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Caregivers  modify  their speech  when  talking  to infants,  a specific  type  of speech  known  as  infant-directed
speech  (IDS).  This speaking  style facilitates  language  learning  compared  to adult-directed  speech  (ADS)
in  infants  with  normal  hearing  (NH).  While  infants  with  NH  and  those  with  cochlear  implants  (CIs)  prefer
listening  to IDS  over ADS,  it is yet  unknown  how  CI processing  may  affect  the  acoustic  distinctiveness
between  ADS  and  IDS,  as well as the degree  of  intelligibility  of these.  This study  analyzed  speech  of
seven  female  adult  talkers  to model  the  effects  of  simulated  CI  processing  on (1) acoustic  distinctiveness
between  ADS  and  IDS,  (2) estimates  of intelligibility  of  caregivers’  speech  in  ADS  and  IDS,  and  (3)  individual
differences  in  caregivers’  ADS-to-IDS  modification  and  estimated  speech  intelligibility.  Results  suggest
Cochlear implant
Acoustic distance
Speech intelligibility
Individual differences

that  CI  processing  is substantially  detrimental  to the  acoustic  distinctiveness  between  ADS  and  IDS,  as  well
as to  the  intelligibility  benefit  derived  from  ADS-to-IDS  modifications.  Moreover,  the  observed  variability
across  individual  talkers  in acoustic  implementation  of  ADS-to-IDS  modification  and  the  estimated  speech
intelligibility  was  significantly  reduced  due  to  CI  processing.  The  findings  are  discussed  in  the  context  of
the link  between  IDS  and  language  learning  in infants  with  CIs.

Published  by  Elsevier B.V.
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1. Introduction

1.1. Infant-directed speech and language learning

Caregivers around the world modify their speaking style from
adult-directed speech (ADS) to infant-directed speech (IDS) when
talking to infants (Fernald and Kuhl, 1987; Snow, 1977). Greater
exposure to IDS and some aspects of its acoustic and linguistic
properties facilitates language learning in children with normal
hearing (NH) (Cristia and Seidl, 2014; Liu et al., 2003; Song et al.,
2010; Trainor et al., 2000; Weisleder and Fernald, 2013). The sup-
portive role of IDS in infants’ language learning occurs through
several pathways, such as directing and holding infants’ attention to

speech (Fernald, 1985, 1989; Kitamura et al., 2001; Kuhl et al., 1997;
Schachner and Hannon, 2011; Wang et al., 2017, 2018a,2018b;
Werker et al., 1994), while making speech more clear by provid-
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ng more salient cues for speech discrimination (Karzon, 1985),
ord segmentation (Singh and Nestor, 2009), speech segmenta-

ion (Thiessen et al., 2005), and word learning (Ma et al., 2011).
aken together, these studies demonstrate the supportive role of
DS in infants’ early language learning. However, it is not yet clear
ow cochlear implants may  affect acoustic properties of IDS, and

ts supportive role in language learning. The present study aims to
nvestigate the effects of simulated CI processing on acoustic infor-

ation pertaining to distinguishing and recognizing words in IDS
ersus ADS.

.2. Infants’ attention to IDS

In listening to speech, infants with NH and those with CIs
emonstrate increased attention to IDS compared to ADS (The
anyBabies Consortium, 2020; Cooper et al., 1997; Fernald, 1985;
ang et al., 2017, 2018a, 2018b; Werker and McLeod, 1989;
erker et al., 1994). This effect of IDS on attention begins very

arly as observed in newborns and infants as young as 4 months old
Cooper and Aslin, 1990; Fernald, 1985; Werker and McLeod, 1989),

emonstrating the capability of infants in using subtle acoustic

nformation to distinguish IDS from ADS while having acquired
nly minimal linguistic knowledge. Multiple acoustic-phonetic
ues have been identified as potentially supporting infants’ robust
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preference for IDS over ADS, such as higher pitch (Cooper and
Aslin, 1990; Fernald, 1989), greater pitch fluctuation (Fernald and
Simon, 1984), slower speaking rate (Leong et al., 2014; Narayan
and McDermott, 2016; Song et al., 2010), and an expanded vowel
space (Burnham et al., 2015) in IDS compared to ADS. These acous-
tic cues relevant to the distinction between IDS and ADS have also
been shown for a variety of other languages (Wassink et al., 2007;
Broesch and Bryant, 2015; Kitamura et al., 2001). For instance,
Wassink et al. (2007) showed that IDS contains a higher pitch, and
greater pitch range than other clear speech styles (e.g., hyperartic-
ulated and citation-form speech) in Jamaican English and Jamaican
Creole. IDS was also acoustically distinctive from clear speech
and citation-form speech in terms of intensity (higher) and over-
all vowel duration (longer). These distinctive acoustic-phonetic
cues are manifested in spectro-temporal representations of care-
givers’ speech, which are actively incorporated through infants’
highly sensitive auditory systems to recognize IDS as distinct from
ADS (Kuhl, 2004; Maye et al., 2002; McMurray and Aslin, 2005;
Telkemeyer et al., 2009). Although IDS over ADS preference was
observed in infants with CIs (Wang et al., 2017), it is still not
clear how they are different from their peers with NH in terms of
access to spectral information involved in distinguishing IDS from
ADS. Infants with CIs may  face difficulties in resolving distinctive
acoustic information toward performing this task effectively, lead-
ing potentially to a disruption in the developmental time course
of CI infants’ attention to IDS and delayed language development,
as compared to that of NH infants. These considerations suggest a
benefit of examining how CI-related speech processing may  affect
acoustic distinctiveness and intelligibility of IDS compared with
ADS, and how this acoustic distinctiveness and intelligibility may
differ as a function of individual talkers’ speech patterns.

1.3. CI processing and acoustic distinction between IDS and ADS

Infants with CIs have access to a spectro-temporally degraded
representation of speech in their language environments, due to
limitations of electric stimulation to faithfully transmit this infor-
mation to the auditory nerve. The limited number of active channels
and the broad current spread, that causes the interaction between
channels, lead to a degraded representation of spectral informa-
tion in speech (e.g., Arenberg Bierer, 2010; Baskent and Gaudrain,
2016; Svirsky, 2017), as well as partial access to temporal fine
structure (TFS) cues (e.g., Mehta et al., 2020). Listeners with CIs
do not have access to TFS cues, which are also not available in
the vocoded speech due to a limited number of frequency chan-
nels (Lorenzi and Moore, 2008; Mehta et al., 2020). However, lack
of access to TFS-based timing cues may  not be problematic for
perception of fundamental frequency (Oxenham, 2018), which is
an important acoustic dimension for the distinction between IDS
and ADS. Therefore, it might be fair to assume that the degrada-
tion of spectral cues through CIs causes greater detrimental effects
in speech perception compared to the effects of the TFS degrada-
tion on speech understanding. Friesen et al. (2001) showed that
speech recognition in listeners with NH improved by increasing
the number of spectral channels in vocoded speech, highlighting
the effect of spectral resolution in recognition of speech in listen-
ers with CIs (Baskent and Gaudrain, 2016; Friesen et al., 2001; Fu
et al., 2005; Fu and Nogaki, 2005; Luo and Poeppel, 2007; Shannon
et al., 1995; Svirsky, 2017). Temporal resolution is also reduced
in CIs and it is mainly limited to temporal-envelope cues, which
disrupts faithful transmission of temporal fine-structure (TFS) in

speech to auditory nerves (Rubinstein, 2004; Svirsky, 2017). This
reduced spectro-temporal resolution may  negatively affect infants’
access to segmental and suprasegmental (i.e., prosodic) features of
IDS.
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Transmission of multiple speech cues are negatively affected by
he limited resolution of CIs, including pitch (Mehta and Oxenham,
017; Qin and Oxenham, 2005; Svirsky, 2017), timbre (Kong et al.,
011), and melody (Mehta and Oxenham, 2017; Zeng et al., 2014)

n talkers’ speech. These cues have been recognized as major
ttributes that distinguish IDS from ADS (Fernald, 1989; Fernald
nd Simon, 1984; Wang et al., 2017). For example, caregivers’ pitch
s identified as an important perceptual cue for children’s robust
ttention in listening to IDS (Fernald, 1985; Piazza et al., 2017)
nd was  also recognized as an important cue in distinguishing IDS
rom ADS (Fernald, and Kuhl, 1987). Higher mean pitch and wider
itch range are recognized as prosodic modifications that signal
peech directed to infants as compared to adults (Garnica, 1977;
arayan and McDermott, 2016). Talkers’ pitch further contributes

o lexical segmentation of speech in listeners with CIs (Spitzer et al.,
009), a task critical for word learning. Recognition of emotion from
peech is another important aspect in recognizing and processing
DS (Trainor et al., 2000), which relies heavily on perceiving pitch
ontour and pitch fluctuation in caregivers’ speech. These cues are
oorly perceived by listeners with CIs. For example, listeners with
Is performed worse in emotion recognition as the number of spec-
ral channels in vocoded speech was decreased (Luo et al., 2007).
nother instance of degraded representation of speech cues related

o IDS is poor perception of melodic pitch that is shown to be nega-
ively affected by reducing the number of spectral channels (Kong
t al., 2004). These findings suggest that children with CIs have
robably partial access to spectro-temporal cues in speech that
ould contribute to the distinctiveness of IDS and ADS (e.g., pitch
nd intonation). This limited access to speech cues that signal IDS
ay interfere with the connection between recognizing and lis-

ening to IDS and developing better language skills. Therefore, it is
mportant to understand how CI may  impact the acoustic distinc-
ion between IDS and ADS - a major knowledge gap that the present
tudy aimed to address based on acoustic and computational anal-
sis of simulated CI speech.

.4. Intelligibility of IDS through CI

Another possible way IDS may  foster language learning is by
aking speech more intelligible. Prior studies showed evidence

hat IDS may  provide acoustic cues that assist infants for parsing lin-
uistic units in speech. Karzon (1985) showed that the exaggerated
uprasegmental features of IDS may  provide supportive percep-
ual cues for syllabification of multisyllabic sequences. In another
tudy, infants had better long-term word recognition when the
ords were presented in IDS compared to ADS (Singh and Nestor,

009). It was  further shown that IDS facilitates word segmenta-
ion (Thiessen et al., 2005). Although evidence on intelligibility
enefits of IDS over ADS have somehow been contradictory at the

evel of segmental speech cues (e.g., Kuhl et al., 1997; McMurray
t al., 2013), there might be an intelligibility benefit associated with
ther properties of IDS (e.g., prosodic cues), similar to the effects
bserved in close analogues of a “clear speech” register (Bradlow
t al., 2003; Ferguson and Kewley-Port, 2007). Caregivers’ modifi-
ation of speaking style from ADS to IDS impacts aspects of speech
uch as pitch contour and speech rate, which have been shown to
e strong predictors of speech clarity and intelligibility (Bradlow
t al., 2003; Cutler et al., 1997; Ferguson & Poore, 2010; Ferguson
nd Quené, 2014; Peter and Robert, 2008 Spitzer et al., 2007; Wat-
on & Schlauch, 2008). Different choices of speaking style often
mpact speech rate, where a slower rate is thought to contribute
o enhanced intelligibility of clear speech compared to conversa-

ional speech both in typical listeners (Ferguson et al., 2010) and
ecipients of CIs (Li et al., 2011; Zanto et al., 2013).

Limited spectral resolution of the cochlear implant device affects
he quality by which listeners with CIs receive speech cues (Croghan
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et al., 2017; Jain and Vipin Ghosh, 2018; Peng et al., 2019; Qin and
Oxenham, 2005), which may  negatively impact CI users’ ability
to recognize words and phonemes, especially children (Grieco-
calub et al., 2010; Peng et al., 2019). Therefore, any likely beneficial
role of IDS in improvement of speech intelligibility is prone to
change when caregivers’ speech is perceived through a CI device.
Prior studies have shown that performance of listeners with CIs
is considerably poorer than listeners with NH in understanding
sentences spoken with relatively higher rate (Zanto et al., 2013),
which is an acoustic dimension signaling distinction of IDS from
ADS (i.e., slower speaking rate in IDS compared to ADS). Varia-
tion of fundamental frequency (F0) is another acoustic dimension of
the IDS-vs-ADS distinction that contributes to speech recognition
(Spitzer et al., 2009, 2007). Findings on the effect of these acoustic
properties on intelligibility of caregivers’ speech is still controver-
sial, and little is known about the effects of CI speech processing on
intelligibility of caregivers’ speech in ADS and IDS conditions. The
present study uses computational modeling approaches to address
whether IDS is beneficial for intelligibility improvement and how
this effect may  be compromised depending on listeners’ hearing
status (NH vs. CI).

1.5. Individual differences in acoustic implementation of IDS and
speech intelligibility

Listeners’ familiarity with the range of variability in voice of
individual talkers is important for robust identification and recog-
nition of individuals’ voices (Lavan et al., 2019; Souza et al., 2013).
Caregiver-specific acoustic modification is important for effec-
tive caregiver-infant interaction and significantly contributes to
infants’ recognition of caregivers’ voices both before and after birth
(Beauchemin et al., 2011; Kisilevsky et al., 2003), as well as for neu-
ral development of infants’ auditory cortices (Webb et al., 2015).
Singh (2008) showed that exposure to IDS with relatively higher
variability in vocal affects facilitates word recognition in infants
by forming a relatively wider and more generalizable lexical cate-
gory, highlighting the supportive role of exposure to a wide range of
ADS-to-IDS acoustic variation in effective processing of caregivers’
speech. The degree of acoustic variability that caregivers introduce
to their infants may  vary across individuals. The acoustic charac-
teristics of IDS reveal finer details about the unique voice timbre
of individual caregivers, which potentially contributes to infant’
identification of individual caregivers (Piazza et al., 2017). It is,
however, unclear how CI processing impacts the range of acoustic
variability within and across caregivers due to shifts in caregivers’
speaking style (i.e., ADS to IDS), a change which likely eliminates
acoustic details and potentially negatively impacts the supportive
role of IDS in recognizing caregivers’ voices. CI processing is also
detrimental to the acoustic distance of voices across caregivers,
which potentially makes distinguishing talkers from each other
more challenging for infants with CIs, compared to those with NH.
The present study aimed to investigate these questions by focus-
ing on simulating the limited resolution of CIs using noise-excited
envelope vocoder and modeling the intelligibility benefit of ADS-
to-IDS modification.

1.6. Benefits of investigations of acoustic properties of CI-related
speech processing

Studies aimed at understanding speech perception in individu-
als with CIs can be characterized as involving one of three general
approaches. The first approach examines performance of listen-

ers with NH in response to vocoded speech to simulate hearing
in listeners with CIs (Dorman et al., 1997a; Jahn et al., 2019; Mehta
and Oxenham, 2017; Qin and Oxenham, 2003, 2005). The second
method involves directly study of how listeners with CIs perform
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n various speech recognition tasks (Brown and Bacon, 2010; Kong
t al., 2005; Peng et al., 2008; Peng et al., 2019). In a third method –
he one which we focus on in the present paper – acoustic proper-
ies of simulated CI speech and unprocessed analogs are analyzed
omparatively. This comparative analysis can be facilitated through
he use of various quantitative metrics that emulate speech recog-
ition in CI users as proxies to analyze properties of CI speech and

ts perception in listeners with CIs (Jain and Vipin Ghosh, 2018; Qin
nd Oxenham, 2003; Santos et al., 2013). Analysis of simulated CI
peech and quantitative measures of speech quality and intelligi-
ility tailored to listeners with CIs provide repeatable, automated,

nexpensive, and fast tools for gaining preliminary evidence about
peech perception in individuals with CIs. As such, a comparative
nalysis method offers benefits for undertaking efficient investiga-
ions for further study, and as such provides benefits over various

ajor challenges that accompany the first two  categories of studies,
uch as participant recruitment, time, and cost.

.7. Current study

In the present study, we  analyzed unprocessed and simulated CI
peech of seven female talkers who spoke fifteen utterances both
n ADS and IDS. These pairs of ADS and IDS speech were analyzed
o examine how the limited frequency resolution of CIs may  affect
coustic distinctiveness between ADS and IDS, as well as its effects
n the estimated intelligibility of caregivers’ speech under modifi-
ations of speaking style (i.e., ADS to IDS). ADS  and IDS stimuli of
he seven female talkers were processed using noise-excited enve-
ope vocoder with different number of channels to simulate the
estricted spectral resolution and the amount of distortion in CIs
Dorman et al., 1998, 1997b; Friesen et al., 2001; Fu et al., 1998;
oizou et al., 1999; Mehta et al., 2020; Mehta and Oxenham, 2017;
in and Oxenham, 2003, 2005; Rosen et al., 1999; Shannon et al.,
995).

To examine the effects of CIs on acoustic distinctiveness
etween IDS and ADS, we  first calculated mel-frequency cepstral
oefficients (MFCCs), which have been shown in multiple stud-
es to be effective for characterizing the distinctive qualities of
DS vs. ADS (Inoue et al., 2011; Piazza et al., 2017; Sulpizio et al.,
018). Second, to quantify the acoustic distinctiveness between

DS and ADS, we calculated a Mahalanobis distance (MD) measure
ver MFCCs features. MD is a multivariate distance metric that has
een widely used to measure the distances between vectors in a
ariety of multidimensional feature spaces (Arjmandi et al., 2018;
asnan et al., 2015; Xiang et al., 2008). Third, to model how CIs
ay  influence intelligibility of caregivers’ speech, we calculated the

peech-to-reverberation-modulation energy ratio (SRMR) to esti-
ate the signal-based intelligibility of speech signals delivered to

isteners with NH (Falk et al., 2010), as well as its CI-tailored version
SRMR-CI) to model intelligibility of speech signals delivered to lis-
eners with CIs (Santos et al., 2013). These measures were examined
oth within and across speakers to model the impacts of speaking
tyles (IDS vs. ADS) and listener group (NH vs. CI) on signals’ dis-
inctiveness and estimated intelligibility. All these analyses were
mplemented in Matlab 2019a (The Mathworks Web-Site [http://

ww.mathworks.com]).
The following four specific questions were addressed in this

tudy. First, we  asked how simulated CI speech processing affects
he acoustic distinctiveness of IDS compared with ADS, particu-
arly as a function of degree of spectral degradation (i.e., number
f spectral channels) in CI-simulated speech. We  hypothesized
hat (a) CI-related speech processing significantly degrades the

coustic distinctiveness of IDS compared with ADS, and further
hat (b) increasing the number of channels would not compen-
ate for degradation imposed by CI-related processing as compared
o the unprocessed condition. Second, we  asked whether there

http://www.mathworks.com]
http://www.mathworks.com]
http://www.mathworks.com]
http://www.mathworks.com]
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is signal-based evidence that IDS may  be more intelligible than
ADS, as gauged by the SRMR metric (to simulate a NH listening
condition) or the SRMR-CI metric (to simulate a CI listening con-
dition). We  hypothesized that IDS is more intelligible than ADS,
but that estimated intelligibility would vary as a function of simu-
lated listening status (NH vs. CI). Third, we asked to what extent
the acoustic distinctiveness between IDS and ADS varies across
individual caregivers, as well as how such individual differences
might be impacted by CI speech processing, focusing on change in
the spectral resolution. We  predicted individual differences across
caregivers in acoustic implementation of the differences between
ADS and IDS; we further predicted that CI-related speech pro-
cessing would decrease the extent of acoustic distinctiveness as
a function of speech style, leading to loss of intra- and inter-subject
acoustic variability in terms of IDS vs. ADS distinctiveness. Fourth,
and finally, we asked how estimated intelligibility differences for
IDS compared with ADS vary across individual caregivers, and how
such intelligibility differs as a function of hearing status (as gauged
by SRMR vs. SRMR-CI differences to simulate effects of NH vs. CI
listening conditions, respectively). We  hypothesized that intelli-
gibility differences for IDS vs. ADS would vary across caregivers,
and that these intelligibility differences would be more similar as
estimated for CI listeners, compared with NH listeners.

2. Methods

2.1. Speech stimuli

Seven female adult native talkers of American English ranging
in age from 21 to 24 years old spoke fifteen utterances in IDS and
ADS (See Supplementary Material I for the list of stimuli). The utter-
ances were elicited to be also used in separate infant word-learning
experiments in which infants were exposed to a novel target word
(i.e., “modi”) in the context of behavioral measures of infant word
recognition to assess whether infants learned the novel word from
IDS better than ADS. To elicit stimuli, the talkers were instructed to
speak utterances as if talking to an infant (IDS condition) or an adult
(ADS condition); this procedure was similar to that used in Wang
et al. (2017; 2018a, 2018b). Acoustic properties of IDS and ADS stim-
uli were characterized using three acoustic measures of median F0
(Hz), interquartile range (IQR) of F0 (Hz), and speech rate (number
of words per second) (See Appendix A). The statistical analysis of
these three acoustic measures to assess potential significant effects
of speaking style (IDS vs. ADS) demonstrated that IDS and ADS were
significantly different across these three acoustic dimensions (cf.
Appendix A). IDS stimuli, on average, had higher median F0, greater
IQR of F0, and slower speech rate compared to ADS. These results
are consistent with prior findings showing higher F0 (e.g., Wassink
et al., 2007; Inoue et al., 2011), higher F0 variability (e.g., Inoue
et al., 2011), and slower speech rate in IDS compared to ADS (e.g.,
Leong et al., 2014; Narayan and McDermott, 2016; Song et al., 2010).
Finally, the IDS and ADS stimuli were checked auditorily by the
senior researchers of the current study and verified perceptually to
be consistent with typical IDS and ADS speech styles.

Speech stimuli were recorded using an AKG D 542 ST-S micro-
phone in a sound booth and digitized at a sampling rate of 44.1
kHz with 16-bit resolution. The distance between talkers’ mouths
and the microphone was controlled to assure the quality of the
recorded stimuli. Prior to processing as discussed below, the start
and end points of recorded utterances were manually identified
in Praat software (Boersma and Weenink, 2001) to remove pre-
ceding and following silent portions. All participants were fully

informed about the purpose and procedure of this study, and they
had given informed consent to participate. This study was approved
by the Institutional Review Boards of the Ohio State University and
Michigan State University.

s
b
s
2

52
Neuroscience Research 171 (2021) 49–61

.2. Creation of simulated CI speech

CI-simulated versions of the unprocessed stimuli were created
sing noise-excited envelope vocoder processing at six levels of
pectral degradation, corresponding to 4-, 8-, 12-, 16-, 22- and 32-
hannel noise-vocoded stimuli. The choice of number of channels
as made to cover both the actual number of channels in FDA-

pproved devices (12, 16, 22) and to query ranges of variation
anging from minimal cues used in prior studies (4, 8) out to 32
hannels to examine CI vocoder scenarios with higher spectral res-
lution. The natural stimuli consisting of spoken IDS or ADS were
rocessed in AngelSimTM Cochlear Implant and Hearing Loss Sim-
lator (Fu, 2019; Emily Shannon Fu Foundation, www.tigerspeech.
om) using 4-, 8-, 12-, 16-, 22-, and 32-channel noise-vocoding
I-simulated stimuli; the noise vocoding method followed the pro-
edure in Shannon et al. (1995). The original stimuli were first
and-passed filtered using the Greenwood function (emulating the
reenwood frequency-place map) into N (N = {4, 8, 12, 16, 22, 32})
djacent frequency channels ranging from 200 Hz to 8000 Hz. This
as implemented in AngelSimTM software by setting the absolute

ower- and higher-frequency threshold for analysis and carrier fil-
ers to 200 Hz and 8000 Hz with a filter slope of 24 dB/Oct (Fu, 2019).
hese frequency ranges are fairly close to the corner frequencies
f the Cochlear Nucleus speech processors in CI listeners cochlear
mplant devices (Crew and Galvin, 2012; Winn and Litovsky, 2015),

hich emulate the performance of average CI listeners in speech
nvelope discrimination (Chatterjee and Oberzut, 2011; Chatterjee
nd Peng, 2008). The same analysis filter and carrier filter of the
reenwood function was used to analyze white noise as a carrier
ignal (Greenwood, 1990). The AngelSim software used this setup to
xtract a time-varying amplitude envelope of speech stimuli under
ach frequency band using half-wave rectification, and then modu-
ated independent white-noise carriers. There were 210 stimuli per
peech style condition (7 talkers x 15 stimuli x 2 speaking styles).
ncluding the noise-vocoded versions of these utterances (at 4, 8,
2, 16, 22, and 32-channels), we analyzed 1470 (210 × 7 levels of
peech degradation) utterances in the present study.

.3. Using MFCC features to characterize acoustic properties of
DS and ADS

We  calculated 12 MFCCs for each speech stimulus to char-
cterize its acoustic information (Hunt et al., 1980; Imai, 1983;
haneh and Taheri, 2009). Modeling the frequency response of the
uman auditory system via MFCCs captures acoustic features that
re involved in distinguishing IDS and ADS, such as shifts in vocal
imbre (Piazza et al., 2017) and acoustic distinctiveness between
DS and ADS (Inoue et al., 2011), including in other languages (e.g.,
talian and German) (Sulpizio et al., 2018). MFCCs are also able
o effectively reflect caregivers’ emotional state and vocal affect
e.g., happiness vs. sadness, Sato and Obuchi, 2007; Slaney and

cRoberts, 1998), which are attributes that help explain infants’
references for IDS over ADS (Fernald, 1993; Horowitz, 1983;
astropieri and Turkewitz, 1999; Moore et al., 1997; Papoušek

t al., 1990; Singh et al., 2002; Walker-Andrews and Grolnick, 1983;
alker-Andrews and Lennon, 1991). Furthermore, MFCCs allowed

s to analyze spectral properties of vocoded speech, which was
ot feasible to do based on calculation of common acoustic proper-
ies such as fundamental frequency (F0), as these cues are partially
resent in CI-simulated speech (Fuller et al., 2014; Gaudrain and
askent, 2018).

Fig. 1 illustrates MFCC extraction for a sample pair of IDS-ADS

timuli in the process for measuring the acoustic distinctiveness
etween each ADS-IDS stimulus pair. To calculate MFCCs, each
timulus was re-sampled at 16 kHz using a Hamming window of
5 ms  applied to each frame, with a frame shift of 10 ms,  follow-

http://www.tigerspeech.com
http://www.tigerspeech.com
http://www.tigerspeech.com
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Fig. 1. Schematic diagram of the approach used in the present study for measuring (1) MD between pairs of MFCCs derived from pairs of IDS-ADS stimuli, and (2) intelligibility
of  IDS and ADS stimuli as estimated by SRMR value for listeners with NH and SRMR-CI for those with CIs. Note that the dashed line denotes the process for creating and
analyzing the noise-vocoded versions of the same pairs of stimuli, while N stands for the number of spectral channels in the noise-excited envelope vocoder. Blocks and
lines  with blue (dark gray) color indicate paths for processing ADS, while those with orange (light gray) color indicate paths for processing IDS. Note that SRMR and SRMR-CI
were  calculated only for unprocessed stimuli in order to estimate intelligibility for NH and CI listeners, respectively. In this figure, the waveforms and their corresponding
MFCCs are from the utterance “See the modi?” spoken by one of the seven talkers both in IDS and ADS speaking styles. SIDSij

and SADSij
are the ith pair of IDS and ADS

stimuli (i = {1,2,3,. . .,15}) for talker j (j ={1,2,3,. . .,7}). MFCCsIDSij
and MFCCsADSij

are MFCC features derived from SIDSij
and SADSij

speech stimuli, respectively. The middle
two  panels show MFCCs obtained from the frames of these IDS and ADS stimuli. MDij is the MD calculated to measure the acoustic distance between the two  matrices for

or SIDS
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MFCCsIDSij
and MFCCsADSij

. SRMRIDSij
and SRMRADSij

are the estimated intelligibility f
and SRMR-CIADSij

are the estimated speech intelligibility for the same SIDSij
and SAD

references to colour in this figure legend, the reader is referred to the web version o

ing the procedure used in Inoue et al. (2011). For each pair of IDS
and ADS stimuli (SIDSij

and SADSij
in Fig. 1), MFCCs were calculated

for all frames of these stimuli (MFCCsIDSij
and MFCCsADSij

). Here, i
indicates the index of the speech stimulus, i = {1,2,3,. . .,15},  and
j is the index for the talker, j ={1,2,3,. . .,7}.  Unlike previous stud-
ies in which a single, time-averaged MFCC vector was  calculated to
represent acoustic information in IDS and ADS (e.g., Piazza et al.,
2017), our approach took advantage of all MFCCs derived from all
frames of a speech stimuli to calculate the acoustic distinctiveness
between ADS-IDS pairs of stimuli within a multidimensional fea-
ture space, thereby preserving the details about spectro-temporal
information in speech at the level of frame. Since each analyzed pair
of IDS and ADS stimuli contained identical word strings, our analy-
sis was expected to mainly model the acoustic effects of caregivers’
speaking styles (IDS vs. ADS).

2.4. Acoustic distinctiveness quantification using Mahalanobis
Distance (MD) measure

After representing acoustic features of pairs of IDS and ADS
stimuli by calculating their MFCCs, the acoustic distinctiveness
between each pair was measured by calculating MD  on the cor-
responding MFCC matrices (i.e., MFCCsIDSij

and MFCCsADSij
) using

a 12-dimensional feature space (i.e., 12 MFCCs) (Maesschalck and
Massart, 2000; Masnan et al., 2015; Xiang et al., 2008). MD is a
multivariate statistical approach that evaluates distances between
two multidimensional feature vectors or matrices that belong to
two classes (here IDS vs. ADS) (Arjmandi et al., 2018; Heijden et al.,

2005; Maesschalck and Massart, 2000; Masnan et al., 2015). The MD
calculation returns the distance between means of two  classes (here
IDS and ADS) relative to the average per-class covariance matrix
(Maesschalck and Massart, 2000). Here, acoustic properties of each
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ij
and SADSij

speech stimuli, respectively, as heard by listeners with NH. SRMR-CIIDSij
ech stimuli, respectively, as heard by a listener with CIs (For interpretation of the
article).

lass were represented by two  feature matrices (here, MFCCs). The
arger the distance between pairs of MFCCsIDSij

and MFCCsADSij
fea-

ure vectors, the smaller the overlap between two classes of IDS
nd ADS; this corresponds in turn to greater acoustic distance (or
istinctiveness) between IDS and ADS stimuli.

Each row of the calculated MFCCs matrix for utterance i from
alker j (e.g., MFCCsIDSij

or MFCCsADSij
) corresponds to a frame of

hat utterance, and 12 MFCCs were presented on the columns of
his matrix. Therefore, the dimension of each MFCC matrix was
F x 12, where NF refers to the number of frames in that speech
timulus. The acoustic distinctiveness between IDS and ADS stim-
li for each female talker j was  computed by averaging the fifteen
D values obtained from that talker’s fifteen IDS-ADS pairs (MDj =

1
N

∑N
i=1MDij, N=15). This process was separately performed on pairs

f IDS and ADS stimuli for seven levels of spectral degradation –
nprocessed, 32-, 22-, 16-, 12-,  8-,  and/or 4-channel noise-vocoded
I-simulated stimuli – to give average MDs  used to examine (1) how
he acoustic distinctiveness between IDS and ADS stimuli changes
s a function of CI processing (and number of spectral channels), (2)
ow individual caregivers vary in acoustic distinctiveness between

DS and ADS stimuli, and (3) how the limited spectral resolution in
Is may  affect this pattern of individual differences across talker.

.5. Estimation of speech intelligibility

As shown in Fig. 1, we estimated the degree of intelligibility
f each speech stimulus as it might be experienced by listen-
rs with NH or with CIs. To approximate stimulus intelligibility

s associated with NH, we  calculated the quantitative metric of
peech-to-reverberation-modulation energy ratio (SRMR) for IDS  and
DS (unprocessed) stimuli, respectively (Santos et al., 2013). This
etric has previously been validated as an approximation of intel-
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ligibility of speech to listeners with NH in behavioral tasks (Falk
et al., 2015; Santos et al., 2013). As demonstrated by Falk et al.
(2010), there is a high correlation (>90 %) between objective mea-
sure of speech intelligibility based on SRMR ratio calculation and
subjective ratings of speech intelligibility obtained from NH listen-
ers. Further, to approximate intelligibility as might be experienced
by listeners with CIs, we used an adapted version of the SRMR
metric, which was also developed by Falk et al. (2013) to tailor
the SRMR metric for CI users; this adapted metric is known as
SRMR-CI (Santos et al., 2013). The SRMR-CI metric is based on a CI-
inspired filterbank that emulates the Nucleus mel-like filterbank.
The SRMR-CI ratio was shown to be strongly correlated with the
speech intelligibility ratings obtained from listeners with CIs (>95
%; Santos et al., 2013). These studies provided solid evidence that
these two objective metrics of speech intelligibility closely reflect
perceptual performance of listeners with NH (SRMR) and those
with CIs (SRMR-CI) in subjective ratings of speech intelligibility.

To calculate SRMR, an (unprocessed) speech stimulus was first
filtered by a 23-channel gammatone filterbank in order to emulate
cochlear function. Next, a Hilbert transform was applied to out-
put signals from each of the 23 filters in the filterbank to obtain
their temporal envelopes. Next, modulation spectral energy for
each critical band was calculated by windowing stimulus temporal
envelope and computing the discrete Fourier transform. To emulate
frequency selectivity in the modulation domain, the modulation
frequency bins were grouped into eight overlapping modulation
bands with logarithmically-spaced center frequencies between 4
and 128 Hz. Finally, the SRMR value was obtained by calculating
the ratio of the average modulation energy in the first four modu-
lation bands (∼ 3–20 Hz) to the average modulation energy in the
last four modulation bands (∼ 20−160 Hz), as explained in Santos
et al. (2013).

To calculate SRMR-CI, a 22-channel filterbank was used instead
of a 23-channel filterbank in order to emulate the structure of fil-
terbanks in Nucleus CI devices. In addition, the 4−128 Hz range
of modulation for filterbank center frequencies was  replaced by
a 4–64 Hz range to better emulate CI users’ performance (Santos
et al., 2013). Although these measures have not primarily been
developed to estimate the effect of talkers’ speaking style on speech
intelligibility, the signal processing algorithms used in these met-
rics estimate the distribution of energy in various frequency bands,
as well as other spectral properties that are expected to emulate
fairly well performance of NH and CI users in speech recognition
(Santos et al., 2013). Intelligibility of signals as estimated for differ-
ent hearing statuses (NH or CI) is inherently modeled through the
difference in algorithmic implementation of these metrics (SRMR
vs. SRMR-CI, respectively) (Santos et al., 2013).

As shown in Fig. 1, SRMR and SRMR-CI values were sep-
arately calculated (SRMRIDSij

, SRMRADSij
, SRMR-CIIDSij

and
SRMR-CIADSij

) for each pair of stimuli in IDS and ADS condi-
tions (SIDSij

and SADSij
). Intelligibility of speech stimuli produced

by talker j in the two conditions (ADS and IDS) was  summa-
rized by averaging the relevant SRMR-related values over the
15 stimuli spoken by this talker at each of these two  condi-
tions. Therefore, for talker j, four values were calculated: (i)
SRMRIDSj

= 1
15

∑15
i=1SRMRIDSij

, (ii) SRMRADSj
= 1

15

∑15
i=1SRMRADSij

,

(iii) SRMR-CIIDSj
= 1

15

∑15
i=1SRMR-CIIDSij

, (iv)

SRMR-CIADSj
= 1

15

∑15
i=1SRMR-CIADSij

. These four values for each
talker j provided an approximation of the intelligibility of IDS and
ADS stimuli spoken by this talker, as heard by listeners with NH
(SRMR and SRMR ) and by those with CIs (SRMR-CI and
IDSj ADSj IDSj

SRMR-CIADSj
). These values were then used to address (1) how the

intelligibility of speech is affected by the two separate factors of
caregivers’ speaking styles (ADS vs. IDS), as well as by (simulated)
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roup hearing status (NH vs. CI), (2) the extent to which the
egree of impact of ADS-to-IDS speaking style modifications on

ntelligibility varies across individual caregivers, and (3) how this
ariation is affected by (simulated) hearing status (NH vs. CI).

.6. Statistical analysis

We  constructed two  Generalized Linear Mixed Models (GLMMs)
n Matlab (using the fitglme function) (Matuschek et al., 2017;
uené and van den Bergh, 2008) in order to (1) identify whether
hanges in acoustic distinctiveness (i.e., MD)  between IDS and ADS
ue to CI noise vocoding were statistically significant, and (2) to
xamine the effect of speaking style (IDS vs. ADS) and simulated
earing status (NH vs. CI), and any potential interaction, on intelli-
ibility of speech (as measured by SRMR and SRMR-CI to simulate
H and CI hearing statuses, respectively). For the first GLMM,  the

peech degradation level (i.e., 4, 8, 12, 16, 22, and 32-channel, and
nprocessed) was  entered into the model as a fixed predictor, and
Ds  were defined as the response variable. The individual female

alkers and speech stimuli were defined as random effects (inter-
epts) in the model to account for quality differences that might
xist due to talker- and stimulus-specific variation. A post hoc test
sing Tukey’s multiple comparison approach (multcompare, MAT-
AB, Mathworks) was  conducted to examine statistically significant
ean differences for all possible pairwise comparisons across seven

evels of spectral degradation (4, 8, 12, 16, 22, 32-channels, and
nprocessed). In the second GLMM,  factors of speaking style (IDS or
DS) and simulated hearing status (NH or CI) were entered into the
odel as independent fixed variables; the estimated speech intelli-

ibility (cf. SRMR or SRMR-CI values) corresponded to the response
ariable in the model. Talkers and speech stimuli were entered
s random-effect intercepts in the model to account for quality
nd/or information differences that might exist due to talker- and
timulus-specific variation.

Measures of central tendency and variability (i.e., mean, stan-
ard deviation, and range) were calculated as descriptive statistics
o evaluate the degree of variability across caregivers in acoustic
mplementation of IDS and ADS. We  further calculated coefficients
f variance (CVs) for MD differences between ADS and IDS con-
itions for both unprocessed and simulated CI speech within a
2-channel noise-vocoder to examine whether variability across

ndividual caregivers in ADS-IDS acoustic distinctiveness decreased
s a function of speech degradation (unprocessed vs. 22-channel
imulated CI speech). The same analysis was performed to exam-
ne whether changes in speech intelligibility – due to an ADS-to-IDS
tyle shift – were variable across talkers and/or how variability
hanged as (simulated) listener hearing status changed (from NH
o CI). We  further calculated Pearson correlation coefficients to
xamine whether changes in acoustic distinctiveness and speech
ntelligibility due to changes in speaking style (ADS to IDS) across
egradation levels (unprocessed vs. 22-channel vocoded) and hear-

ng status (NH vs. CI) involved a linear transformation.

. Results

.1. Effects of CI-related spectral degradation on ADS-vs-IDS
coustic distinctiveness

Fig. 2 shows the mean and distribution of MDs obtained as a
unction of signal degradation that ranged from a no-degradation
i.e., unprocessed) condition to CI-simulated speech for which the

umber of spectral channels in the noise-vocoder was gradually
educed from 32 to 4. Overall, MDs  between IDS and ADS monoton-
cally decreased with decreasing numbers of spectral channels in
he noise-vocoder, thereby highlighting the detrimental effects of
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Fig. 2. The mean (bar) and ±1 standard error (vertical error bar in black) of Maha-
lanobis distance (MD) across groups of IDS and ADS stimuli at seven levels of
spectro-temporal degradation, ranging from no-degradation (natural/unprocessed)
to 4-channel noise-vocoded stimuli. Green (dark gray) circles show the mean MDs
for  each talker derived by averaging MDs  over 15 pairs of IDS-ADS stimuli for that
talker (For interpretation of the references to colour in this figure legend, the reader
is  referred to the web version of this article).

Table 1
Statistical GLMM for modeling the effect of level of speech degradation on acoustic
distinctiveness between IDS and ADS as quantified by MD.

� Estimate St. Error t Pr(>|t|)

(intercept) 6.69 0.58 11.45 0.000a

Fig. 3. Estimated intelligibility of speech stimuli spoken in IDS (orange; light gray)
and in ADS (blue; dark gray) styles (simulated) groups of listeners with different
hearing statuses: NH (estimated by SRMR) and those with CIs (estimated by SRMR-
CI). The bar graphs represent average values of SRMR or SRMR-CI over the seven
talkers. The vertical error bars in black show ±1 standard error (For interpretation
of  the references to colour in this figure legend, the reader is referred to the web
version of this article).

Table 2
Statistical GLMM for the effects of speaking style, level of speech degradation, and
their interaction on intelligibility of speech, as measured by SRMR or SRMR-CI.

 ̌ Estimate St. Error t Pr(>|t|)

(intercept) 10.37 1.34 7.74 <0.00001a

Speaking Style 3.05 0.74 4.14 <0.00001a

Level of degradation −2.23 0.74 −3.02 <0.0001a

Speaking Style:Level of −1.34 0.44 −2.87 <0.0001a
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Level of degradation −0.89 0.05 −16.54 0.000a

a The p-value was  statistically significant.

limited spectral resolution in CI devices for signal fidelity. As illus-
trated in Fig. 2, the acoustic distinctiveness between IDS and ADS
is reduced by CI speech processing systems and further reduced
through decreasing the number of spectral channels. Even the
highest-fidelity CI-simulated condition (32-channel noise-vocoded
speech) showed a substantial drop in acoustic distinctiveness
between IDS and ADS, relative to the unprocessed condition. The
average MD  across the six noise-vocoded conditions showed a
decline of approximately 67 % relative to MD  at the unprocessed
condition, indicating that a large portion of acoustic information
involved in conveying the distinction between IDS and ADS was
lost due to CI-related speech processing.

Table 1 represents the results of the GLMM analysis to test sta-
tistical significance of the effect of CI-related speech processing
on MD.  As this table suggests, the detrimental effect of CI-related
processing, as captured in the decrease in the number of spectral
channels on the distinctiveness between IDS and ADS was statisti-
cally significant (  ̌ = −0.886, t = −16.54, p < 0.0001). Post hoc testing
using a Tukey’s multiple comparison approach revealed that the
simulated effect of limited spectral resolution in CI processing on
the decrease in MDs  was statistically significant for comparisons of
all pairs of speech degradation conditions except three (32 vs. 22
channels, 22 vs. 16 channels, and 16 vs. 12 channels).

3.2. Effects of CI-related speech processing on intelligibility of
ADS and IDS

Fig. 3 shows average SRMR or SRMR-CI values estimating intel-
ligibility of ADS and IDS stimuli for NH and CI listeners. The bar
graphs show the group data, corresponding to the means averaged

across talkers. The figure suggests that speech spoken in IDS is more
intelligible than matched utterances in ADS, regardless of whether
intelligibility is estimated for listeners with NH or those with CIs.
On average, the stimuli spoken in IDS were ∼15 % more intelligi-
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degradation

a The p-value was  statistically significant.

le than those spoken in ADS for listeners with normal hearing, as
easured by the SRMR metric. This average improvement in intel-

igibility of IDS stimuli over ADS stimuli was ∼5.7 % for listeners
ith CIs, as estimated by SRMR-CI, suggesting that the supportive

ffects of IDS for speech intelligibility improvement is decreased
hrough CIs.

The results from the GLMM analysis for examining the effect of
alkers’ speaking style (IDS vs. ADS), listeners’ group (NH vs. CI),
nd their interaction on intelligibility of speech (Table 2) revealed

 significant effect of speaking style (  ̌ = 3.05, SE = 0.74, t = 4.14,
 < 0.0001). This analysis provides new evidence that IDS may
ikely improve intelligibility of caregivers’ speech to both listen-
rs with NH and those with CIs. These results further showed a
ignificant, negative effect of CI-related processing on intelligibil-
ty of caregivers’ speech (  ̌ = −2.23, SE = 0.74, t = −3.02, p < 0.0001).
n addition, a significant interactive effect between speaking style
nd listeners group was revealed by the GLMM model (  ̌ = −1.337,
E = 0.466, t = −2.865, p < 0.001), reflecting the fact that hearing
peech through CIs resulted in a smaller intelligibility gain from
DS relative to ADS than was observed in the NH condition.

Individual differences across caregivers in ADS-vs-IDS acoustic

istinctiveness and the effect of simulated CI processing

To examine individual differences across talkers in acoustic dis-
inctiveness of IDS from ADS, we  focused on MD  data from the
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Fig. 4. Variability across seven female talkers in (A) acoustic distinctiveness
between their IDS and ADS for unprocessed stimuli (Natural) and simulated CI
speech within a 22-channel noise vocoder (22CH), and (B) the change in talkers’
speech intelligibility (SI) due to a change in their speaking style (ADS to IDS), as
heard for two  (simulated) listener groups with either NH (estimated by SRMR) or
CIs (estimated by SRMR-CI). The data points (gray circles) are laid over a 1.96 stan-
dard error of the mean (95 % confidence interval) in red (rectangle area with light
gray) and 1 standard deviation shown by blue lines (vertical dark gray lines). The
solid and dotted red lines (horizontal solid and dotted dark gray lines) show the
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mean and median, respectively (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article).

individual talkers in two conditions (unprocessed and 22-channel
CI-simulated noise-vocoded speech), as shown in Fig. 4A (left vs.
right bars, respectively). Two general observations are noticeable in
this data. First, caregivers vary considerably in terms of the amount
of acoustic variability created by their ADS-to-IDS modification
(mean = 7.47, SD = 1.70, range = 5.23). For example, the ADS-to-
IDS shift in MD  for talker 2 exposes a child with NH (cf. natural,
unprocessed condition) to a much wider range of acoustic infor-
mation compared to that for talker 3. This, in turn, suggests that
a child of talker 2 would be more advantaged in learning acoustic
patterns of her caregivers’ speech compared to a child of talker 3.

The second observation is that the magnitude of this acoustic
variability significantly reduced for CI-simulated signals (mean =
3.22, SD = 0.43, range = 1.4). An analysis of coefficient of variation
(CV) revealed that the standard deviation of MD  for unprocessed
(natural) speech stimuli was 22.7 % of its mean, whereas this value
was 13.3 % for CI-simulated speech stimuli for the 22-channel
noise-vocoder. Comparing these two CV values shows that the mag-
nitude of variation in ADS-IDS acoustic distinctiveness (i.e., MD)
reduces approximately by half due to CI-related speech processing,
highlighting a major loss of acoustic information useful for recog-
nition of caregivers themselves and for distinguishing them from
other caregivers.

If  CI-simulated processing involves a linear transformation of
acoustic distinctiveness across speech styles for each talker, then
we should observe MD  differences to be significantly correlated
across natural (i.e., unprocessed) and 22-channel noise-vocoded

conditions. The Pearson’s correlation coefficient was  r(5) = 0.07
(p = 0.87), suggesting that CI-simulated speech processing did not
impact talkers’ speech proportionately in terms of the acoustic dis-
tinctiveness between their IDS and ADS. Instead, CI-related speech
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rocessing reduced the IDS-ADS acoustic distance for some talkers
e.g., talker 6) more than others (e.g., talker 4).

Individual differences across caregivers in IDS and ADS intelli-
ibility and the effect of hearing status

To examine how individual talkers vary in the effects of their
DS-to-IDS modifications on intelligibility of speech to listeners
ith NH and those with CIs, we focused on patterns of SRMR

nd SRMR-CI metrics from the individual talkers. For (simulated)
isteners with NH, SRMRs of pairs of IDS and ADS stimuli were
ubtracted for each talker and averaged over 15 pairs of ADS-
DS stimuli in order to measure the amount of change in her
peech intelligibility due to ADS-to-IDS modification (for talker j,
SRMR(IDS-ADS)j

= 1
15

∑15
i=1(SRMRIDSij

− SRMRADSij
)). Likewise, for

simulated) listeners with CI, SRMR-CIs of pairs of IDS and ADS
timuli were subtracted for each talker and averaged over 15
airs of ADS-IDS stimuli in order to quantify the amount of
hange in her speech intelligibility due to ADS-to-IDS modifi-
ation (for talker j, �SRMR-CI(IDS-ADS)j

= 1
15

∑15
i=1(SRMR-CIIDSij

−
SRMR-CIADSij

)). Thus, a positive value of this difference measure
epresents IDS being, on average, more intelligible than ADS for a
alker, showing an intelligibility benefit for IDS over ADS for that
alker.

Fig. 4B (right panel) shows the results for changes in intelligibil-
ty of speech of talkers due to modifications to speaking style. The
ar plot on the left in Fig. 4B (labeled as NH on the x-axis) presents
he difference across seven talkers in IDS-ADS intelligibility as esti-

ated for listeners with NH. The data in this scatter plot shows how
uch speech of a talker (e.g., talker 6) would be heard as more or

ess intelligible as the talker speaks the utterances or words in IDS
ompared to ADS.

Two patterns are observable in Fig. 4B. First, the change in intel-
igibility of talkers’ speech due to the speaking style modification
ADS to IDS) was fairly variable across talkers for simulated listen-
rs with NH (mean = 1.71, SD = 1.73, range = 4.97), such that this
hange was associated with relatively more intelligible speech for
ome talkers compared to others. As this plot suggests, when talk-
rs change their speaking style from ADS to IDS, not only does this
ot lead to an equal amount of change in intelligibility of speech
cross talkers, but for one talker the direction of this effect is even
lightly negative (talker 5). For the majority of talkers (6 out of 7
alkers), IDS was more intelligible than ADS (as shown by a positive
ifference value).

Second, relative to the size of the ADS-to-IDS shift for simulated
H listeners, the size of this ADS-to-IDS shift was overall consid-
rably reduced for simulated listeners with CIs (mean = 0.38, SD =
.43, range = 1.10). The bar plot on the right panel of Fig. 4B (labeled
s CI on the x-axis) presents the dispersion of change in speech
ntelligibility for each talker due to changing speaking style from
DS to IDS, as estimated for listeners with CIs. Notably, CI-related
rocessing decreases the degree of variability in speech intelligi-
ility, compared with that for NH, as expected. An analysis of CV
howed that although the mean of change in speech intelligibility
ue to ADS-to-IDS modifications was overall smaller for the simu-

ated CI condition compared to the simulated NH condition, while
he magnitude of variability was almost the same for two groups of
isteners (CV ∼=11%).  Highlighting non-linearity of effects of CI pro-
essing on speech across different talkers, there was no significant
orrelation across the seven talkers for ADS-to-IDS intelligibility
ifferences in simulated CI vs. NH listening conditions (r(5) = 0.74,

 = 0.58).
. Discussions

The present study investigated the simulated effects of CI pro-
essing on acoustic distinctiveness and intelligibility of speech
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signals as influenced by change of speaking style from IDS and
ADS. Results from the present study supported the hypothesis that
the limited spectral resolution in CIs significantly degrades acoustic
information involved in distinguishing IDS from ADS. This signifi-
cant loss of acoustic information related to the distinction between
IDS and ADS may  negatively impact infants’ recognizing IDS as dis-
tinct from ADS, leading possibly to less attention to caregivers’
speech, with potential consequences for children with CIs devel-
oping relatively poorer language skills compared to those with NH.

These results are in line with prior findings demonstrating
difficulties by listeners with CIs in distinguishing among various
speaking styles (Tamati et al., 2019). Distinguishing caregivers’
speaking styles is tied to advances in language development
(Karzon, 1985; Singh and Nestor, 2009; Thiessen et al., 2005; Wang
et al., 2017), but is made challenging when speech is degraded by
CIs and/or other undesirable sources, e.g., noise and reverberation
(Fetterman and Domico, 2002; Hazrati and Loizou, 2012; Zheng
et al., 2011). The significant elimination of IDS-related acoustic
information suggested by the present study indicates that infants
with CIs likely do not have access to a wide range of spectro-
temporal information in caregivers’ speech to foster recognizing
when speech is directed to them. As a result, these children
may  experience considerable difficulties in recognizing IDS as dis-
tinct from ADS, particularly in complex linguistic environments.
Although infants with CI have limited access to fine-grained spec-
tral cues in speech, they might be able to employ other well-coded
cues through CI devices, such as caregivers’ speaking rate, to detect
whether speech is directed to them.

Although Wang et al. (2017) showed that IDS enhanced atten-
tion to speech in infants with CIs compared to ADS, results from the
present study suggest that infants’ capability to recognize IDS from
ADS and to prefer attending to IDS over ADS is not probably com-
parable to that of children with NH and is expected to be largely
reduced. Furthermore, the fact that infants with CIs showed this
preference after 12 months of CI experience in Wang et al.’s (2017)
study highlights the possibility that the time course of developing
certain capabilities for differentiating IDS and ADS would be longer
than peers with NH and would depend on the amount of experience
with CIs.

If the results of our simulated CI speech fairly approximate the
perception of IDS and ADS utterances in infants with CIs, infants
with CIs must develop a different cue-weighting system for recog-
nition of IDS from ADS compared to infants with NH, where the
type and magnitude of the relevant acoustic cues would be possi-
bly different from what infants with NH develop. For example, in
the absence of prominent acoustic cues of IDS such as F0 (Fernald
and Mazzie, 1991; Kuhl and Meltzoff, 1999; Mehler, 1981), which
is poorly perceived through CI devices (Mehta et al., 2020; Mehta
and Oxenham, 2017; Qin and Oxenham, 2003), infants with CIs may
rely more on suprasegmental cues such as speech rate (Peng et al.,
2017) and/or periodicity in the temporal envelope (Fu et al., 2004;
Kong et al., 2004). However, perception of pitch through periodicity
in the temporal envelope is mostly limited to F0s below around 300
Hz (Carlyon et al., 2010; Kong and Carlyon, 2010), which is gener-
ally below the range of F0 variation in IDS. This lack of access to the
entire spectro-temporal cue range in IDS suggests that infants with
CIs are probably at high risk for missing IDS-related communicative
events, and thus for developing sub-optimal language skills.

Our results corroborated our hypothesis that caregivers likely
expose infants to more intelligible speech when speaking in IDS
compared to ADS, providing the first evidence on the intelligibility
benefit of IDS over ADS. This was shown using a novel application of

a recently-developed metric of intelligibility, which models intelli-
gibility of speech for listeners with NH (i.e., SRMR) and those with
CIs (i.e., SRMR-CI) (Falk et al., 2015; Santos et al., 2013). This positive
effect of IDS on speech intelligibility might be because caregivers
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rovide more clear speech by speaking louder, slower, and/or in
 hyperarticulated fashion when using IDS (Wassink et al., 2007;
azan et al., 2018; Krause and Braida, 2002; Li et al., 2011; Liu et al.,
004) These specific speaking patterns likely lead to an intelligibil-

ty benefit compared to ADS (Janse et al., 2007; Liu et al., 2004).
reater intelligibility for IDS over ADS suggests that use of IDS
uring caregiver-infant spoken communication assists infants in
etter understanding speech, conceivably supporting infants’ word

earning process through a direct link between exposure to IDS
nd improved speech intelligibility. However, the results of our
omputational study also revealed an interactive effect between
aregivers’ speaking style (ADS and IDS) and listening condition
NH or CI); this may  indicate that the size of this positive effect of
DS on caregivers’ speech intelligibility is smaller for infants with
Is compared to their peers with NH. This, in turn, may  suggest
hat the limited spectral resolution of CI devices not only disrupts
he communication of IDS-ADS-specific acoustic information, but
lso decreases the intelligibility of caregivers’ IDS, indicating that
nfants with CIs are probably not expected to benefit from expo-
ure to IDS as much as their NH peers. These results are consistent
ith prior findings demonstrating greater difficulties that adult

isteners with CIs incur in processing speech and accomplishing lex-
cal access, compared to listeners with NH (McMurray et al., 2017;
agels et al., 2020). Although prior studies demonstrated a support-

ve role of IDS on infants’ language outcomes, to our knowledge, this
s the first study that provides evidence showing the detrimental
ffects of the CI speech processing on the supportive role of IDS in
peech understanding.

Prior studies on speech recognition in listeners with CIs have
ighlighted the importance of further examining patterns of indi-
idual differences, in addition to group differences (Dilley et al.,
020; Nagels et al., 2020; Peng et al., 2019; Spencer, 2004; Szagun
nd Schramm, 2016). Our investigation of patterns of individual dif-
erences across caregivers in acoustic distinctiveness between IDS
nd ADS and the simulated effect of limited spectral resolution in
I on these patterns highlighted multiple important observations.
he first observation relates to the amount of acoustic variability
roduced by each talker due to changing speaking style from ADS
o IDS. The amount of resultant acoustic variability varied across
alkers, indicating that infants would experience different language
nvironments in terms of qualities of their caregivers’ speech. This
s expected to result in some caregivers’ exposing infants to rela-
ively larger ranges of acoustic information, as compared to others,
hich would foster their infants’ speech processing and language

cquisition by assisting infants in more robust recognition of their
aregivers’ voices (Beauchemin et al., 2011; Kisilevsky et al., 2003),
s well as better development of auditory cortical processing for
anguage development (Webb et al., 2015). Similar to the recent
ndings by Dilley et al. (2020), these results also suggest that IDS

s not always readily distinguishable from ADS, due to the fact that
aregivers vary in implementation of IDS. As such, these results con-
rm that conditions for recognition of IDS by infants is not always
ptimal (Piazza et al., 2017) and might differentially affect language
utcomes for infants with CIs (Dilley et al., 2020).

More importantly, the size of the ADS-IDS acoustic difference
as  considerably reduced for each caregiver as her speech passed

hrough a CI simulator, indicating that infants with CIs might have
ccess to a much narrower range of acoustic variability in the voices
f their caregivers, as compared to their peers with NH. This large
ecline in the degree of acoustic variability in caregivers’ voices
ay negatively impact infants’ robust identification of their care-

ivers’ voices, thereby preventing their gaining the maximal benefit

rom language input that may  be available in their linguistic envi-
onments. In fact, encoding and learning these cues is crucial as they
oth significantly contribute to infants’ familiarity with ranges of
coustic variation in talkers’ speech and their robust performance
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in understanding speech, despite of multiple sources of variability,
such as talker variation (Allen et al., 2009; Eskenazi, 1993), language
context (Mattys, 2000; McMurray and Aslin, 2005; Miller, 1994),
speech rate (Sommers et al., 1992), and background noise and/or
reverberation (Hawkins, 2004). Thus, infants with CIs are probably
at risk for partial learning of subtle voice cues specific to their care-
givers, as reflected in the spectral and temporal fine-structures of
their voices.

Acoustic implementation of ADS-to-IDS modification varies
across individual caregivers, which may  differentially impact
infants’ understanding of speech, and thus their language out-
comes (Dilley et al., 2020; Hoff, 2006; Weisleder and Fernald,
2013). Results from the present study showed that individual talk-
ers varied in the effect of their speaking style modification on
estimated speech intelligibility, which may  suggest that modifi-
cation of speaking style from ADS to IDS does not always cause an
equal degree of improvement in intelligibility of caregivers’ speech.
Notably, our results showed that this variability across caregivers
in the impact of their speaking style modification on the estimated
speech intelligibility was reduced due to limited spectral resolution
in CIs. In the present study, we only studied variability across care-
givers in acoustic information and the estimated intelligibility of
their IDS compared to ADS, whereas caregivers of infants with CIs
may  vary in other aspects of spoken communication such as ges-
tural and proprioceptive behaviors, which very likely change the
degree of intelligibility by which infants eventually perceive care-
givers’ speech (Kirk et al., 2007; Kirk and Pisoni, 2002; Lachs et al.,
2001).

These findings can be further interpreted in the context of
spectro-temporal information available to infants’ auditory sys-
tems, which is very sensitive to subtle changes in speech acoustics
(Jusczyk et al., 1999; Kuhl, 2004). When infants’ accessibility to
fine-grained spectral and temporal structures in speech is largely
compromised because of limited spectral resolution in CIs and CIs’
limitation in transmission of timing cues from the TFS of resolved
harmonics, they may  not be able to readily recognize and attend
to rich IDS. In the absence of this spectral fine structure at the out-
put of CI electrodes, infants must rely on course-grained cues in
the speech envelope, such as temporal envelope periodicity (Green
et al., 2002; Moore, 2003) or cues from other sensory modalities
(e.g., visual and tactile; Green et al., 2010; Rohlfing et al., 2006) in
order to recognize IDS from ADS. This likely increases the cognitive
load in processing speech particularly in complex auditory environ-
ments, and could therefore negatively contributes to the observed
poor language outcomes in some children (Davidson et al., 2014;
Dunn et al., 2014; Geers et al., 2011, 2016; Houston et al., 2003,
2012; Miyamoto et al., 2003; Niparko et al., 2010; Pisoni et al., 2007,
2018).

The present study used a within-talker manipulation of speech
style to investigate how limited spectral resolution in CIs may  affect
processing of speech style shifts which are tied to language devel-
opment, namely IDS vs. ADS signals. While the study involved a
sizeable number of individual utterances with control of phonetic
properties within talkers, the amount of speech collected from
each of the seven talkers was relatively small. Further work will
be needed to test how these results extend to a larger sample of
talkers with utterances with more varied segmental and lexical
composition. Furthermore, studying natural IDS and ADS would
be ideal; however, it is difficult to control the content and quality
of the speech collected from naturalistic environments. Impor-
tantly, studies based on simulated CI speech and computational
models of human hearing provide valuable evidence for under-

standing speech perception in listeners with normal and impaired
hearing (Litvak et al., 2001; Mehta et al., 2020; Rubinstein et al.,
1999; Throckmorton and Collins, 2002). Findings from these stud-
ies should be viewed as evidence for general trends, rather than

i
m
t
p

58
Neuroscience Research 171 (2021) 49–61

he actual performance of listeners with CIs, subject to further
nvestigation. Although we  simulated limitation of CIs in spectral
esolution by changing the number of channels in noise-vocoded
peech, the effect of other aspects of CI processing on spectral reso-
ution, such as channel interactions (i.e., steepness of spectral slope)
Crew and Galvin, 2012; Mehta et al., 2020), requires further inves-
igation. Additionally, metrics of speech intelligibility of SRMR and
RMR-CI have been validated for adult listeners with CIs and are not
irect estimates of speech intelligibility, which is very likely differ-
nt from what infants with CIs experience in terms of recognition of
tterances. Considering these limitations, the results should not be
aken as the final determination of how children with CIs perform
n recognition between IDS and ADS and how ADS-to-IDS modifi-
ation impacts the degree of intelligibility of caregivers’ speech to
hildren with CIs.

Despite these limitations, the simulated results from the present
tudy may  suggest that, compared to infants with NH, infants with
Is could be disadvantaged in perceiving IDS and acquiring spo-
en language due to multiple factors. First, partial transmission of
pectro-temporal cues because of limited spectral resolution likely
ecreases the supportive role of IDS in infants’ language learn-

ng by weakening the link between attending to IDS and speech
omprehension. In fact, degraded representation of spectral infor-
ation that contributes to acoustic distinction between IDS and
DS in CIs may  have detrimental effects on infants’ ability to pay
ttention to caregivers’ speech, something that is a fundamental
ognitive skill for spoken language acquisition (Bergeson, 2014;
lenn et al., 1981; Houston et al., 2003; Rottmann and Zobrist,
004; Wang et al., 2018a). It is worth mentioning that infants’

anguage learning involves incorporating information from mul-
iple intertwined communication dimensions (i.e., visual, social,
actile, and emotional), which creates a very rich channel for learn-
ng language through infant-directed speech (Gogate et al., 2000;
omikou and Rohlfing, 2011), even in the absence of major spectral
ues such as talker’s F0 in the output of CI electrodes. Our findings
urther suggested that CIs diminish the likely benefit of exposure
o more intelligible IDS, as compared to ADS, which may  negatively
mpact infants’ abilities to process caregivers’ speech, possibly with
urther significant downstream consequences for later language
kills. Last but not least, our simulated results may  suggest that,
ompared to infants with NH, infants with CIs have access to a
elatively narrower range of acoustic information (corresponding
o smaller acoustic variability) in their caregivers’ speech, which
robably leads to experiencing greater difficulties in robust iden-
ification and recognition of their caregivers’ voices (Beauchemin
t al., 2011; Kisilevsky et al., 2003; Lavan et al., 2019), as well as
ossibly developing poorer word recognition skills (Singh, 2008)
nd an impaired auditory system for language processing (Webb
t al., 2015). Despite the reduced ADS-vs-IDS distinctiveness, intel-
igibility, and variability of vocoded IDS, it is possible that children

ith CIs may  have developed certain coping/adapting strategies to
itigate the degraded speech input. For example, it is possible that

hildren with CIs may  have higher sensitivity (lower threshold) to
he acoustic cues than children with NH.

In summary, the current study used computational and signal
rocessing approaches in order to provide new evidence for how
I-related speech processing may  impact recognition of IDS from
DS in children with CIs, as well as how these style differences
ay  affect intelligibility benefits derived by style shifts from ADS

o IDS. These findings provide solid grounding for developing new
erceptual studies to test abilities of infants with CIs to recog-
ize their caregivers’ speaking style (ADS vs. IDS) and to recognize
ntelligible words in caregivers’ speech. Focusing on computational
etrics as undertaken here provides an important complement

o costly, complex, labor-intensive perceptual studies. The results
rovided preliminary evidence for how CI-related speech process-
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ing may  alter the pathway from exposure to IDS to processing
speech and, by extension, the acquisition of language by children
with CIs compared to that of their NH peers in two  ways: (1) mak-
ing it possibly harder for children with CIs to recognize IDS from
ADS, (2) decreasing the ADS-to-IDS intelligibility benefit. The most
direct and immediate implication of these findings is the impera-
tive need to improve signal processing in CI devices to assure the
faithful transmission of acoustic cues relevant to identification and
recognition of IDS from ADS. Until then, the major clinical implica-
tion of these findings is that the maximum benefit from exposure
to IDS for language learning in infants with CIs requires caregivers’
active use of multimodal (i.e., gesture, tactile, visual, social, and
emotional) communicative behaviors in order to compensate for
the degraded representation of acoustic information relevant to IDS
and to support its robust perception.
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