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Home Auditory Environments of Children With Cochlear
Implants and Children With Normal Hearing

Yuanyuan Wang,' Molly Cooke,' Jessa Reed,' Laura Dilley,? and Derek M. Houston'-

Objectives: Early home auditory environment plays an important role
in children’s spoken language development and overall well-being. This
study explored differences in the home auditory environment experi-
enced by children with cochlear implants (Cls) relative to children with
normal hearing (NH).

Design: Measures of the child’s home auditory environment, including
adult word count (AWC), conversational turns (CTs), child vocaliza-
tions (CVs), television and media (TVN), overlapping sound (OLN), and
noise (NON), were gathered using the Language Environment Analysis
System. The study included 16 children with Cls (M = 22.06 mo) and 25
children with NH (M = 18.71 mo). Families contributed 1 to 3 daylong
recordings quarterly over the course of approximately 1 year. Additional
parent and infant characteristics including maternal education, amount
of residual hearing, and age at activation were also collected.

Results: The results showed that whereas CTs and CVs increased with
child age for children with NH, they did not change as a function of age
for children with Cls; NON was significantly higher for the NH group. No
significant group differences were found for the measures of AWC, TVN,
or OLN. Moreover, measures of CTs, CVs, TVN, and NON from children
with Cls were associated with demographic and child factors, including
maternal education, age at Cl activation, and amount of residual hearing.

Conclusions: These findings suggest that there are similarities and dif-
ferences in the home auditory environment experienced by children with
Cls and children with NH. These findings have implications for early
intervention programs to promote spoken language development for
children with Cls.
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INTRODUCTION

Universal newborn hearing screening and early cochlear
implantation provide unique opportunities for deaf children to
gain early access to auditory and linguistic input. Despite the
advances in the cochlear implant (CI) technology to improve
hearing experience, many children with CIs who learn spoken
language still lag behind their peers with normal hearing (NH)
in many domains, including linguistic skills, cognitive abilities,
and social competence (e.g., Niparko et al. 2010; Conway et al.
2011; Geers et al. 2011; Holt et al. 2012; Houston & Bergeson
2014; Lund 2016; Bharadwaj & Mehta 2016; Monroy et al.
2019). For example, a meta-analysis showed that children with
CIs had a smaller spoken vocabulary size as compared with
their peers with NH (Lund 2016). This raises significant con-
cerns as underdeveloped linguistic and cognitive skills during
early development may lead to later behavioral problems and
academic underachievement, resulting in significant personal
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and societal burdens (Mohr et al. 2000; Meinzen-Derr et al.
2020). Nevertheless, much of the variability in child devel-
opmental outcomes is not explained by conventional factors
associated with demographic, CI device, and medical variables
(Peterson et al. 2010; Geers et al. 2011). Understanding the
sources of variability will provide important information for
effective early intervention services. Therefore, it is critical to
identify other factors that may shape consequential differences
in the developmental outcomes of children with CIs. The pri-
mary purpose of this study was to explore characteristics of the
home auditory environment—an important factor influencing
child spoken language development—experienced by children
with CIs relative to their peers with NH.

Home Auditory Environment and Developmental
Outcomes of Children With NH

According to the social interactionist theory, language
acquisition depends critically on the interaction between the
developing child and their social environment (Vygotsky
1996). Children learn language out of a desire to communicate
with their ambient environment. Language emerges from, and
is dependent on, exposure to environmental input from which
the child is being reared. Note that this theory recognizes the
importance of both environmental and biological factors in lan-
guage development (Piaget 2002). There is no doubt that home
environment constitutes one of the most important early social
environments for developing children. It is well documented
that early home auditory environment, including both linguis-
tic and nonlinguistic input, influences children’s overall devel-
opment and well-being (Zimmerman et al. 2009; Greenwood
et al. 2011; Weisleder & Fernald 2013; Gilkerson et al. 2018;
Romeo et al. 2018).

In their landmark study, Hart and Risley (1995) recorded and
transcribed monthly hour-long interactions between caregivers
and their children who were between 10 and 36 mo. The number
of words the caregivers spoke to children significantly predicted
the child’s later language and cognitive development. Similarly,
Huttenlocher et al. (1991) examined the relationship between
exposure to caregiver speech and children’s early vocabulary
growth from children between 14 and 26 mo of age. They found
that the amount of maternal speech to their children was posi-
tively correlated with the child’s vocabulary growth rate.

In the past decades, limited by technology, researchers
approached this question by mainly examining a small amount
of sample due to the time and efforts it required for data col-
lection, coding, and processing. However, with the develop-
ment of automatic speech processing technology, new tools
became available which allow for automated collection and
analysis of daylong speech samples from the home environ-
ment. Among these tools, the Language Environment Analysis
(LENA) System (Christakis et al. 2009; Xu et al. 2009;
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Zimmerman et al. 2009) is probably the most widely-used
tool. The LENA system consists of a digital recorder and soft-
ware package that automatically processes the audio. It allows
for up to 16hr of continuous recording of speech data col-
lected close to the target child who wears the LENA recorder.
Once the data collection is completed, the LENA software
automatically uploads and analyzes the auditory data and
generates measures of different aspects of the child’s audi-
tory environment. These measures include adult word count
(AWC; the total number of adult words spoken near the target
child who wears the device), CTs count (the total number of
conversational interactions the child engages in with an adult
in which one speaker initiates and the other responses within 5
seconds), and child vocalization count (CVs; the total number
of speech-like utterances produced by the child). In addition
to the human speech signal, the LENA software also generates
other classifications, including TV and media (TVN; audio
from a television or other electronic sources), noise (NON;
rattles, bumps, and other nonhuman signals), and overlapping
speech (OLN; segments with overlapping speech). Previous
research has consistently shown that LENA’s automated mea-
sures are associated with child language and cognitive out-
comes (Wang, Williams et al. 2020).

Since its introduction in 2009, the LENA system has been
used for measuring various aspects of the child’s home auditory
environment. For example, in a large-scale longitudinal study,
Gilkerson et al. (2017) collected monthly daylong recordings
from 329 children with NH between 2 and 48 mo of age using
the LENA system. The language and cognitive skills of these
children were assessed every 2 or 6 mo. They showed that AWC,
CTs, and CVs calculated by LENA’s automated algorithm were
significantly positively correlated with language and cognitive
measures. Moreover, neural evidence indicated that children
with NH who experienced a larger number of CTs showed
greater brain activation during speech processing, which medi-
ated the relationship between CTs and language outcomes
(Romeo et al. 2018). Recent meta-analytical work examining
the ability of the automated measures from the LENA System
to predict language outcomes has also demonstrated a small-to-
medium size positive association between AWC (» = 0.21) and
child language, and medium-size positive associations between
CTs (r = 0.31) and CVs (r = 0.32) and measures of language,
regardless of the child’s developmental status (Wang, Williams
et al. 2020).

Nevertheless, not all factors in the child home auditory
environment are beneficial for child development; some
auditory signals, including television and electronic media,
noise, and overlapping sound may negatively impact informa-
tion processing and developmental outcomes (Zimmerman
et al. 2009; Tomopoulos et al. 2010; Klatte et al. 2013). For
example, each hour of television exposure to children mea-
sured by LENA was associated with a 2.68 decrease in the
Preschool Language Scale (Zimmerman et al. 2009). It has
been hypothesized that in the presence of electronic media,
caregivers may provide a reduced amount of linguistic input
and engage in fewer high-quality interactions with their chil-
dren, leading to reduced learning opportunities (Zimmerman
et al. 2009; Ambrose et al. 2014). There has also been much
discussion on the adverse effects of auditory noise on many
aspects of child development (Haines et al. 2001; Klatte et al.
2013; Erickson & Newman 2017). Although there is limited

research on the direct impact of auditory noise at home on the
developmental outcomes in young children, previous research
has shown that chronic noise exposure both at home and at
school negatively impacts reading and long-term cognitive
processes in school-age children (Evans 2006). Wachs (1978)
also demonstrated that 12- to 14-mo-old boys in noisier homes
had deficits in intellectual functioning measured at 31 mo of
age as compared with the boys of the same age in quieter
homes. The noise may impair children’s ability to learn, either
by providing less information for learning, or making listening
particularly challenging. For example, noise may cover up tar-
get speech, causing an incomplete representation of the infor-
mation carried by the target speech. Moreover, understanding
speech in noise may be cognitively demanding, as it requires
listeners to focus their attention on a particular stimulus while
filtering out other stimuli. This is particularly challenging for
young children, whose ability to filter out unattended stimuli
is still under development during childhood (Conway et al.
2001; McMillan & Saffran 2016).

Taken together, the results of these studies suggest that the
home auditory environment consists of both linguistic and
nonlinguistic factors that may positively or negatively impact
child development outcomes. Note the properties of the child’s
auditory environment are not static, rather, they may change
across development, and may be influenced by factors including
family socioeconomic status (SES) (Huttenlocher et al. 1991;
Hart & Risley 1995; Gilkerson et al. 2008). For example, in
the Natural Language Study including 334 children with typi-
cal development between 2 and 48 mo, the LENA Foundation
showed that whereas the AWC did not change as a function of
child age, the CTs between caregivers and the child and the
CVs increased significantly with child age (Gilkerson et al.
2008). Family SES has also been shown to be correlated with
language input (Huttenlocher et al. 1991; Hart & Risley 1995;
Pace et al. 2017). For example, less educated parents or parents
in low-income homes, proxies for low SES, talk and interact
with their children less frequently, compared with parents from
higher SES families (Hart & Risley 1995), although see Sperry
et al. (2019) for different findings. Therefore, research examin-
ing children’s home auditory environment should also take into
account these and other factors that may influence the charac-
teristics of the home auditory environment.

Home Auditory Environment and Developmental
Outcomes of Children With Hearing Loss

In addition to child age and family SES, the home auditory
environment may also be affected by the child’s hearing status,
as there is likely a bidirectional relationship between child char-
acteristics and their environment. For example, children who
are more proficient language users possess better skills at ini-
tiating or participating in conversations, resulting in caregivers
providing more linguistic input within conversational interac-
tions (Hoff-Ginsberg 1986; Hoff-Ginsberg 1994). Children
with hearing loss, in general, demonstrate reduced linguistic
and communicative abilities (Niparko et al. 2010; Geers et
al. 2011; Houston & Bergeson 2014; Lund 2016), which may
interrupt the natural communication or joint attention between
the caregiver and their child (Cejas et al. 2014; Wang et al.
2018). Indeed, empirical evidence has demonstrated differences
in the amount and quality of speech directed to children with
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CIs as compared with children with NH in laboratory settings
(Bergeson et al. 2006).

While much information about the home auditory environ-
ment of children with NH and its relationship with developmen-
tal outcomes is available, researchers have only recently begun
to explore the role of the home auditory environment on the
development outcomes in children with hearing loss (Ambrose
et al. 2014; Vohr et al. 2014; Ambrose et al. 2015; Arora et al.
2020; Yoshinaga-Itano et al. 2020). In one such study, Vohr et
al. (2014) used the LENA system to examine the language envi-
ronment of 23 children with hearing loss who were between 32
and 46 mo. They showed that a larger number of CVs, higher
percentage of language (including adult and CVs and distant
speech and unclear speech, CTs, and monologs), and higher
percentage of meaningful language (including adult and CVs)
were associated with higher expressive language scores, even
after adjusting for nonverbal intelligence. Using the LENA
system, Ambrose et al. (2014) collected daylong recordings of
auditory environments of 28 children with mild to severe hear-
ing loss. The findings showed that the quantity of CTs was posi-
tively associated with children’s communication outcomes at 2
and 3 years of age; however, the amount of electronic media
exposure (TVN) generated by the LENA system was negatively
associated with receptive language abilities at 2 years of age.
Similarly, Busch et al. (2020) showed that increased music
exposure obtained from the data logs of CI processors was cor-
related with poorer receptive vocabulary. Children with hearing
loss may also be particularly vulnerable to noises in the ambient
environment, due to the less optimal speech signals received by
the hearing devices. Although there is no direct evidence show-
ing a relationship between noise exposure at home and devel-
opmental outcomes in children with hearing loss, research has
shown that noise may disproportionately affect speech process-
ing in children with hearing loss. For example, kindergarteners
with CIs showed poorer speech recognition in noise as com-
pared with their peers with NH (Caldwell & Nittrouer 2013);
furthermore, both children with CIs and children with HAs
required a high signal-to-noise ratio to achieve a similar level of
performance as their peers with NH (Lewis et al. 2016).

Despite these findings, very little is known about the prop-
erties of the real-world auditory environment experienced by
young children with CIs as compared with children with NH.
Therefore, knowledge of the properties of the auditory environ-
ment experienced by children with CIs, amenable factors that
can be adjusted by empowering and involving parents, is much
needed to inform new strategies for early intervention (Moeller
et al. 2013). Previous studies on the home auditory environment
experienced by children with hearing loss tend to combine chil-
dren with CIs and children HAs in the same group largely due
to small sample size (Rufsvold et al. 2018); the heterogeneity of
the participants could introduce potential confounds that com-
plicate the interpretations. Moreover, previous study focused on
the linguistic signals in the environment, and research exam-
ining potentially adverse signals, including TV and media
sounds, noise, and overlapping sounds, is relatively rare. It is
most important to note that, previous study with children with
CIs did not examine the developmental changes of the char-
acteristics of auditory environment. Note that children’s audi-
tory environment and their access to the auditory information
may change from time to time (Busch et al. 2017; Wiseman &
Warner-Czyz 2018); therefore, only a longitudinal design could

provide unique insight and capture differences in the changes
during development that may have significant implications for
developmental outcomes for children with CIs.

Research Questions and Predictions

The goal of this present study was to examine the charac-
teristics of the home auditory environments experienced by
children with CIs relative to children with NH. Specifically, we
asked two questions:

1. What are the characteristics of the home auditory envi-
ronment experienced by children with ClIs, relative to
children with NH?

2. Which child and family factors are associated with the
variability in the home auditory environments of children
with CIs?

To answer these questions, we collected longitudinal day-
long recordings of the home auditory environments of chil-
dren with NH and children with CIs using the LENA system.
Moreover, we collected a variety of child and parent charac-
teristics, including maternal education, family income, child
hearing and medical history. We predicted that children with
CIs may experience a different home auditory environment as
compared with children with NH. Moreover, some child and
family characteristics may explain variability in the home audi-
tory environment experienced by children with Cls.

MATERIALS AND METHODS

Participants

A total of 41 children and their caregivers participated in
the study. Families lived in Midwestern towns in the United
States and spoke English as the primary language. The CI group
consisted of 16 children (10 male and 6 female). They were
recruited from a CI program in a university medical center and
advertisements posted on social media. The children with Cls
all had bilateral severe to profound hearing loss (M = 103 dB
HL measured by unaided pure tone average in the better ear);
had at least one CI activated by age 2 years; and their families
had chosen spoken language as the primary communication
goal (7 families were spoken only; 4 families were primarily
spoken with ASL support, and 5 families were primarily spo-
ken with some sign support). The control group consisted of 25
children with NH (11 male and 14 female), recruited from ads
posted on social media. The children with NH had NH per fam-
ily report and no known history of language or hearing impair-
ment. Experimenters informed caregivers of the broad interests
and potential (minimal) risks of the study during the consent-
ing process. The recruitment strategy and materials, and the
study protocol were approved by an Institutional Review Board.
Additional group characteristics for the children with ClIs and
the children with NH are shown in Table 1.

Procedure

We used the LENA system to collect daylong recordings of
children’s auditory environment during a typical day at home.
We chose to use the LENA system for the following reasons:
(1) data collection using LENA was less obtrusive than in-
person data collection thus ensuring that samples were rela-
tively more authentic; (2) it allowed for automatic processes
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TABLE 1. Demographic and child characteristics for children with
cochlear implants (Cls) and children with normal hearing (NH)

Variable Cl(n=16) NH (n=25)

6(37.5%) 14 (56%)
22.06 +5.20 18.71x 7.58
15.46 + 2.81 15.52 + 1.76

4 (25%) 7 (28%)

Child gender (female)

Child age

Maternal education (years)
>17 (Graduate school)

16 (College degree) 5 (31.25%) 9 (36%)
13-16 (Some college) 5(21.25%) 7 (28%)
<12 (High school or less) 2 (12.5%) 2 (8%)

Household income

>100 k 4 (25%) 6 (24%)
75-99 k 6 (37.5%) 6 (24%)
50-75 k 2 (12.5%) 7 (28%)
<50 k 3 (18.75%) 4 (16%)
Not reported 1(6.25%) 2 (8%)

Audiological information

Age at Cl fitting (mo) 14.03 + 3.73 NA

Duration of Cl use (mo) 8.01 +£4.42 NA
Better ear PTA (dB HL) 103.23 + 19 NA
Communication Mode (Spoken Only) 7 (46.7%) NA

Child and maternal characteristics are presented as percentage or mean + SD. Better ear
PTA: better ear unaided pure-tone average measured before implantation (across the fre-
quencies of 250, 500, 1000, 2000, and 4000 Hz).

Cl indicates cochlear implant; NH, normal hearing.

and analysis of massive-scale naturalistic sounds occurring in
the home environment; and (3) LENA’s automated measures
have been shown to predict measures of child language (Wang,
Williams et al. 2020).

All families received a LENA DLP and a LENA vest and
were given a demonstration of their use. Paperwork, includ-
ing questionnaires and full instructions on device use, were
included in the packets that were sent home along with return
packaging. Parents were asked to begin recording as soon as the
child got up and to have the child wear the device in the vest
for a full day. Parents were encouraged to keep the vest close
to the child if the child took it off and at bath or sleep times. To
protect their privacy, families were given the option to pause
and resume recordings or to have their recordings deleted and
not included in the study after the fact.

Two questionnaires were completed with each LENA record-
ing for use in human interpretation of the data, not included
here: one daily log and one weekly log. Parents used the daily
logs to note recording start and end times, bedtime, as well as
any pauses and a general list of the recording day’s activities
and their locations. The weekly logs asked parents to list, by
day of the week, any weekly activities (e.g., play groups, speech
therapy, and religious services) that their child regularly par-
ticipated in at the time of the recording. Families were compen-
sated $25 per LENA recording and an additional $5 for both
questionnaires.

Measures

We extracted measures that characterize different aspects of
the child’s auditory environment from the LENA software for
each recording. The measures included in the analyses were as
follows: (1) AWC: the total number of adult words spoken near
the target child; (2) CTs: the total number of conversational
interactions between the target child and the caregivers in which
one speaker initiates and the other response within five seconds;

(3) CVs: the total number of speech-like segments produced by
the target child; we included CVs because child vocal develop-
ment reflects the adult language model and is driven by interac-
tions with their social partners (Moeller et al. 2007). In addition,
according to auditory feedback models, hearing one’s own
voice allows the child to evaluate their production relative to the
adult production, and is required for vocal learning (Brainard &
Doupe 2000). (4) TVN: the duration of all segments classified
by the LENA software as electronic media; (5) NON: the dura-
tion of all segments classified as nonspeech noise; (6) OLN: the
duration of all segments with overlapping sounds. Because the
duration of recordings varied, we normalized the measures of
interest by the recording duration, resulting in AWC per hour,
CTs per hour, CVs per hour, and percent of each recording clas-
sified as TVN, NON, and OLN.

Families contributed 1 to 3 recordings quarterly over the
course of approximately 1 year, with a total of 137 record-
ings. Three recordings were excluded because the duration of
these recordings was shorter than 4 hr, the minimum duration
for LENA’s algorithm to provide reliable measures. In addition,
four recordings were excluded because the recordings were
conducted in the child’s daycare. To keep the age ranges com-
parable between the NH and the CI group, we only included
recordings collected when the children were between 11 and 33
mo of age. Therefore, we excluded 22 recordings and included
108 recordings in the final analysis. The number of recordings
ranged from 1 to 11 per family (M =2.63, SD = 1.92). The age
at recording ranged between 11.13 and 31.96 mo (M = 20.45,
SD = 5.54); the duration of the recordings ranged from 4.31 to
16hr (M = 14.31, SD = 2.85). Children with NH were slightly
younger than children with Cls, #36.75) = 1.91, p = 0.064;
maternal education did not differ between the two groups,
#(39) = 0.004, p = 0.997. Descriptive characteristics of the
recordings and measures of auditory environment for the chil-
dren with CIs and children with NH are shown in Table 2.

Statistics

All analyses were conducted in the R environment (R Core
Team 2014). Before any analysis, we applied logarithm trans-
formation (Bartlett & Kendall 1946; Adikaram et al. 2015) to all
measures of child auditory environment for the following rea-
sons. First, it is possible that the relationship between the inde-
pendent and dependent variables may not be linear; using the

TABLE 2. Measures of child auditory environment

Group Cl(n=16) NH (n = 25)
Average recording number/child 3.50 2.08
Number of recordings 56 52
Duration of recordings (hr) 15.02 + 2.04 13.54 £ 3.37
AWC 962.0 + 542.98 1193.6 + 579.28
CTs 34.70 + 18.74  44.49 + 29.52
CVs 158.07 + 74.89 138.97 + 78.12
TVN 11.76% £ 12.73  5.36% + 4.75
NON 2.41% £1.10 9.34% +12.32
OLN 12.21% £5.79  14.62% +7.12

Measures of the auditory environment are presented as mean + SD.

AWC indicates number of adult word count per hour; Cl, cochlear implant; CTs, number
of conversational turns per hour; CVs, number of child vocalizations per hour; NH, normal
hearing; NON, percentage of noise; OLN, percentage of overlapping sounds; TVN, per-
centage of TV and media.

Copyright © 2021 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



187ZIMNZIDBPXZOBBqeOATOAEIOYIASALLIAIPO0AEIEAHIOII/AO AUMY TXOMA

DUOINXFOHISABZIYTCA+eyNIOITWNOTZTARHHJRSGHINAUG Aq Bulresy-res/wod mm| sfeulnol//.dny woly pspeojumod

¥20¢/0€/ZT uo

596 WANG ET AL./ EAR & HEARING, VOL. 43, NO. 2, 592-604

logarithm transformed data form makes the effective relation-
ship nonlinear, while still preserving the linear model. Second,
graphing results in terms of percentage (for TVN, NON, and
OLN) distorted the shapes of curves. Specifically, we inspected
the distributions of each LENA automated measure using histo-
grams and QQ plots. The distributions of TVN and NON were
not normally distributed. Logarithm transformation improved
the shape and yielded approximately normal distributions for
all measures. Finally, logarithm transformation can reduce the
range of values caused by outliers and deemphasize the influ-
ence of outliers. After data transformation, we also conducted
an outlier diagnosis for each measure by visually inspecting
the distributions and using the rosnerTest() function from the
EnvStats package to identify potential outliers (Millard et al.
2020). Outliers were removed before further analysis.

First, to compare the auditory environment experienced by
children with CIs and children with NH, for each measure,
we constructed stepwise linear mixed-effects models using
the Ime4 package (Bates et al. 2015). The models assumed
fixed effects from Hearing Status (NH and CI) and Age. We
also included a combination of Age and Participant as ran-
dom intercept and random slope. We first tested whether
the fixed factors and the interactions between fixed effects
(Hearing Status x Age) improved the model over the uncon-
ditional model which only included Participant as a random
intercept, followed by similar tests including Age as a ran-
dom slope over the random effect. Next, we tested whether
the inclusion of control variables improved the fit. Control
variables included maternal education as an index for family
SES and child gender. Another potential index for family SES
was family income. However, bivariate correlation showed
that maternal education and family income were highly cor-
related, (p < 0.001), therefore, we only included maternal edu-
cation as an index for family SES because there is evidence
that maternal education is the most robust predictor for child
developmental outcomes and family income has no effect
independent of maternal education (Erola et al. 2016). The full
model, fitted with the complete structure, was Imer(measure ~
Maternal education + Child Gender + Age x Hearing Status +
(1+Age|Participant). These steps were repeated either until a
step suggested significant effects from the intercept, or until
none of the available control variables could contribute to the
model anymore. Thus, the step immediately before adding a
new variable was selected as the final model. To assist with
selecting the appropriate statistical model, we compared each
increasingly complex model and formally tested whether a
particular model provides a better model fit to the data over
another using the Akaike information criterion (AIC) and
Chi-square test. For all models, statistical results were gener-
ated using the summary() function from the ImerTest package
(Kuznetsova et al. 2015). We also explored the relationship
between the measures of the auditory environment by con-
ducting repeated measures correlation analysis separated by
hearing status using the rmcorr package (Bakdash & Marusich
2017). Second, to explore child and family factors that might
influence properties of the auditory environment experienced
by children with CIs, we ran mixed-effects models including
maternal education, amount of residual hearing (as measured
by unaided pure-tone average in the better ear before receiv-
ing CIs), age (if a significant factor for the CI group from the
above analyses), age at activation, and communication mode

as fixed factors, because these factors were found to be asso-
ciated with many aspects of language input and child skills.
We also included Participant as a random intercept for each
measure using the Ime4 package (Bates et al. 2015). Similarly,
models with the lowest AIC, which indicated the best fitting,
were selected and reported.

RESULTS

Comparison of Measures of Auditory Environment
Between the CI and the NH Groups

AWC ¢ No outliers were identified and thus all data points
were included in the analysis. The model including Age and
Hearing Status as the fixed factors and Participant as a random
intercept was the best fitting model. Neither Age nor Hearing
Status was significant, s < 1.03, ps > 0.269, suggesting that
AWC did not change as a function of child age or child hear-
ing status. Table 3 summarizes the results from the best-fitting
models for each measure.

CTs * No outliers were identified and thus all data points were
included in the analysis. The model including Age, Hearing
Status, and their interaction term as the fixed factors and
Participant as a random intercept was the best fitting model.
Analysis revealed that the interaction of Age and Hearing
Status was significant, f = 0.06, #79.77) = 2.40, p = 0.016.
The CTs increased as a function of age for children with NH,
B=0.043,131.51)=2.42, p=0.032; in contrast, the CTs did not
change as a function of age for children with CIs, § = —0.018,
#((47.31)=-1.16, p =0.271, see Figure 1.

CVs ¢ No outliers were identified and thus all data points were
included in the analysis. The model including Age, Hearing
Status, and their interaction term as the fixed factors, Participant
as a random intercept, and Maternal Education as a covariate
was the best fitting model. The interaction of Age and Hearing
Status was significant, f = 0.06, #(76.13) = 2.55, p = 0.011.
The CVs increased as a function of age for children with NH,
B =10.04, 1(29.95) = 2.53, p = 0.017; in contrast, CTs did not
change as a function of age for children with Cls, f = —0.02,
#(47.28) = —0.96, p = 0.344, see Figure 2.

TVN < The outlier test identified one outlier which was thus
excluded from the analysis. The model including Age and
Hearing Status as the fixed factors and Participant as a ran-
dom intercept was the best fitting model. Age was significant,
B=0.04,181.16)=1.99, p=0.047, because the amount of TVN
exposure increased with child age, see Figure 3.

NON -« No outliers were identified and thus all data points were
included in the analysis. The model including Age and Hearing
Status as the fixed factors, Participant as a random intercept,
and age as a random slope was the best fitting model. Hearing
Status was significant, f = 0.82, #32.50) = 2.93, p = 0.004,
because children with NH were exposed to a larger amount of
NON than children with ClIs, see Figure 4.

OLN ¢ No outliers were identified and thus all data points
were included in the analysis. The model including Age and
Hearing Status as the fixed factors and Participant as a random
intercept was the best fitting model. No significant main effects
were found for the fixed factors, rs < 1.25, ps > 0.211, suggest-
ing that OLN did not change as a function of child age or child
hearing status.
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Fig. 1. Conversational turns (CTs) per hour as a function of child hearing status (Cl and NH) and child age (mo). Each data point represents one recording. The
shaded area represents 95% confidence interval for each group. Cl indicates cochlear implant; NH, normal hearing.

CV/Hr (Log transformed)

6

1

N

Hearing Status

~ Cl
~ NH

A

15 20 25 30
Child Age (months)

Fig. 2. Child vocalizations (CVs) per hour as a function of child hearing status (Cl and NH) and child age (mo). Each data point represents one recording. The

shaded area represents 95% confidence interval for each group. Cl indicates cochlear implant; NH, normal hearing.

Correlations Among the Properties of the Auditory
Environment

Repeated measures correlations for the measures of child
home auditory environment are shown in Table 4. Results

showed that for children with CIs, higher AWC was associated
with increased CTs, CVs, and OLN, s > 0.317, ps < 0.043,
and decreased TVN and NON, rs >.—378, ps< 0.015; higher
CTs was associated with increased CVs and OLN, rs > 0.573,
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ps < 0.001, and decreased TVN and NON, rs > —0.311,
ps <0.048; and higher CVs was associated with increased OLN,
r=0.417, p = 0.007. Moreover, higher NON was correlated
with decreased OLN, r = —0.34, p = 0.029. For children with
NH, higher AWC was associated with increased CTs, NON,
and OLN, rs > 0.401, ps < 0.035; higher CTs was associated
with increased CVs and OLN, rs > 0.499, ps < 0.007; higher
CVs was associated with increased OLN, » = 0.435, p = 0.021.
Furthermore, higher NON was corelated with increased OLN,
r=0.361, p =0.059, see Table 4.

Factors Associated With the Properties of the Auditory
Environment of Children With CIs

The mixed-effects models on children with CIs showed
that maternal education significantly positively predicted CTs,
B = 0.13, #0.91) =3.90, p < 0.001, and CVs, f = 0.13,
#(1.84)=2.85, p=0.004, suggesting that higher maternal educa-
tion was associated withincreased CTsand CVs. Age atactivation
significantly negatively predicted CTs, f=—0.13, #2.42)=-3.68,
p = 0.004, and tended toward the same direction for CVs,
B =-0.07, #(3.57) = —1.81, p = 0.07, suggesting that earlier
activation was associated with increased CTs and possibly
CVs. Furthermore, PTA (measured by unaided pure-tone aver-
age in the better ear) significantly negatively predicted TVN,
B =-0.04, #(4.43) = =3.09, p = 0.002, suggesting that a larger
amount of residual hearing was associated with increased TVN,
see Table 5.

DISCUSSION

The home auditory environment of a child includes a range
of acoustic information that scaffolds the child’s linguistic and
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cognitive development. This study aimed to investigate the
properties of the home auditory environment experienced by
children with ClIs relative to children with NH in a longitudinal
design. To achieve this goal, we used the LENA system to obtain
daylong audio recordings of the children’s home environment
and conducted automated analysis to compare the properties
of the home auditory environment, including AWC, CTs, CVs,
TVN, NON, and OLN, experienced by children with CIs and
children with NH. This study complements previous research
on this topic to provide an overall picture of the characteristics
of the home auditory environment experienced by children with
hearing loss (VanDam et al. 2012; Vohr et al. 2014; Busch et al.
2017; Wiseman & Warner-Czyz 2018; Busch et al. 2020).

Home Auditory Environment Experienced by Children
With CIs and Children With NH

Taken together, our findings indicated that hearing status
influenced CTs, CVs, and NON. Specifically, CTs and CVs
increased with child age for children with NH; in contrast,
CTs and CVs did not change with age for children with Cls.
Moreover, children with NH were exposed to a larger amount of
NON than children with CIs. Child hearing status, on the other
hand, did not significantly influence the measures of AWC,
TVN, and OLN; furthermore, TVN increased as child age for
both groups. These findings are consistent with and extend pre-
vious findings in many ways, which we discuss below.

First, these findings replicated the findings from the Natural
Language Study conducted by the LENA foundation (Gilkerson
et al. 2008) with a smaller cohort of children with NH from a
geographically more restricted location. Specifically, our find-
ings and the Natural Language Study consistently demonstrated
that whereas CTs and CVs increase with child age, AWC did not

Hearing Status

~ Cl
~ NH

15 20

25

30

Child Age (months)

Fig. 3. Percent of TV and media (TVN), grouped by child hearing status (Cl and NH). Each data point represents one recording. Cl indicates cochlear implant;

NH, normal hearing.
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Fig. 4. Percent of noise (NON) as a function of child hearing status (Cl and NH) and child age (mo). Each data point represents one recording. Cl indicates

cochlear implant; NH, normal hearing.

change with age for children with NH. These findings promote
our understanding of the developmental characteristics of the
linguistic input to young children with NH, providing important
knowledge to the field of developmental research.

Second, we found that CTs and CVs did not show age-
appropriate increases for children with CIs. The reduced growth
rates of CTs in children with CIs relative to children with NH

TABLE 4. Correlations among the properties of the auditory
environment

AWC CTs CVs TVN NON OLN
Cl
AWC 1 0.702 0.317* -0.419* -0.378" 0.676™
CTs 1 0.823" -0.311* -0.346* 0.573™
CVs 1 -0.159  -0.164 0.417*
TVN 1 -0.04 -0.161
NON 1 -0.34*
OLN 1
NH
AWC 1 0.438*  0.173 0.177 0.401* 0.521*
CTs 1 0.920  -0.086 0.163  0.499*
CVs 1 -0.210 0.076  0.435"
TVN 1 -0.039 -0.098
NON 1 0.361+
OLN 1

The analyses were conducted based on the logarithm transformed data.

AWC indicates number of adult word count per hour; Cl, cochlear implant; CTs, number
of conversational turns per hour; CVs, number of child vocalizations per hour; NH, normal
hearing; NON, percentage of noise; OLN, percentage of overlapping sounds; TVN, percent-
age of TV and media.

*p < 0.001.

*0.001 < p < 0.05.

+0.05 <p < 0.10.

could be due to inconsistent CI device use, as previous research
showed that children with CIs did not wear their devices con-
sistently (Busch et al. 2017; Busch et al. 2020; Wiseman &
Warner-Czyz 2018). For example, Busch et al. (2017) analyzed
data logs of 510 children and found that the median daily CI use
was 8.5 hr per day in the first 6 years of life. Similarly, Wiseman
and Warner-Czyz (2018) showed that the average daily CI use
was 7.6 hr/day for children who were 7 years of age. The incon-
sistent CI use may lead to reduced opportunity for language
exposure, because caregivers may interact less frequently with
children when the devices were not used. These findings sug-
gest that early intervention programs that encourage consistent
device use may allow children with CIs better opportunities for
receiving greater exposure to language input.

The findings regarding CTs are concerning, as previous
research has shown that more frequent caregiver-child inter-
actions were associated with improved child developmental
outcomes from the earliest stages in development (Ambrose
et al. 2014; Caskey et al. 2014). The reduced rates of CTs may
have potentially far-reaching implications for developmental
outcomes for children with CIs. Note that the reduced growth
rates of CTs and child linguistic skills may be interdependent,
and the significant association between CTs and CVs supports
this notion. During early development, infants experience sev-
eral universal vocal stages, beginning with crying, vegetative
sounds, and transitioning into more complex vocalizations
including consonant-vowel combinations (Oller 2000). Both
theoretical and empirical evidence has shown that child vocal
development is, at least in part, driven by social interactions.
For example, according to the social feedback theory, caregiv-
er’s responses to CVs encourage more complex CVs over time
(Goldstein & Schwade 2008). On the other hand, CVs could

Copyright © 2021 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



601

WANG ET AL./ EAR & HEARING, VOL. 43, NO. 2, 592-604

‘gl uedipiued ‘greipaw pue A\ jo abejusasad ‘NAL

spunos Buiddeliano jo abejusosad ‘NTO ‘asiou Jo abejuadiad ‘NON JUBIOL800 UONE[8.I0D SSBORAUI “DD)] N0Y Jad SUOREBZIOOA PlIyd JO JOQUINU ‘SAD “Noy Jad Suiny [RUOHESISAUOD JO JOqUINU ‘S| UNoy Jad JUNod PIOM }NpPEe JO Jaquinu Sajedlpul DY

'60°0 = d J& pjoq Jo 8ouBdYIUBIS "Blep PaLLIOjSUBI) WO 84} UO PasSEq pajonpuod a1om sesAleue o]

2H [euon

-1puoD/y

1/%°0/000°0 121°0/v2H0 1€°0/60€°0 02v°0/928°0 1S1°0//257°0 6.£°0/0000  [euibre

suol}

95 144 144 S 144 95 -eAI8sq0

%ol 9 R 2L R Yol N

810 000 810 v10 100 8e0 20l

“Leo “ 000 “¢ez0 500 “000 U0 “a

zLo 220 Lo’k €20 ¥2'0 10 ©
S]084)8 Wopuey

600
v/80 O} LL'0- SO0 LOO— oby
100 100~ 000 000

GL6'0 ©110°0- 000 000 000 O1900- LOO +00- €820 ©1z00- KOO LOO- 900 ©1z00- 000 LOO- vid

¥20 S6°0 €50 apoy uon
1950 ©01GF'0- 8L'0 0L0- €60 O €0'L— 050 +0°0— G9e0 ©016L°0- 8L0  LLO -~E0IUNWWOD

600 2e0 120 0z0 uoneonp3
9ve'0 01€00- €00 €00  8LED OlOLO- LLO L0 000 ©i¥00 ¥00  €L°0 k000> 01900 €00  €L0 [eusslB

100 0€°0°0} 100 90°0- UoIBAIY
¥80°0 ©1gL'0- €00 900- 9S¥0 €L0- L0 800 1200 01GL'0- ¥00 200~ 000> 01020~ ¥00 €10 1e 8by

£6'1— Yrara [N 80'9 zLs €02
100°0> ©0igee- 0L'0 €Lg- 000> Olghy— S50 ©EeE€- GSY'0 O 6Lb— LLL  2€L—  LOO'0> Olgge €20 S9F  L00'0> O1/8Z 850 00  L000> ©0ig99 0L'0 €89 dedse]
d (%S6) IS seewnsy  d (%G6) IS serewmsy  d (%G6) IS serewmsy  d (%g6) IS seewnsy  d (%se) 35 serewnsy  d (%G6) IS serewnsy 100D
lenseu| [ensaqu| [lensayu| fenssu) lenssu| [lensaiu|
a0UspYUOD 90UspIU0D 90UapPIU0D 90USPIUOD aouUspyUOD) 90UapIU0D
N10 NON NAL NO Sike) oMY

(s19) swejdwi Jesjys0o

YHM ualpjiyd Aq pasuaiadxa Jusawuodiaud Aloypne pjiyo ay} Jo sainseaw ay} ul AjjigerieA ay} 1o} sio1oipald jeualod ay) Buluiwexa sjopow sjoaye-paxiw Bunyy iseg G 319Vl

Downloaded from http://journals.lww.com/ear-hearing by BhADMf5ePHKav1zEoum1tQfN4a+kJLhEZgbsIHo4XMiOhC

YWCXIAWNYQp/IIQrHD3i3D00dRYyi7TVSFI4Cf3VC1y0abggQZXdgGj2MwiZLel= on 12/30/2024

Copyright © 2021 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



187ZIMNZIDBPXZOBBqeOATOAEIOYIASALLIAIPO0AEIEAHIOII/AO AUMY TXOMA

DUOINXFOHISABZIYTCA+eyNIOITWNOTZTARHHJRSGHINAUG Aq Bulresy-res/wod mm| sfeulnol//.dny woly pspeojumod

¥20¢/0€/ZT uo

602 WANG ET AL./ EAR & HEARING, VOL. 43, NO. 2, 592-604

elicit developmentally appropriate and contingent responses
from the caregiver, which will lead to better child vocal skills
that subsequently receive more high-quality input from the
caregiver. For children with Cls, communicative characteris-
tics such as reduced audibility, atypical vocalization patterns,
and reduced joint attention may make it challenging for their
parents to establish or maintain interactions with their children
with hearing loss (Vohr et al. 2014). For example, children with
hearing loss show delayed onset of canonical babbling and
smaller consonant inventories (Stoel-Gammon & Otomo 1986).
There is also evidence that mothers respond differently to dif-
ferent types of CVs (Gros-Louis et al. 2014). Therefore, atypi-
cal vocalizations by children with hearing loss may elicit fewer
contingent responses from the caregivers that subsequently
influence CVs, affecting the development of CTs between the
child and the caregivers. This notion was supported by recent
findings showing that both the adult response rate to CVs and
the child response rate to adult responses were significantly
higher in the NH group than in the CI group, suggesting that
child hearing status affects the contingency between CVs and
adult responses (Wang, Chen et al. 2020).

Third, our results also demonstrated that approximately
9.34% of the recordings from children with NH were classi-
fied as NON, which was significantly higher than that of 2.41%
from children with CIs. The reduced NON for children with
CIs may be the results of caregivers trying to create a less noisy
environment for their children with CIs, because listening in the
presence of noise is especially challenging for children with CIs
(Caldwell & Nittrouer 2013). However, the reduced NON for
children with CIs may not necessarily suggest that the speech
signals children with CIs received are sufficiently clear/loud. In
a recent study, Benitez-Barrera et al. (2020) found that that the
average signal-to-noise ratio (SNR) in the home environments
of children with hearing loss was approximately +7.9 dB SNR,
and approximately 84% of these SNRs were below the +15 dB
SNR recommended by the American Speech-Language Hearing
Association. In addition, although not statistically significant,
our findings suggest that children with CIs were exposed to
a larger amount of TVN than children with NH (11.76% vs.
5.36%). One possible explanation is that children with CIs may
use music training programs/apps that are designed as a habili-
tation tool to improve their speech perception. Another possi-
bility is that the higher amount of TVN may be associated with
reduced caregiver-child interaction. We return to this issue when
discussing the associations among the measures of the audi-
tory environment in the next section. The nonspeech aspects
of the home auditory environment are not well documented in
children with CIs; therefore, we hope the present study would
encourage future research to assess noise and TV and media
exposure experienced by children with NH and children with
hearing loss, and to identify factors that may contribute to or
explain variability in the amount of such exposure.

Correlations Among the Properties of the Auditory
Environment

The major findings from the repeated measures correlation
analyses were that the increased caregiver speech and interac-
tions between adults and children, specifically AWC and CTs,
were significantly correlated with the reduced amount of TVN
and NON for children with CIs, and this relationship was less

strong for children with NH. These findings are consistent with
the findings that background television reduces parent respon-
siveness to their children with hearing aids and affects the quan-
tity and quality of interactions between caregivers and young
children (Ambrose et al. 2014). These findings suggest that the
language input to children with CIs may be more vulnerable
to the noisier environment compared with children with NH;
an alternative interpretation is that the reduced language input
may lead to increased TV and noise exposure for children with
CIs. These findings have significant clinical implications for
early intervention programs to provide appropriate services to
improve language input and reduce the amount of TV, media,
and noise exposure to children with CIs.

Factors Associated With the Properties of the Auditory
Environment of Children With CIs

Our analyses showed that maternal education level contrib-
uted to variation in the measures of CTs and CVs in children
with CIs. Specifically, higher maternal education was associ-
ated with increased CTs and CVs. These results are consis-
tent with previous research showing that children from higher
SES families received a larger amount of linguistic input and
engaged in more interactions with their caregivers (Hart &
Risley 1995; Pace et al. 2017). Moreover, earlier activation was
associated with increased CTs and showed a similar trend for
CVs. Specifically, children with CIs whose Cls were activated
earlier engaged in more parent-child interactions and produced
more vocalizations. These findings are consistent with prior
evidence that early hearing experience has a measurable effect
on language input to children with hearing loss and children’s
linguistic skills (Bergeson & McCune 2004; Geers & Moog
1987; Wieland et al. 2015). It is worthy of note that our mixed
model indicated that maternal education and earlier activation
independently contribute to explaining variabilities in CTs and
CVs. These findings suggest that more intensive intervention on
providing an optimal auditory environment to children with CIs
may be beneficial for both children from low SES families and
children who receive implantation at a later age. Surprisingly,
we found that lower PTA was associated with increased TVN.
Due to the paucity of research, we do not have a clear answer for
the nature of these relationships, and thus would like to invite
future research to shed light on this topic.

Study Strengths and Limitations

This study examined the naturalistic auditory environment
experienced by children with CIs relative to children with NH.
A major strength of the present research was the collecting and
analyzing of daylong naturalistic auditory samples from the
home environment in a longitudinal design. This methodology
allowed us to provide important knowledge about the properties
of the auditory environment experienced by children with Cls,
and more importantly, the change of these properties with child
development. The present study also extended previous work
to investigate the nonlinguistic aspects of the auditory input,
including TVN, NON, and OLN, which have been less studied
in the literature.

The limitations of this study were related to methodologi-
cal characteristics and LENA automated analysis. First, our
small sample size, although not uncommon in studies includ-
ing young children with CIs, may limit the generalization of
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our findings to other groups of children with CIs. Moreover,
although LENA measures the total number of words spoken
by adults (AWC), it does not distinguish between the speech
directed to children and the speech overheard by children.
Therefore, we do not know if children with CIs and children
with NH hear a similar amount of speech directed to them; this
is important because previous studies have shown that child-
directed speech, but not overheard speech, is associated with
later language skills (Weisleder & Fernald 2013). In addition,
LENA only collects auditory information; therefore, other non-
auditory information was not captured. Note that in our study,
although families have chosen spoken English as the primary
communication goal, some families used ASL and sign as sup-
port to the spoken language; the lack of the nonauditory lin-
guistic input, as well as other social cues, including the facial
and gesture communication, prevented us from analyzing the
overall quality of the language input and the multimodal com-
munications between the child and the caregivers. Finally, we
did not analyze information on many factors that may influence
the home auditory environment, including the early interven-
tion services received by the children and their families and
child language skills. Future studies are encouraged to explore
this topic further to promote our understanding of which factors
may improve children’s home auditory environment.

Summary

In summary, the findings from this study suggest that chil-
dren with ClIs experience a less optimal auditory environment,
especially because the CTs and CVs did not show age-appropri-
ate increases in children with ClIs, as compared with children
with NH. Reduced CTs and CVs may be interdependent, lead-
ing to long-term negative consequences on the developmen-
tal outcomes in children with CIs. These findings support the
need for early intervention programs for children with Cls that
encourage and coach parents to provide contingent responses
to their CVs and improve CVs. Our findings also suggest the
importance of consistent device use and early device activation,
which may increase the opportunity for children with Cls to
receive greater language exposure.
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