specific phonemes in
their native language around 6 to 9 months (Hayashi et al.,
2001). On the other hand, two studies have not found changes
in pitch height over development. Narayan and McDermott
(2016) have not found differences in pitch height and range
in infants from four to 16 months of age who were acquiring
Tamil, Tagalog, or Korean. Similarly, pitch was found to be
stable in infants from seven to 18 months of age acquiring
Australian English (Kalashnikova and Burnham, 2018).
These contradictory findings warrant further investigation of
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pitch features over development. With regard to vowel hyper-
articulation, recent studies have found similar degrees of
vowel hyperarticulation in IDS to infants from 3 to 20 months
of age (Burnham et al., 2015; Cristia and Seidl, 2014,
Kalashnikova and Burnham, 2018), but earlier accounts have
also proposed that the degree of vowel hyperarticulation in
maternal IDS increases as a function of their infants’ increas-
ing linguistic competence, in particular, expressive language
skills (Bernstein Ratner, 1984).

The effects of the linguistic needs of the audience on
vowel hyperarticulation have been further demonstrated in
research on distinct speech registers; vowels in speech
directed to foreigners (Uther et al., 2007) and computers
(Burnham et al., 2010) are hyperarticulated, but not in
speech directed to pets (Burnham et al., 2002), unless that
pet is a parrot (Xu et al., 2013). Aside from linguistic com-
petence, speakers are also sensitive to listeners’ linguistic
processing needs. For example, vowel hyperarticulation is
found in speech in noise (Castellanos et al., 1996) and
speech in challenging conditions (Hazan and Baker, 2011).
Of most relevance for this study, vowel hyperarticulation
has also been found in speech to adults with HL. (Ferguson
and Kewley-Port, 2002, 2007; Hazan and Baker, 2011),
which further suggests that listeners’ sensory abilities
impact the qualities of speech addressed to them. It could be
that in these speech contexts, speakers receive cues via
covert or even via direct feedback from their listeners, or
that speakers unconsciously adjust their speech through the
process of phonetic convergence or accommodation (Pardo,
2006). Similar adjustments to vowel hyperarticulation have
been observed in IDS to infants who are affected by deficits
in auditory processing (infants at-risk for developmental
dyslexia, Kalashnikova et al., 2018, 2020), or who are
unable to hear their mother’s speech (Lam and Kitamura,
2012). Thus, it appears that caregivers’ speech may be sensi-
tive to their infants’ ability to hear and process speech,
which raises the possibility that the acoustic properties of
maternal IDS to infants with HL may be different compared
to IDS to infants with NH.

A. Acoustic features of IDS to infants with hearing
loss

Research on IDS to infants with HL has focused primar-
ily on heightened pitch and vowel hyperarticulation due to
their proposed attention-getting and linguistic functions,
respectively. With regard to pitch, the degree to which
mothers exaggerate pitch in their IDS appears to be modu-
lated by their infants’ hearing experience and not matura-
tional factors. Mothers have been found to exaggerate pitch
height (Bergeson et al., 2006) and pitch range (Miyamoto et
al., 2005) in speech to infants with HL between 10 and
37months to a similar degree as to controls with NH
matched by hearing age. On the other hand, pitch height and
range to infants with HL were found to be greater when
compared to NH controls matched by chronological age
(infants’ chronological age ranged from 3 to 18 months in
this study, Bergeson et al., 2006). These findings suggest
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that mothers adjust pitch in IDS according to their infants’
hearing experience and not their chronological age. Given
the finding that infants with HL exhibit lower responsive-
ness during mother-infant interactions compared to infants
with NH (Koester, 1995), mothers of infants with HL. might
face greater demands for attracting and maintaining their
infants’ attention to speech. Thus, greater pitch in IDS to
infants with HL compared to infants with NH may be the
result of mothers trying to attract infants’ attention by
increasing their pitch. This in turn can also lead to raised
formant frequencies (Kalashnikova et al., 2017).

Vowel hyperarticulation has been documented in IDS
to infants with HL, but this has been found to be modulated
as a function of their infant’s HL and level of speech proc-
essing possible through their particular hearing intervention
device. For instance, mothers have been shown to hyperarti-
culate vowels to infants with cochlear implants between 11
and 27 months to a similar degree as to chronological- and
hearing-age-matched controls with NH (Wieland, et al.,
2015) and to 11-month-old profoundly deaf infants prior to
Cochlear Implantation compared to infants with NH
(Kondaurova, Bergeson, & Dilley, 2012). In addition,
Wieland et al. (2015) found greater vowel dispersion in IDS
than in ADS to both infants with HL and infants with NH,
suggesting greater vowel variability in IDS, and interest-
ingly, this study reported greater vowel space dispersion in
IDS to infants with hearing aids but not cochlear implants.

More detailed evidence on mothers’ vowel production
in IDS to infants with HL comes from direct measures of
individual formant frequencies (F1 and F2) and vowel space
dispersion. Regarding formant frequencies, Wieland et al.
(2015) found higher F1 for /i/ in IDS to infants with hearing
aids, and higher F2 for vowels /a/ and /i/ in IDS to infants
with cochlear implants compared to infants with NH both
chronologically and hearing-age matched. High F1 and F2
frequencies are important for vowel intelligibility and
speech comprehension (Smiljani¢ and Bradlow, 2009;
Ferguson and Kewley-Port, 2002, 2007), so it could be that
mothers compensate for their infants” HL by producing
higher formant frequencies to make their vowels clearer and
more intelligible.

Although cross-sectional evidence suggests that moth-
ers adjust their IDS to infants with HL according to their
hearing experience rather than chronological age (Bergeson
et al., 2006; Kondaurova and Bergeson, 2011), very little
attention has been paid to the developmental adjustments in
vowel and pitch production in IDS to these infants. To date,
only developmental changes in pitch production have been
assessed demonstrating the absence of changes in acoustic
modifications over the 12-month period at three, six, and
12 months post-implantation (Kondaurova et al., 2013).
These findings are in accordance with findings on stability
of pitch height over development in infants with NH
(Kalashnikova and Burnham, 2018; Narayan and
McDermott, 2016). Given the importance of pitch for
attracting infants’ attention to speech and the potential lin-
guistic role of vowel hyperarticulation, a longitudinal
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assessment of these features in IDS to infants with HL is
required to clarify any modifications of pitch and vowel
hyperarticulation in speech to infants as a function of age
and hearing experience.

Before turning to the objectives of the present study, it
is important to consider several factors that may underlie
individual differences in maternal IDS to infants with HL,
and that may account for some inconsistencies across previ-
ous studies. These factors can lead to variability in the
acoustic input received and the auditory information per-
ceived by each infant depending on the type of hearing
device, configuration of HL, and the degree of HL. First, it
is important to note that the nature of the acoustic input
from hearing aid and from cochlear implant devices is not
only significantly different from the sound conducted
through a normally functioning ear but also significantly dif-
ferent from each other (Houston et al., 2001). Second,
infants’ auditory perception varies depending on whether
their HL is bilateral or unilateral. For instance, infants with
unilateral HL. have delayed vocabulary development com-
pared to infants with bilateral HL (Fitzpatrick et al., 2019;
Vilimaa er al., 2018), and infants with bilateral HL show
better sound localisation acuity and speech perception in
noise (Johnston et al., 2009) and develop higher receptive
and expressive vocabulary skills compared to infants with
unilateral HL (Boons er al., 2012; Sarant et al., 2014).
While no studies to date have investigated the effects of
bilateral vs unilateral HL configuration on IDS components,
differences in IDS qualities to these infants could be
expected given the factors described above as well as other
experiential factors such as different intervention
approaches for infants with unilateral and bilateral HL, later
age of fitting for infants with unilateral HL (Fitzpatrick
et al., 2014), and greater confusion among parents of infants
with unilateral HL regarding effectiveness of intervention
practices (Fitzpatrick ez al., 2015).

Infants with HL can also be categorized according to
their degree of HL regardless of its types and causes and the
device used. Individual degree of HL is determined through
hearing threshold testing. Based on the classification of the
Joint Committee on Infant Hearing (2007), HL can be
defined as mild, moderate, severe, profound, or a combina-
tion of these. Mild HL occurs when hearing thresholds are
between 21 and 40dB. Moderate HL refers to hearing
thresholds between 41 and 70 dB, and in these cases, a child
will need to be fitted with hearing aids in order to under-
stand normal speech. A hearing threshold between 71 and
90dB is defined as severe HL and includes difficulty in
understanding normal speech even with hearing aids. If
hearing thresholds are at 91 dB or greater, this is defined as
profound HL and in these cases, the child is unable to hear
and understand a shouted voice even with hearing aids
(Joint Committee on Infant Hearing, 2007). Additionally,
HL can include a combination of these types such as cases
when a child has, for example, a moderate HL in the low
frequency plus a profound HL in the high frequency range,
which would be described as moderate to profound HL.

Lovcevic etal. 3401
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Another important factor that must be considered in this
research is the difference between chronological age and
amount of post-birth hearing experience. In infants with NH,
chronological age reflects language experience, and it has been
proposed that pitch and affect in mothers’ IDS are modified as
their infants grow older and therefore acquire more extensive
language experience (Kitamura et al., 2001). In the case of
infants with HL, it is unclear whether any adjustments in IDS
reflect infants’ chronological age or their hearing age, which
captures their experience with hearing and language use. One
way to assess this is by comparing IDS to infants with HL to
two control groups of infants with NH: chronological age
controls—infants with NH of the same chronological age as the
infants with HL, and hearing age controls—infants with NH
with the same amount of hearing experience (post-birth) as the
infants with HL (post fitting/implantation of hearing aids/
cochlear implants). Another way to assess whether the adjust-
ment in IDS to infants with HL are the result of infants’ chrono-
logical age or hearing experience is by implementing a
longitudinal assessment. In this way an individual infant’s
growth in chronological and hearing age can be tracked, which
gives a more precise measure of how these two factors influ-
ence the IDS features across development and language acqui-
sition in these infants. Additionally, the implementation of
longitudinal designs has the potential to inform the possible
modifications and stability of these features across infants’
development. Both methods were used in experiments 1 and 2
reported here.

The main goal of experiment 1 was to assess the acoustic
features in IDS to infants with HL specifically focusing on
infants’ chronological age and hearing experience. Three groups
of mother-infant dyads participated: infants with HL, infants
with NH matched by chronological age, and infants with NH
matched by hearing age to infants with HL. In all three groups,
mothers’ speech was recorded when they spoke to their infant
(IDS) and when they spoke to another adult (ADS). Detailed
acoustic analyses were conducted on mothers’ productions of
the three corner vowels /a, i, u/ (formant dispersion, F2—F1 dis-
tances, vowel space area, and vowel space dispersion) and
utterance-level pitch (mean and variation of fundamental fre-
quency) to compare mother’s IDS to their own ADS and to
compare IDS features across the three infant groups. The aim of
experiment 2 was to assess longitudinally the effects of infants’
chronological age and hearing experience on vowel and pitch
production in maternal IDS relative to their own ADS. This was
achieved via a longitudinal assessment of the adjustments of
IDS to infants with HL as a function of their increasing hearing
experience across development. Maternal IDS features were
assessed when infants with HL were 11- and at 18-months-old
and had eight and 15months of hearing experience, respec-
tively. In addition, experiment 2 examined the relation between
IDS features and infants’ developing lexical abilities.

Il. EXPERIMENT 1

Previous research has indicated that infants with HL
may receive exposure to IDS that is qualitatively different
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from the input of age- or hearing experience-matched
infants with NH (Bergeson et al., 2006; Kondaurova et al.,
2012; Lam and Kitamura, 2010; Miyamoto et al., 2005).
However, the exact nature and implications of these differ-
ences remain unclear. It is possible that mothers of infants
with HL unconsciously produce clearer IDS by producing
speech that allows easier discrimination between speech
sound categories (Wieland et al., 2015). On the other hand,
it is possible that the speech sound exaggeration component
is absent in IDS to infants with HL, which could be a by-
product of greater acoustic variability, that is more dispersed
speech sounds within speech sound categories, aimed at cap-
turing and maintaining infants’ attention to speech
(McMurray et al., 2013).

This experiment assessed the effects of hearing experi-
ence on the acoustic exaggeration (hyperarticulated vowels
and exaggerated pitch) and acoustic variability in IDS com-
pared to ADS. First, with respect to the comparison between
IDS and ADS, we expect to find greater acoustic exaggera-
tion (hyperarticulated vowels, exaggerated pitch evident in
greater pitch height, and greater pitch variation) in IDS than
in ADS for all three groups of infants (Wieland ez al., 2015).
Between the groups, two alternate hypotheses can be enter-
tained. First, if mothers adjust their speech due to their
infants’ hearing level, then we expect different IDS features
in IDS to infants with HL. compared to IDS to both chrono-
logical- and age-matched controls, with no difference
between the two NH control groups (Kondaurova et al.,
2012; Lam and Kitamura, 2010). Second, if mothers adjust
their speech due to infants’ hearing experience, then we
expect to find that IDS to chronological age-matched con-
trols with NH will differ from IDS to infants with HL. and
hearing age-matched controls.

In order to assess variability in vowel production, we
adopted three different measures: vowel space dispersion,
formant dispersion, and F2—F1 distances for corner vowels
(/i, a, u/). Vowel space dispersion captures the distance
between a central point in the speaker’s vowel space and
each token of a vowel. This measure captures the overall
expansion or compression of individual speakers’ vowel
tokens and allows the detection of fine-grained individual
differences in acoustic-phonetic characteristics. Using this
measure, greater vowel space dispersion indicates clearer
vowels and captures a different aspect of vowels than the
vowel hyperarticulation measure (Kuhl et al., 1997); it pro-
vides a measure of vowel clarity and within-category vari-
ability. Greater vowel space dispersion in IDS compared to
ADS would provide evidence of vowel enhancement in IDS
(Bradlow et al., 1996; Smiljani¢ and Bradlow, 2005;
Wieland et al., 2015). Another measure of vowel variability
involves computing the standard deviations separately
for F1 and F2 frequencies for each of the three corner vow-
els /i, u, a/ for IDS and ADS (formant dispersion measure).
The presence of greater standard deviation values for F1 in
IDS compared to ADS would indicate less clear vowels in
terms of vowel height, and greater standard deviation values
for F2 in IDS compared to ADS would indicate less clear

Lovcevic et al.
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vowels in terms of the vowel backness. Previous studies
using this measure have found greater vowel variability in
IDS compared to ADS (Benders, 2013; Cristia and Seidl,
2014; Englund, 2018; McMurray et al., 2013). This greater
variability has been shown to result in overlapping vowel
categories, which are thought to complicate infants’ vowel
acquisition in their native language (Benders, 2013; Cristia
and Seidl, 2014; Englund, 2018; McMurray, et al., 2013). If
there is greater variability in IDS than in ADS, this would
provide evidence for a lack of vowel enhancement in this
register. We also add one more measure that captures
the distances between F'1 and F2 for each of the corner vow-
els /i, u, a/. Each of these vowels represents an extreme point
in Australian English vowel space. Acoustically, they are
characterised by extreme F2-F1 distances: /i/ is character-
ised by a wide separation between F1 and F2, whereas /a/
and /u/ are characterised by very close F1 and F2 frequen-
cies. Hence, the F2—F1 distances for these corner vowels
provide an indication of the extreme locations in the F'1 by
F2 space for these vowels (Gerstman, 1968), which is a sig-
nificant correlate of overall speech intelligibility (Bradlow
etal., 1996).

A. Method
1. Participants

Sixty mother-infant dyads participated. In 20 dyads, the
infant had congenital HL (HL group; Mean Age
= 15.09 months, standard deviation, SD =9.06, Age range
=7.17-35.86, 10 female). Within this group, 11 infants had
mild to moderate HL and 9 severe to profound HL, and 14
infants had bilateral HL and 6 unilateral HL (see Appendix,
Table V for further details). Forty infants had normal hearing;
20 matched to the HL group by chronological age (N-CA
group, Mean Age=15.37months, SD=28.87, Age range
=6.90-35.86, 7 female) and 20 by hearing age (N-HA
group, Mean Age=11.68months, SD=28.43, Age range
=5.23-32.48, 6 female).

All mothers were native speakers of Australian English
with NH (Mean age=33.66, SD =4.74), and all infants
were raised in a monolingual context, born full-term, and
not at-risk for any additional developmental disorders.
Mothers’ median education level was a University (bache-
lor) degree, and a Kruskal-Wallis H test showed that it did
not differ across the three groups [3*(2) = 2.058, p = 0.357].
Five mother-infant dyads (2 HL, 2 NH-CA, and 1 NH-HA)
were detected as outliers (hyper-scores for vowel hyperarti-
culation were higher than three standard deviations from the
mean). The reason for these outlier hyperarticulation scores
is that the five participants only produced two or fewer
tokens of each vowel in ADS, which resulted in an unusu-
ally small ADS area, not representative of the typical vowel
production in ADS. These five dyads and dyads from their
corresponding matched groups were excluded from analyses
(15 dyads excluded in total). Thus, the final sample com-
prised 45 dyads, 15 with HL,, 15 NH-CA, and 15 NH-HA.
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2. Procedure

Mothers’ speech was recorded in two situations: a play
session with their infant (IDS) and a semi-structured inter-
view with an adult experimenter (ADS). The IDS play ses-
sions were recorded in a quiet room inside an infant
laboratory or a clinic. Mothers were provided with three
toys, a sheep, a shoe, and a shark, and were instructed to
play with their infants naturally as they would do at home.
These toys were chosen in order to elicit the target words
sheep, shoe, and shark (note that “r” is non-rhotic in
Australian English), and mothers were not aware that the
specific vowels /a, i, u/ were the focus of this study. Mothers
wore a head-mounted microphone (AudioTechnica A892)
feeding into Adobe Audition CS6 software via an audio
input/output device (MOTU Ultralite MK3). The ADS ses-
sions were conducted in the same way. During this session,
a female experimenter, a native speaker of Australian
English, interviewed each mother about the IDS session,
eliciting the same three target words. The infant was not pre-
sent in the room during this session. The IDS and ADS ses-
sions lasted between 5 and 7 min each.

3. Analyses

a. Vowel hyperarticulation. For analyses, the target
words sheep, shoe, and shark were identified in each IDS
and ADS recording, their onset and offset were manually
determined, and then each of the words was extracted. Next,
the target corner vowels /a, i, u/ were extracted from each of
these words (see Table I for mean number of extracted
vowels). PRAAT scripts were then used to obtain the values
for duration, FO, F1, and F2 for each vowel. The formant
values used were the mean value in Hz from the 40% and
80% points of each vowel’s duration (Munhall et al., 2009).
Mean F'1 and F2 values in Hz were used to calculate vowel
space area separately for IDS and ADS as a measure of
vowel hyperarticulation using the following formula:

Vowelarea = ABS1/2 x |F1/a/ x (F2/i/ — F2/u/)
+F1/i) x (F2/u/ — F2/a))
+F1/u/ x (F2/a) — Fz/i/)]

In order to ensure that any differences in vowel hyper-
articulation found between the dyads with infants with
HL and infants with NH were not due to additional
modifications to vowel production, we also assessed the
duration and pitch height for each vowel produced in ADS
and IDS. Mean values for each group are displayed in
Table I. As expected, univariate ANOVAs showed that
vowels were longer, F(1, 88)=11.65, p=0.001, npz
=0.117, and higher in pitch, F(1, 88)=166.59, p=0.01,
17,,2:0.654, in IDS compared to ADS. However, and
critically for this study, there were no significant group
differences in vowel duration and pitch for both IDS
[duration, F(2, 42)=1.49, p=0.237, 171,2:0.066; pitch,

Lovcevic etal. 3403


https://doi.org/10.1121/10.0002641

TABLE I. Detailed information about the vowels and speech segments extracted for vowel hyperarticulation and pitch height analyses in experiments 1 and
2 (the values are means and SDs are presented in parentheses).

Speech
/a/ fi/ u/ segments
N Dur. FO N Dur. FO N Dur. FO Dur.

ADS HL 5.6(1.45) 177.74(48.92) 88.66 (3.48) 4.13(1.06) 141.73(38.79) 91.14(3.72) 4.8 (2.57) 213.97 (62.22) 91.01 (4.61) 8.07 (1.58)
CA 5.6(1.55) 190.28 (31.3) 86.19(4.21) 4.93(1.71) 140.79 (38.25) 89.58 (4.83) 5(1.81) 208.78 (33.11) 90.32 (1.56) 9.13 (1.38)
HA 5.8(2.01) 192.87(56.47) 89.25(2.85) 5(1.81) 134.36(39.57) 91.43 (3.12) 4.2(1.82) 248.91(55.78) 91.38(3.26) 9.28 (1.18)

IDS  HL 9.67(3.77) 226.15(63.4) 94.72 (4.09) 9.47 (4.85) 145.21(29) 98.25(2.38) 10.47 (5.72) 254.8 (48.11) 95.54 (2.49) 7.57 (1.34)
Expt. 1 CA 10.87 (5.28) 207.84 (51.86) 95.21 (2.74) 10.67 (6.13) 139.09 (43.34) 97.37 (4.07) 11.21 (526) 263 (49.33)  96.03(2.9) 7.6 (1.61)
HA 10.87 (5.51) 230 (104.15) 94.96 (2.4) 11.6(5.85) 157.61 (67.61) 98.36(2.49) 8.93 (6.85) 316.69 (95.98) 95.61 (2.72) 7.56(1.4)

IDS HL 9.22 (3.56) 235.98 (58.76) 96.48 (2.9) 8.11(4.43) 152.07 (27.62) 97.65 (2.22) 9.33 (6.63) 304.51(96.76) 95.9 (3.53) 7.01(1.3)
Expt. 2

F(2,42)=0.005, p=0.995, 11,,2 =0.01] and ADS registers  using each speaker’s ADS productions as their own baseline
[duration, F(2, 42)=0.773, p =0.468, np2:0.036; F(2, 42)  (Kalashnikova and Burnham, 2018); importantly, this cap-

=2.58, p=0.09, r]pz =0.109]. tures the degree to which each feature is exaggerated in IDS
compared to each mother’s ADS. In hyper-scores, values
4. Variability in vowel production >1 signify hyperarticulation—expanded vowel triangle,

more dispersed vowels, heightened pitch in IDS compared
to ADS; values <1 signify hypoarticulation—reduced vowel
triangle, less dispersed vowels, reduced pitch compared to
ADS; and values = 1 signify an IDS production not different
from ADS. One-sample #-tests were used to compare each
hyper-score to the value of 1 and univariate ANOVAs with
hyper-scores as the dependent variable and group (HL, NH-
HA, NH-CA) as the independent variable was conducted to
compare hyper-scores for vowel articulation, vowel space
dispersion, and mean pitch across the three groups of infants
(see Fig. 1 for hyper-scores and Table II for the summary of
t-test results). Additionally, in order to evaluate the evidence
for the null and research hypothesis, Bayes factors were

In order to analyse pitch, IDS and ADS recordings were  determined using the Jeffreys—Zellner—Siow (JZS) method,
separated into audio segments using PRAAT software since this method is suggested to be convenient for studies
(Boersma and Weenink, 1996). The segments were defined  with small sample sizes (Jarosz and Wiley, 2014). In order
as a period of mother’s speech not interrupted by infant’s  to interpret the Bayes factors, we used the conventional cut-
vocalisations or noises from the environment. The segments  offs based on Jeffreys (1998), with a Bayes factor greater
were between six and 12's long (see Table I for mean dura-  than 3 representing sufficient evidence for the experimental
tion of audio segments). From these audio segments, mean  hypothesis, and Bayes factor less than 0.33, representing
fundamental frequency (F0) was extracted. Since pitch per-  sufficient evidence to be taken for the null hypotheses. The
ception is logarithmic by nature, all FO values were con-  Bayes factor with the values between approximately 0.33
verted from Hz into perceptual units (Mels), and 3 indicates that the data are insensitive.

Additionally, linear mixed effects model (LME) was
used to assess the F2—F1 distances in IDS across tokens for
As a measure of pitch variability, we calculated FO  each corner vowel across the groups. The model was fitted

Vowel space dispersion was calculated for both IDS
and ADS by identifying the centroid of each speaker’s
vowel space triangle and then computing the distances of
individual vowel tokens from the centroid (Bradlow et al.,
1996; Wieland et al., 2015). Formant dispersion was calcu-
lated using standard deviations for F'1 and F2 (Cristia and
Seidl, 2014; Englund, 2018) for each corner vowel in
IDS and ADS. The measure of F2—F1 distances was calcu-
lated by subtracting F'1 values from F2 values separately for
/i/, /a/, and /u/ in IDS and ADS.

5. Pitch exaggeration and variability

Semitone = 12log,(F0) for pitch height.

standard deviations in both registers. using the Imer function of the Ime4 package (Bates et al.,
2013) in R (R Core Team, 2017) with vowel and group as
B. Results the independent variables, vowel * group interaction, and

random intercepts for participants, and F2—F1 distance as
the dependent variable. The significance of the model was
assessed using ANOVAs with Satterthwaite’s method using

Hyper-scores for vowel articulation (vowel triangle the Anova function of the ImerTest package (Kuznetsova
area), vowel space dispersion, and pitch were calculated by  er al., 2017) and the Bayes factor was determined using the
dividing each mother’ IDS scores by her own corresponding  function bayesfactor _models from the R package bayestestR
ADS scores. This controls for individual differences by (Makowski et al., 2020).

1. Hyper-scores for vowel articulation, vowel space
dispersion, and pitch
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FIG. 1. (Color online) Hyper-scores for vowel articulation, vowel space dispersion, and mean pitch for infants with HL, NH-CA, and NH-HA infants (error

bars represent Standard Error of the Mean).

2. Vowel production in IDS: Exaggeration

a. Vowel hyperarticulation. The one-sample #-tests
showed that in IDS to all three groups of infants, mothers
did not expand or reduce their vowel space compared to
their ADS. The univariate analysis of variance (ANOVA)
demonstrated no significant group effects [F(2, 42) =0.608,
p=0.549, 17,,2 —=0.028]" (see Fig. 2 for vowel triangles). The
Bayes factor obtained for this analysis (BF =0.038) sup-
ports the null hypothesis that there is no significant group
difference in the vowel hyperarticulation in IDS. While
there are mixed findings in research on IDS to infants with
HL, these results are in line with studies that have not found
consistent differences in vowel hyperarticulation (Wieland
et al.,2015) as a function of infants’ HL.

3. Vowel production in IDS: Variability

a. Vowel space dispersion. As can be seen in Table II,
the one-sample #-tests indicated that mothers produced vow-
els with a similar amount of dispersion in IDS to all three
groups of infants as compared to ADS. The univariate
ANOVA showed no significant difference across the three
groups [F(2, 42) =0.550, p=0.581, 17,,2 =0.026] with the
Bayes factor (BF =0.036) showing strong evidence for the
null hypothesis.

b. Formant dispersion. To assess the variability across
the tokens for each corner vowel, measures of F1 and F2
standard deviations in IDS and ADS were used. Two 2
(speech register: IDS, ADS) x 3 (Group: HL, NH-CA and
NH-HA) mixed-measures ANOVAs were conducted sepa-
rately for each vowel /a, i, u/. We present the results of the
ANOVAs in Table III.

TABLE II. Results of one-sample -test analyses (Cohen’s d) comparing
hyper-vowel, hyper-dispersion, and hyper-pitch scores to 1 (df = 14) in IDS
to infants with HL, NH-CA, and NH-HA infants (**p < 0.001).

Group Hyper-vowels Hyper-dispersion Hyper-pitch
HL 0.82(0.22) —0.13 (0.03) 6.88** (1.75)
NH-CA —1.19 (0.31) —1.81(0.48) 8.827%* (2)
NH-HA 0.19 (0.05) —1.44 (0.38) 11.37%* (2.5)

J. Acoust. Soc. Am. 148 (6), December 2020

These results indicate that formant dispersion for /a/
(IDS: M=8990, standard error, SE=4.04; ADS:
M=77.05, SE=4.04; p=0.03) and /i/ (IDS: M =299.19,
SE=12.64; ADS: M =243.86, SE=14.87; p=0.01) but
not for /u/ was greater in IDS compared to ADS, suggesting
more variability in IDS than ADS but with no difference
across the three groups of infants.

c. F2-F1 distances. The LME results demonstrated a
significant main effect of vowel [F(2, 1352.98) =285.91,
p < 0.001], but there was no significant main effect of group
[F(2, 42.88) =0.607, p =0.55], and no significant vowel by
group interaction [F(2, 1352.95)=0.862, p =0.486] with
Bayes factor (BF=1.77) suggesting anecdotal evidence
against the null hypothesis.

4. Pitch production in IDS: Exaggeration

a. Pitch height. Mothers significantly exaggerated their
pitch height in IDS compared to ADS to all three groups of
infants (see Table II). The univariate ANOVA of pitch
hyper-scores showed no significant group effect [F(2,
42)=0.783, p=0.464, 17P2 =0.036, BF =0.45]; thus moth-
ers exaggerated pitch in IDS compared to ADS to an equiva-
lent degree in all three groups of infants. This is in line with
studies that have found no consistent differences in pitch as
a function of infants” HL (Bergeson et al., 2006; Lam and
Kitamura, 2010; Miyamoto et al., 2005).

5. Pitch production in IDS: Variability

a. Pitch variability. In order to compare pitch variabil-
ity, a repeated measures ANOVA was conducted with
speech register (IDS, ADS) as a repeated factor and group
as a between-subjects factor. The results demonstrated a
main effect of speech register [F(1, 54) =52.099, p =0.000,
;71,2:0.491, BF > 100]; pitch variation was greater in IDS
(M =35.486, SD = 15.524) compared to ADS (M =17.983,
SD =8.949). There was no significant difference between
groups [F(2, 54)=1.240, p =0.297, ;11,2 =0.044, BF=0.3],
and no significant register by group interaction [F(2,
54)=0.162, p =0.851, 171,2 =0.006, BF > 100].
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FIG. 2. Vowel triangle areas for IDS and ADS for infants with HL, NH-CA, and NH-HA.

C. Discussion

Experiment 1 compared the acoustic features of IDS to
infants with HL and to infants with NH matched by chrono-
logical or by hearing age. The findings indicated no signifi-
cant group differences in vowel or pitch exaggeration,
which is in line with a number of previous studies
(Bergeson et al., 2006; Lam and Kitamura, 2010; Miyamoto
et al., 2005; Wieland et al., 2015). On the other hand, the
findings suggest greater variability in vowel production in
IDS compared to ADS, regardless of infants’ hearing status.
Although previous studies have demonstrated that variabil-
ity across phonetic dimensions may hinder category learning
by making vowels less clear and more difficult to learn
(Cristia and Seidl, 2014; Englund, 2018; McMurray et al.,
2013), it could be that this variability would maintain
infants’ attention to speech for a greater period of time,
which may reflect infants’ linguistic needs, and parents’ sen-
sitivity to these needs at this stage in infants’ development.
In order to further disentangle the effects of infants’ chrono-
logical age from their hearing experience on maternal IDS,
a longitudinal assessment was conducted in experiment 2.

lll. EXPERIMENT 2

Experiment 2 aimed to longitudinally assess the effects
of infant age and changing linguistic needs on vowel and

pitch production in IDS as well as the relation between these
IDS features and infants’ developing lexical abilities. The
longitudinal approach allowed measurement of individual
infant’s gain in both chronological and hearing age, provid-
ing an accurate picture of age effects on IDS properties
across development and language acquisition in infants with
HL.

This experiment followed the sub-set of infants with
HL from experiment 1 by re-assessing the acoustic expan-
sion and variability properties if their mothers’ IDS approxi-
mately six months later when their chronological age was
around 18 months. Infants’ receptive and expressive vocabu-
lary size at this age were also assessed. The age of
18 months was chosen for this follow-up given it marks a
significant increase in infants’ expressive vocabulary and
the speed and efficiency of familiar word recognition
(Fernald, 2000; Fernald et al., 2006). In other words, at this
age infants get better at recognising and interpreting the
same word in more diverse and challenging contexts.

On the basis of possible linguistic needs that infants
may have at the two ages in this longitudinal experiment
(approximately 11 and 18 months), two alternative predic-
tions were proposed separately for pitch, vowel exaggera-
tion, and vowel variability. With regards to pitch, if at both
ages infants’ linguistic needs consist of learning speech
sounds as indexed by paying more attention to the speech
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FIG. 3. (Color online) Distributions of vowels /a, i, u/ in IDS to HL, NH-CA, and NH-HA infants (ellipses represent 95% Confidence Intervals).
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TABLE III. Analyses of formant dispersion in IDS and ADS using 2 (speech register: IDS, ADS) x 3 (group: HL, NH-CA, and NH-HA) mixed-measures

ANOVAs for vowels /a, i, u/ (N =45).

Register (IDS vs ADS) (df =1, 42)

Group (HL vs NH-CA vs NH-HA) (df =2, 42)

Register x group (df =2, 42)

F p s BF F p s BF F P 1y BF

/a F1 485 0.03 0.10 2.12 0.58 0.56 0.03 0.15  0.06 0.94 0.01  0.05
F2 3.32 0.08 0.07 1.17 0.15 0.86 0.01 0.10 121 0.31 0.05  0.05

/il F1 1.16 0.29 0.03 0.36 2.02 0.15 0.09 068 021 0.81 0.01  0.04
F2 8.12 0.01 0.16 6.49 2.84 0.07 0.03 073 0.06 0.94 0.01 094
Ju/ F1 3.57 0.07 0.08 0.65 0.63 0.54 0.03 020 098 0.38 0.04  0.03
F2 0.03 0.86 0.01 0.22 0.21 0.81 0.01 0.12 058 0.57 0.03 001

sound categories, then we expect a similar degree of exag-
geration and variability in pitch production at both ages
(Kondaurova et al., 2013). On the other hand, if as a result
of acquiring greater hearing experience infants already have
sufficient knowledge of speech sounds, we expect less exag-
geration in pitch production at the older age (Lam and
Kitamura, 2010).

With regard to vowel hyperarticulation, if as a result of
greater hearing experience, older infants need clearer
phonetic categories, we expect vowel hyperarticulation to be
present at the older age (Wieland et al., 2015). If infants at
both ages have similar needs for learning speech sounds, then
we expect to observe stability in vowel variability across age.
On the other hand, if at the older age, infants would benefit
from greater enhancement of vowel categories in order to
learn words, then we expect the variability in terms of for-
mant dispersion to decrease, while vowel space dispersion
and distances to increase for /i/ and /u/ and to decrease for /a/.
Finally, if IDS serves a linguistic function evident in the
adjustment in vowel production, then we expect the measures
of vowel production to be related to infants’ vocabulary size
(Kalashnikova and Burnham, 2018).

A. Method
1. Participants

Eleven infants with HL and their mothers returned for a
second experimental session approximately six months after
taking part in experiment 1. For this subset, infants’ mean
age at the first session was 10.52months (SD =2.18, Age
range =8.02-14.6) and 17.64months (SD =4.38, Age
range = 11.77-27.94) at the second session (see Appendix,
Table VI for further details).

2. Procedure

Only IDS was recorded in session 2. In order to assess
the exaggeration of IDS components at both ages to the
same individual baseline, ADS recordings from experiment 1
were used. Procedures for IDS recording and analyses were
the same as in experiment 1. See Table I for details about
the vowels and segments extracted for the vowel hyperarti-
culation and pitch height analyses. In order to ensure that
any differences in vowel hyperarticulation found between
the ages were not due to additional modifications to
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vowel production, we also assessed the duration and pitch
height for each vowel produced at younger and older age.
Mean values for each age are displayed in Table I. Critically
for this study, there were no significant differences between
ages in vowel duration and pitch [duration: F(1, 17) =3.67,
p=0.07, ;1,,2 =0.177; pitch: F(1, 17)=0.193, p=0.666,
n,”=0.01].

3. Vocabulary size

During the second session, infants’ caregivers com-
pleted the OZI: Australian English Communicative
Development Inventory (Kalashnikova et al., 2016), which
is the Australian English adaptation of the MacArthur—Bates
Communicative Development Inventories (MCDI) (Fenson
et al., 1993). Caregivers were required to select the words
that their child was able to understand (receptive vocabu-
lary) and understand and say (expressive vocabulary).

B. Results

First, the acoustic features in IDS to infants with HL
were assessed. Here, the same analysis procedures were fol-
lowed as in experiment 1 with additional LMEs used to
compare IDS features across development. The models were
fitted using the /mer function of the /me4 package (Bates
et al., 2013) in R (R Core Team, 2017). Three models were
fitted, with age as the independent variable, random inter-
cepts for participants, and the following dependent varia-
bles: vowel hyperarticulation (model 1), vowel dispersion
(model 2), and pitch height (model 3).

To assess the variability in IDS across tokens for each
corner vowel between the two ages, three additional LME
models were fitted. These models were fitted with F1
(model 4), F2 (model 5) and F2-F1 distance (model 6) as
the dependent variable, age and vowel as independent fac-
tors, and random intercept for participants. Pitch variability
was assessed fitting the model (model 7) with pitch variabil-
ity as the dependent variable, age as the independent vari-
able, and random intercept for participants.

The significance of each model was assessed using
ANOVAs with Satterthwaite’s method using the anova
function of the ImerTest package (Kuznetsova et al., 2017).
In the cases where the models revealed significant
effects, post hoc analyses were conducted using the Tukey
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FIG. 4. (Color online) Hyper-scores for vowel articulation, vowel space dispersion, and mean pitch for infants with HL at 11 and 18 months (error bars rep-

resent SEM).

test from the emmeans package (Lenth et al., 2019).
Additionally, Bayes factors were determined using the func-
tion bayesfactor models from the R package bayestestR
(Makowski et al., 2020).

The ANOVA results are presented in the text, and
detailed model output summaries for significant models can
be found in the Appendix.

1. Vowel production in IDS: Exaggeration

a. Vowel hyperarticulation. One-sample ¢-tests showed
that at both ages, mothers did not expand or reduce their
vowel space compared to their ADS [Age 1: #9)=0.02,
p=0.99, Cohen’s d=0.01; Age 2: 1(9)=0.83, p=0.43,
Cohen’s d=10.26] (see Fig. 4 for hyper-scores and Fig. 5 for
vowel triangles). The fitted model (model 1) was not signifi-
cant [F(1, 10)=1.56, p=0.24, BF=1.12], suggesting no
difference in the degree of mothers’ vowel hyperarticulation
at each age.

2. Vowel production in IDS: Variability

a. Vowel space dispersion. One-sample t-tests demon-
strated that at 11 months, mothers produced vowels with less
dispersion in IDS than in ADS [#(8)=-2.48, p=0.04,
Cohen’s d=0.82], and with a similar amount of dispersion
in IDS as in ADS at 18months [#(8)=-0.98, p=0.36,

11 months
1900 -

1800 1
1700 4
N 1600 -
1500 1
1400 1

1300 T T
500

—e—I|DS

Cohen’s d=0.32] (see Fig. 4 for hyper-scores). The fitted
model (model 2—vowel space dispersion) was not signifi-
cant [F(1, 10)=1.05, p=0.33, BF=0.13] suggesting that
the amount of vowel space dispersion in IDS compared to
ADS did not differ between the ages.

b. F1 dispersion. The LME results for F'1 demonstrated
that there was no significant main effect of vowel [F(2,
72)=1.63, p=0.20, BF=37.03], age [F(1, 72)=2.26,
p=0.14, BF=7.26] and no significant age by vowel inter-
action [F(2, 72)=0.76, p=0.47, BF >100].

c. F2 dispersion. The fitted LME model for F2 (model
5) revealed a significant main effect of vowel [F(2, 60)
=31.06, p < 0.001, BF > 100]. There was no significant main
effect of age [F(1, 60) = 0.49, p =0.49, BF = 8.36] and no sig-
nificant age by vowel interaction [F(2, 60)=1.23, p=0.30,
BF > 100]. The post hoc Tukey test demonstrated greater vari-
ability in the production of F2 for vowel /i/ (M =310,
SE =18.4) compared to the vowels /a/ (M =131, SE=18.4),
p <0.001, and /u/ (M =202, SE=18.4), p < 0.001. Also, there
was greater variability in the production of F2 for the vowel /u/
compared to the vowel /a/, p =0.01.

d. F2-F1 distances. The LME results demonstrated
that there was a significant main effect of vowel [F(2,
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FIG. 5. Vowel triangle areas for IDS and ADS for infants with HL at 11 and 18 months.
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581.41)=122.78, p < 0.001, BF > 100], but no significant
main effect of age [F(1, 586.68)=0.77, p=0.38,
BF=21.86], and no significant age by vowel interaction
[F(2, 581.99)=0.55, p=0.58, BF>100]. The post hoc
Tukey tests showed greater distances between F'1 and F2 for
vowel /i/ (M = 1167, SE =24.6) compared to both vowels /a/
(M =800, SE=224, p<0.001), and fu/ (M=967, SE
=239, p<0.001). Also, there were greater distances
between F'1 and F2 for vowel /u/ compared to /a/, p < 0.001.

3. Pitch production in IDS: Exaggeration

a. Pitch height. The t-tests showed that at both ages,
mothers significantly exaggerated pitch in IDS compared to
ADS [age 1: #(10)=9.31, p <0.001, Cohen’s d =2.67; age
2: 1(10)=8.28, p <001, Cohen’s d=2.67] (see Fig. 4 for
hyper-scores). The results of the LME model (model 3, pitch
height) demonstrated no significant differences in maternal
degree of pitch exaggeration in their IDS at the two ages
[F(1,20)=0.03, p=0.87, BF=0.01].

4. Pitch production in IDS: Variability

a. Pitch variability. The fitted LME model for pitch var-
iability (model 7) failed to reach significance [F(1, 10)
=2.24, p=0.17, BF=10.2], suggesting that there was a
similar amount in pitch variability across age.

5. Summary

These results show that there was no exaggeration in
vowel production in IDS to infants with HL either at 11- or
18-months, and no significant difference between the two
ages. The vowel space dispersion measure showed that IDS
to infants around 11 months was less variable in relation to
ADS, while at 18 months, there was a similar degree of vari-
ability in IDS compared to ADS. The second measure of
vowel variability, formant dispersion, demonstrated greater
variability in the production of F2 for vowel /i/ compared to
vowels /a/ and /u/ and greater variability for vowel /u/ com-
pared to vowel /a/ with no difference in these measures at
11- and 18-months of age. The third measure of vowel vari-
ability, F2-F1 distances, demonstrated wider distances
between F1 and F2 for vowels /i/ compared to vowels /a/
and /u/ and greater distances for vowel /u/ compared to vowel
/a/ with no difference between the younger and older age.

With regard to pitch, these results indicate that mothers
significantly exaggerated pitch height in IDS compared to
ADS with no difference between the two ages. In addition,
these results suggest that there was a similar degree of

variability in pitch production in IDS to infants with HL at
both 11- and 18-months of age.

C. IDS features and vocabulary size

Next, correlational analyses (with infants’ chronological
age partialled out) were conducted between infants’
receptive and expressive vocabulary sizes (Receptive:
M =242.82, SD=174.06; Expressive: M =60.64, SD
=105.54), and all the IDS measures collected at the two
ages: vowel hyperarticulation, vowel space dispersion,
hyper-pitch, distances between F'1 and F2 for vowels /a/, /i/,
and /u/.

The correlational analyses of IDS features at 11 months
and vocabulary scores of infants with HL at 18 months
showed no significant correlations. Table IV presents corre-
lations of IDS features at 18 months and vocabulary scores.
As can be seen, at 18 months, there was a positive correla-
tion between F2 and F'1 distances for vowel /i/ and receptive
vocabulary size (r=0.66, n=11, p=0.04). In addition,
there was a significant positive correlation between F2 and
F1 distances for the vowel /u/ at 18 months and receptive
vocabulary size (r=0.64, n=11, p =0.01). Moreover, there
was a positive correlation between maternal degree of vowel
hyperarticulation at 18 months and expressive vocabulary
size at this age (r=0.64, n=11, p=0.01). These results
suggest that infants with HL whose mothers produced
vowels /i/ and /u/ with wider separation of F1 and F2 at
18 months had larger receptive vocabulary sizes at this age.
Additionally, these results indicate that infants with HL
whose mothers produced IDS with more expanded vowels
at 18 months had larger expressive vocabulary sizes at
this age.

D. Individual differences in hearing configuration

As described in the Sec. I, hearing configuration is a
factor that can impact language development in infants with
HL, but it has never been investigated in relation to IDS.
Our sample in experiment 1 included five infants with uni-
lateral and ten infants with bilateral HL, so we conducted
additional exploratory analyses comparing the acoustic
components of IDS, which are reported in the supplemen-
tary materials.” One-sample r-tests were used to compare
vowel articulation and pitch hyper-scores to 1, and two sep-
arate univariate ANOVAs with hyper-scores as dependent
variables and group as the independent variable were con-
ducted to assess the effects of the hearing configuration on
the hyper-scores. The results showed that mothers did not
expand or reduce their vowel space when addressing infants

TABLE IV. Pearson correlations (r) of IDS features at 18 months and infants’ with HL receptive and expressive vocabulary scores at 18 months. *p < 0.05,

**p=0.01.

Hyper-vowels Hyper-dispersion Hyper-pitch F2-F1/a/ F2-F1/i/ F2-F1/u/
Receptive 0.50 0.54 —0.19 0.26 0.66* 0.64*
Expressive 0.81%* —-0.06 0.43 —0.19 0.16 0.11
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with bilateral HL [#(9) =2.21, p =0.055, Cohen’s d =0.70],
but hypoarticulated vowels in IDS to infants with unilateral
HL [#(4)=-3.53, p=0.02, Cohen’s d=1.58]. The degree
of vowel hyperarticulation was significantly greater in IDS
to infants with bilateral HL (M = 1.62, SD = 0.89) compared
to infants with unilateral HL (M = 0.37, SD =0.40), F(1, 13)
=8.712, p=0.011, 17[,2:0.401). On the contrary, the
two groups did not differ in the degree of pitch exaggeration
[F(1, 13)=0.470, p=0.505, 11,,2 =0.035]. The -tests indi-
cated that mothers hyper-articulated pitch in IDS to both
groups of infants [bilateral: #9)=4.78, p=0.01, Cohen’s
d=2.67; unilateral: #(4) =5.42, p=0.01, Cohen’s d =2.67].

These analyses suggest that while there was vowel
hyperarticulation in IDS to infants with bilateral HL, vowels
in IDS to infants with unilateral HL were hypoarticulated.
This could be due to different intervention approaches for
infants with unilateral HL, which range from no treatment
and regular monitoring, to the fitting of hearing aids and
bone implant systems (Fitzpatrick et al., 2014). Also, it
could be that later and more challenging fitting for infants
with unilateral HL (Fitzpatrick et al., 2014) and different
parental attitudes towards intervention (Fitzpatrick et al.,
2015) could affect their IDS to these infants. To date, no
previous studies have compared the properties of IDS to
these two groups. However, this finding is not entirely sur-
prising when viewed in the context of research showing that
infants with unilateral HL have delayed vocabulary develop-
ment and poorer auditory and language outcomes in com-
parison to infants with bilateral HL (Fitzpatrick et al., 2019;
Valimaa et al., 2018).

E. Individual differences in the degree of hearing loss

Since it is possible that the degree of hearing loss can
impact infants’ language development, we conducted addi-
tional exploratory analyses comparing the acoustic compo-
nents of IDS directed to infants with mild to moderate
(n=28) and severe to profound hearing loss (n=7) in our
sample.

Vowel hyperarticulation. The results showed that
mothers did not expand or reduce their vowel space when
addressing infants with mild/moderate and severe/profound
hearing loss [mild/moderate: #(7) =0.701, p = 0.506, Cohen’s
d=0.248; severe/profound: #(6) =0.390, p=0.710, Cohen’s
d=0.147] and there was no significant difference between
the two groups [F(1, 13)=0.085, p =0.776, 17,,2 =0.006].

Pitch. The #-tests indicated that mothers hyper-
articulated pitch in IDS to both groups of infants [mild/
moderate: #(7) =6.698, p=0.01, Cohen’s d=2.4; severe/
profound: #(6) =3.476, p=0.01, Cohen’s d =1.3], with no
difference between the groups [F(1, 13)=1.358, p=0.265,
n,” = 0.095].

F. Acoustic features in IDS to infants with cochlear
implants and hearing aids

Given that the type of intervention is one of the factors
that can impact infants’ language development (Bergeson,
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2011; Wieland et al., 2015), we conducted additional
exploratory analyses comparing the acoustic components of
IDS directed to infants with cochlear implants (n =4) and
hearing aids (n =9) in our sample.

Vowel hyperarticulation. The results showed that
mothers did not expand or reduce their vowel space when
addressing infants with cochlear implants [#(3)=-65,
p=0.56, Cohen’s d=0.33] and hearing aids [#(8)=1.86,
p=1.0, Cohen’s d=0.62], and there was no significant dif-
ference between the two groups [F(1, 11)=2.458,
p=0.145,1,>=0.183].

Pitch. The t-tests indicated that mothers hyper-
articulated pitch in IDS to infants with hearing aids
[#(8) =5.70, p=0.01, Cohen’s d=1.50], but not in IDS to
infants with cochlear implants [#(3)=2.16, p=0.01,
Cohen’s d=1.08]. However, the group effect was not statis-
tically significant [F(1, 11) =0.223, p = 0.646, r]pz =0.020].

IV. GENERAL DISCUSSION

Experiment 1 assessed the acoustic features in IDS to
infants with HL compared to IDS to infants with NH
matched by either chronological or hearing age. While there
were no group differences in vowel hyperarticulation and
vowel space dispersion, there were differences in the pro-
duction of individual vowels. With regard to pitch produc-
tion, the results of experiment 1 demonstrated heightened
pitch and greater pitch variability in IDS compared to ADS
with no significant group differences.

The longitudinal investigation in experiment 2 assessed
adjustments in IDS to infants with HL as a function of
increasing chronological age and increasing hearing experi-
ence across development. Experiment 2 also assessed the
relation between IDS features and infants’ developing lexi-
cal abilities. The results showed stability in individual vowel
production, pitch height, and pitch variability across devel-
opment. On the other hand, the vowel space dispersion mea-
sure showed that IDS to infants at 11 months was less
variable in relation to ADS, while at 18 months there was a
similar degree of variability in IDS compared to ADS.
Additionally, a positive relationship was found between for-
mant distances in mothers’ speech and infants’ current
receptive vocabulary size, as well as between vowel hyper-
articulation and infants’ expressive vocabulary, thus extend-
ing previous findings on this relationship for NH infants
(Hartman et al., 2017; Kalashnikova and Burnham, 2018).

The results show that there is no vowel hyperarticula-
tion in IDS to infants with HL at either the younger or the
older age. This is consistent with other studies that failed to
show vowel hyperarticulation in IDS to infants with HL
(Lam and Kitamura, 2010). However, this does not neces-
sarily mean that mothers do not exaggerate vowels in IDS to
infants with HL; it could be that the presence of vowel vari-
ability observed in our study masked vowel hyperarticula-
tion, and to obviate this possibility, we assessed vowel
formants. Indeed, we found differences between IDS to
infants with HL and to infants with NH in the production of
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individual vowels, suggesting that maternal production of
corner vowels /a, i, u/ is affected by infants’ HL. Previous
studies have shown that infants with HL perform more
poorly than NH infants in discriminating various vowel con-
trasts (Eisenberg et al., 2004; Martinez et al., 2008). Thus, it
would appear that mothers unconsciously adjust their vowel
production to the level of their infants’ linguistic compe-
tence. This is in line with studies that have demonstrated
that maternal speech clarity manifested in the degree of
vowel hyperarticulation is modulated by infant response to
the mother (Kalashnikova er al., 2018, 2020; Lam and
Kitamura, 2010, 2012).

The present results suggest that the clarity of vowel pro-
duction in mothers’ IDS may be affected by HL in infants.
This can have important implications for language acquisi-
tion in this population given findings of the important role
of speech clarity on infants’ developing linguistic skills.
First, it has been demonstrated that the degree of vowel
hyperarticulation in IDS to 6-8 and 10-12-month-old
infants is related to infants’ speech perception performance
(Liu et al., 2003). Thus, not hearing clear vowels may hinder
speech perception in infants with HL. Since better speech
perception early in life has been found to predict later lan-
guage skills (Benasich and Tallal, 2002; Molfese and
Molfese, 1985; Molfese, 2000; Tsao et al., 2004), this rela-
tion may be extended further to suggest that decreased clar-
ity in maternal speech may affect different aspects of
language acquisition. Thus, future studies may assess the
relationship between mothers’ IDS features and infants’ per-
formance on speech perception tasks. In line with findings
regarding vowel hyperarticulation and infants’ expressive
vocabulary growth (Kalashnikova and Burnham, 2018), our
results also demonstrate a relationship between vowel
hyperarticulation and infants’ expressive vocabulary extend-
ing these findings to infants with HL; infants with larger
expressive vocabularies at 18 months have mothers who pro-
duce more expanded vowel space at this age. Moreover, the
results here also demonstrate a relation between formant
separation and infants’ receptive vocabulary, with larger
receptive vocabularies in infants whose mothers produce
clearer vowels via greater inter-formant distances. These
findings support the argument that receiving speech input
with less clear vowel production — as in the case of infants
with HL — may hinder infants’ receptive and expressive
vocabularies. Thus, it is possible that while mothers produce
less clear vowels in IDS to infants with HL, they use other
cues that positively affect infants’ vocabularies. This is the
first study to demonstrate the relationship between exagger-
ated vowel production in IDS to infants with HL and their
receptive and expressive vocabulary skills at 18 months of
age. This suggests that hearing clearer vowels results in bet-
ter language outcomes for infants with HL, specifically at
18 months of age, an age at which infants with NH enter the
vocabulary spurt (Bloom, 1973).

Heightened pitch level and greater pitch variability
remain stable across development. Given that infants with
HL display reduced attention to speech (Houston et al., 2003),
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receiving speech input with exaggerated pitch features
may be beneficial in attracting infants’ attention to the
speech stream. Indeed, research with NH infants has dem-
onstrated the benefits of heightened pitch in IDS in attract-
ing and maintaining infants’ attention to the speech input
(Cooper and Aslin, 1990; Fernald and Simon, 1984). Thus,
it is possible that mothers of infants with HL exaggerate
pitch in IDS in response to their infants’ greater need for
speech properties that preserve their attention to the
speech input.

Finally, the results of our exploratory analyses demon-
strated that vowel hyperarticulation was moderated by the
nature of the HL: mothers hypo-articulated vowels in IDS to
infants with unilateral HL and hyper-articulated vowels in
IDS to infants with bilateral HL. Although previous studies
have shown that infants with unilateral HL have more
delayed vocabulary development and poorer auditory proc-
essing and language outcomes than infants with bilateral HL
(Fitzpatrick et al., 2019; Valimaa et al., 2018), this is the
first study to demonstrate that differences in mothers’ vowel
hyperarticulation in IDS may be a response to different con-
figurations of infants’ HL.

A. Vowel hyperarticulation in IDS

It is noteworthy that the results of this study revealed no
evidence of vowel hyperarticulation in IDS to infants with
NH, which accords with studies that suggest that this adjust-
ment is not invariably manifested in all cases (Benders,
2013; Dodane and Al-Tamimi, 2007; Englund and Behne,
2005; Englund, 2018; Martin et al., 2015; Wong and Ng,
2018), but is contrary to studies reporting significant vowel
hyperarticulation in IDS (Adriaans and Swingley, 2017;
Cristia and Seidl, 2014; Kuhl et al., 1997; Tang et al., 2017,
Uther et al., 2007), including findings for Australian English
(Burnham et al., 2002; Kalashnikova and Burnham, 2018;
Kalashnikova et al., 2017; Kalashnikova et al., 2018; Lam
and Kitamura, 2010, 2012; Xu et al., 2013). This could be
due to differences in ages at which vowel hyperarticulation
was measured in this and in previous studies. Moreover, it is
quite possible that the wide age range in this experiment,
necessitated by the availability of infants with HL and the
requirement of yoking the age of infants in both the NH-CA
and NH-HA control groups to the age and hearing experi-
ence of the HL infants served to mix ages at which vowel
hyperarticulation is strong and weaker or non-existent.

B. Variability in IDS

This study has raised important theoretical and practical
issues concerning the role of variability in vowel production
in IDS. Previous studies that have demonstrated greater vari-
ability in vowel production in IDS than in ADS (Benders,
2013; Cristia and Seidl, 2014; Englund, 2018; McMurray
et al., 2013) have also tended to assert the detrimental effect
of this variability to infants’ vowel acquisition due to greater
overlap between vowel categories. However, this contrasts
the findings that vowel hyperarticulation results in clear
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vowel categories that facilitate infants’ speech perception
and vocabulary development (Liu et al., 2003;
Kalashnikova and Burnham, 2018). Although previous stud-
ies have demonstrated that the presence of variability may
facilitate the acquisition of a number of early skills such as
visual category learning (Mather and Plunkett, 2011),
speech segmentation (Eaves et al., 2016), and word learning
(Galle et al., 2015; Graf Estes and Hurley, 2013; Rost and
McMurray, 2009), it should be noted that different types of
variability may play different roles in language acquisition.
With respect to speech input, there are two main sources of
variability: variability along specific phonetic dimensions
(formants in this study), and variability in non-phonetic
information (pitch in this study) (Rost and McMurray,
2009). Our finding regarding greater variability in IDS com-
pared to ADS is consistent with other studies demonstrating
that greater variability in IDS may potentially hinder cate-
gory learning (Cristia and Seidl, 2010; Englund, 2018;
McMurray et al., 2013). On the other hand, our findings
demonstrate the presence of greater pitch variation in IDS
compared to ADS. This finding is important since previous
studies demonstrated that variability in non-phonetic infor-
mation such as pitch enhances attention to speech and sup-
ports the speech segmentation and to some extent vowel
learning (Trainor et al., 2000). Therefore, our findings con-
firm that infants are exposed to IDS that may play an impor-
tant role in their language acquisition. However, it is still
unknown how IDS components interact with each other and
how they relate to infants’ changing linguistic needs.
Nevertheless, our study suggests that a possible reason for
the absence of vowel exaggeration in IDS is mothers’ simul-
taneous increase in variability in their speech. This would
make vowels less clear and more difficult to learn, but it
would keep their infants’ attention for longer, which may be
what these infants need at this specific point in development.

How can these apparently conflicting findings be recon-
ciled? One approach taken in this study is comprehensive
investigation by employing a battery of different measures
of vowel production. This allows for a more precise delinea-
tion of between- and within-category variability in IDS.
Another possibility is to assess variability in vowel produc-
tion across infant development. Thus, it is possible that
increasing linguistic competence results in a concurrent
increase in vowel clarity, and that mothers thus adjust their
IDS according to infants’ linguistic needs for vowel clarity
in order to build their vocabularies. This suggests the impor-
tance of considering individual infants’ current stage of lan-
guage acquisition. Additionally, future studies should
directly investigate the role of variability in vowel produc-
tion on infant on-line speech processing to understand how
this feature is related to infants’ linguistic competence.

As can be seen, combining measures of vowel produc-
tion informed our understanding of the vowel properties in
IDS. This approach can be further expanded in future
research by the inclusion of a wider set of vowel and conso-
nant categories. This study analysed the production patterns
of three corner vowels that occurred in three target words,
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which could limit our ability to detect all the acoustic adjust-
ments that may be present in IDS to infants with HL. This
approach, however, had the benefit of allowing us to strictly
control for the phonetic context in which the target vowels
occurred and to partially control for the content of all the
interactions (i.e., even though the interactions were not
structured, all mothers spoke about similar topics with their
infants). Furthermore, it allows for a direct comparison
between the present findings and previous studies that used
the same technique for eliciting the production of the three
corner vowels in IDS and ADS (Andruski and Kuhl, 1996,
Burnham et al., 2002; Kalashnikova et al., 2017,
Kalashnikova and Burnham, 2018; Kalashnikova et al.,
2018; Kitamura and Lam, 2009; Knoll and Uther, 2004;
Lam and Kitamura, 2012; Leong et al., 2014; Xu et al.,
2013).

The current study investigated how mothers adjust their
IDS to infants with HL. While we were able to control for
infants’ hearing experience by including a hearing age-
matched control group, we were unable to control for
potential individual differences in residual hearing in the
group of infants with HL and their hearing ability at the
time of testing. These differences can impact infants’ later
language outcomes (Nicholas and Geers, 2007; Szagun,
2001, 2004), and they could further inform the adaptations
that mothers make to IDS in relation to their infants’ indi-
vidual perceptual and processing needs. We did not have
access to this information in infants’ medical records, so
this is left as a direction for future research. As with many
studies with infants with HL, we were unable to recruit
infants from a narrow age range, or equal numbers of
infants with unilateral and bilateral HL, or equal numbers
of infants fitted with cochlear implants and hearing aids.
Our analyses of these sub-groups suggest that hearing con-
figuration may impact IDS qualities to infants with HL,
which calls for the inclusion of these factors in the design
of future studies.

The finding here that infants with HL were exposed to
IDS with similar acoustic properties to those of their NH
peers suggests that despite degraded input pre-intervention,
these HL infants still receive exposure to IDS with features
that should benefit their language acquisition. Nevertheless,
differences persist, and these differences may have implica-
tions for speech intelligibility and later language develop-
ment in this population. Further research that involves
controlling for infants’ residual hearing, HL configuration,
and fitting device is required to understand fully the source
of these adjustments in mothers’ IDS, and the potential
implications for infants’ language development.

C. Conclusion

This study has shown that the hearing status of the
infant has an impact on mothers’ IDS, and this in turn relates
to language development. The results suggest that, as a
result of infants’ impaired ability to discriminate vowels due
to HL, mothers respond by providing greater clarity by
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producing greater separation between formants in case of
vowel /a/, and reducing the separation between formants in
case of /i/ and /u/. Thus, mothers adjust their IDS in
response to their infant’s linguistic competence and needs.
Accordingly, as the less clear vowel production in IDS to
infants with HL does not have a detrimental effect on their
receptive vocabulary, it appears that mothers may provide
different didactic cues to infants with HL but, nevertheless,
didactic cues that are equally effective as those provided to
NH infants. Overall, these findings suggest that individual
components of IDS may play different attentional and lin-
guistic roles depending on infants’ linguistic competence
and individual linguistic and perceptual needs.
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APPENDIX

TABLE V. Chronological (CA) and hearing age (HA) at testing (months), HL. degree and configuration, HL device, and aetiology of HL for infants with
HL. *BCHA, bone conduction hearing aid; **BAHA, bone-anchored hearing aid. *Mild/moderate, HL on the border of mild and moderate (around 39-40
dBHL); moderate/severe, HL on the border of moderate and severe (around 69-70 dBHL); severe/profound, HL on the border of severe and profound
(around 89-90 dBHL); L, left ear; R, right ear.

ID CA (HA) HL degree Configuration Device Aetiology
1 9.2 (7.70) Mild/moderate Bilateral Hearing aids Connexion 26
4 10.59 (9.09) Mild/moderate Bilateral Hearing aids Genetic
5 9.4 (6.60) Severe/profound Bilateral Cochlear implants Congenital
6 14.6 (6.60) R: mild Unilateral BCHA* Microtia
7 29.29 (8.29) / Bilateral Hearing aids Sensory neural
8 23.83 (21.83) Mild Bilateral Hearing aids Unknown
9 12.06 (7.06) Moderate/severe Bilateral Hearing aids Birth
10 8.28 (5.78) Moderate Bilateral Hearing aids Sensorineural
11 7.17 (5.17) Moderate Bilateral Hearing aids Unknown
12 24.82 (32.32) Severe Bilateral Cochlear implants Enlarged vestibular aqueducts
13 8.25 (5.75) Mild/moderate Bilateral Hearing aids Unknown
14 21.99 (16.59) Profound Bilateral Cochlear implants Unknown (genetic history)
15 35.96 (32.86) R: moderate/severe Unilateral BCHA Microtia and atretia
16 8.02 (6.02) R: moderate Unilateral BAHA** 5 softband Microtia and atretia
18 17.06 (7.56) Moderate Bilateral Phonak sky v50 p Unknown
23 15.45 (15.45) Unilateral Hearing aid Unknown
24 24.13 (24.13) L: mild/moderate Unilateral Unaided Unknown
25 17.98 (7.53) L: severe; R: profound Bilateral Cochlear nucleus 7 processor Connexion 26
26 10.52 (10.52) R: unknown Unilateral N/a Sensorineural
29 8.09 (6.59) L: moderate/severe R: severe Bilateral Hearing aids Unknown
TABLE VI. Infants’ ages (months) at the session 1 and session 2 for infants with HL.
ID Session 1 Session 2
1 9.20 18.87
3 9.40 12.85
4 14.60 27.94
7 12.06 19.20
8 8.28 15.42
12 11.83 17.59
13 8.02 14.17
18 9.80 19.92
22 11.93 17.19
23 12.52 19.17
24 8.09 11.77
Mean age 10.52 17.64
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TABLE VII. Summary of the LME model fitted for the variability in 2 for the vowels /a, i, u/ for infants with HL.

Fixed effects Estimate SE df t-value P
Intercept 127.99 24.51 66.99 5.22 <0.001
Session2 5.07 32.48 60.00 0.16 =0.88
Vowel2 177.22 3248 60.00 5.46 <0.001
Vowel3 101.24 32.48 60.00 3.12 =0.01
Session2:Vowel2 5.06 45.93 60.00 0.11 =091
Session2:Vowel3 —59.60 4593 60.00 —1.30 =0.20
Random effects Variance SD

Participants 995.5 3091

TABLE VIII. Summary of the LME model fitted for the F2—F1 distances for the vowels /a, i, u/ for infants with HL.

Fixed effects Estimate SE df t-value P
Intercept 794.82 25.60 32.43 31.05 <0.001
Session2 9.94 30.62 586.32 0.32 =0.75
Vowel2 349.10 30.62 583.03 11.40 <0.001
Vowel3 174.33 28.80 585.01 6.05 <0.001
Session2:Vowel2 36.18 46.95 581.34 0.77 =044
Session2:Vowel3 —13.91 45.51 583.03 —0.31 =0.76
Random effects Variance SD

Participants 3016 54.92

'Given the wide age range included in this study, additional analyses of
covariance were conducted with hyper-scores for vowel area, dispersion,
and pitch as dependent variables, group as the independent variable, and
age in months as the covariate. Results yielded identical patterns to the
analyses reported above. That is, after controlling for the effect of the age
on hyper-scores, there was no significant difference across the three
groups in vowel space areas [F(2, 41)=0.586, p=0.561, 11,,2:0.028],
vowel space dispersion [F(2, 41) =0.508, p =0.606, r],,2 =0.024], and in
pitch [F(2, 42)=1.791, p=0.180, n,,2:0.080]. Importantly, there were
no significant effects of age on vowel area [F(2, 41)=0.624, p =0.434,
11,,2:0.015], and vowel space dispersion [F(2, 41)=0.154, p=0.697,
11,,2:0.004], but there was a significant effect of age on pitch [F(2,
41)=28.639, p=0.005, 11,,2 =0.174].
’See supplementary material at https://www.scitation.org/doi/suppl/
10.1121/10.0002641 for acoustic features in IDS to infants with unilateral
and bilateral hearing loss.
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