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Abstract

Objective—Emotional communication is important in children’s social development. Previous
studies have shown deficits in voice emotion recognition by children with moderate to severe
hearing loss or with cochlear implants. Little, however, is known about emotion recognition in
children with mild to moderate hearing loss. The objective of this study was to compare voice
emotion recognition by children with mild to moderate hearing loss relative to their peers with
normal hearing, under conditions in which the emotional prosody was either more or less
exaggerated (child-directed or adult-directed speech, respectively). We hypothesized that the
performance of children with mild to moderate hearing loss would be comparable to their
normally hearing peers when tested with child-directed materials but would show significant
deficits in emotion recognition when tested with adult-directed materials, which have reduced
prosodic cues.

Design—Nineteen school-aged children (8-14 years of age) with mild to moderate hearing loss
and 20 children with normal hearing aged 6—17 years participated in the study. A group of 11
young, normally hearing adults was also tested. Stimuli comprised sentences spoken in one of five
emotions (angry, happy, sad, neutral and scared), either in a child-directed or in an adult-directed
manner. The task was a single-interval, five-alternative forced-choice paradigm, in which the
participants heard each sentence in turn and indicated which of the five emotions was associated
with that sentence. Reaction time was also recorded as a measure of cognitive load.

Results—Acoustic analyses confirmed the exaggerated prosodic cues in the child-directed
materials relative to the adult-directed materials. Results showed significant effects of age, specific
emotion (happy, sad, etc.) and test materials (better performance with child-directed materials) in
both groups of children, as well as susceptibility to talker variability. Contrary to our hypothesis,
no significant differences were observed between the two groups of children in either emotion
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recognition (percent correct or d” values) or in reaction time, with either child- or adult-directed
materials. Among children with hearing loss, degree of hearing loss (mild or moderate) did not
predict performance. In children with hearing loss, interactions between vocabulary, materials and
age were observed, such that older children with stronger vocabulary showed better performance
with child-directed speech. Such interactions were not observed in children with normal hearing.
The pattern of results was broadly consistent across the different measures of accuracy, d” and
reaction time.

Conclusions—Children with mild to moderate hearing loss do not have significant deficits in
overall voice emotion recognition compared to their normally hearing peers, but mechanisms
involved may be different between the two groups. The results suggest a stronger role for
linguistic ability in emotion recognition by children with normal hearing than by children with
hearing loss.
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children; hearing loss; emotion recognition

Introduction

The speech signal provides both linguistic and indexical information. Linguistic cues pertain
to the lexical content of the speech signal, conveying the message via phonological,
morphological, syntactic, and semantic information within the utterance. Indexical cues
provide information about the talker, including cues to speaker identity, gender, and
emotional state (Borrie et al. 2013). There is evidence that processing of the two components
of speech occurs interdependently (Pisoni 1997), even in children and adults with cochlear
implants (Li & Fu 2011; Geers et al. 2013). Other studies indicate that the use of indexical
cues and the ability to attend to speech prosody are influenced by linguistic exposure early
in infancy, especially when listening to infant- or child-directed speech (Jusczyk et al. 1993;
Johnson et al. 2011). The objective of the present study was to investigate voice emotion
recognition by children with hearing loss, who have limited access to both linguistic and
indexical cues in speech.

Recognition of voice emotion requires a listener to have good access to acoustic cues
relevant to emotional prosody, such as pitch and its associated changes, intensity, speaking
rate, and vocal timbre. However, in hearing loss, the speech signal is inherently degraded
and access to these acoustic cues may be limited. In children who are developing with
hearing loss, the ability to map a limited set of acoustic cues to the correct vocal emotion
may be further constrained by limitations in their cognitive and linguistic resources.

Voice Emotion Recognition and Social Development in Children with
Hearing Loss

\Voice emotion recognition is important in the development of both social competence and
linguistic knowledge as it enables children to maximize the information obtained from the
incoming speech stream and to react appropriately to their peers in different social settings.
Geers et al. (2013) reported that better perception of the indexical components of speech,
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such as the ability to discriminate voice emotion, is highly associated with more developed
social skills in children with cochlear implants. Further, Eisenberg et al. (2010) reported
links between social function/psychopathological symptoms and emotion understanding in
normal hearing children and adults. Additionally, studies investigating the effects of
deafness or severe hearing loss in children have shown deficits in social competence. Results
from Wauters & Knoor (2008) indicated that deaf children scored lower on a questionnaire
about prosocial behaviors (e.g. deaf children were seen as less likely to help other students
or be cooperative in class) and scored higher on socially withdrawn behaviors (e.g. more
likely to be bullied) compared to their normally hearing peers. Children with more severe
hearing losses have also been shown to have deficits in psychosocial function (Laugen et al.
2016). Poorer performance in voice emotion identification has been related to lower self-
reported quality of life in children with cochlear implants (Schorr et al. 2009).

Alongside deficits in psychosocial development, children with mild to profound hearing loss
show significant deficits in auditory and facial emotion recognition relative to their typically
developing peers (Most et al. 1993; Dyck et al. 2004; Ludlow et al. 2010; Most & Michaelis
2012). Furthermore, childhood hearing loss has been linked to children’s development of
“theory of mind,” empathy and/or emotion understanding (e.g., Peterson & Siegel 1995 e.g.,
Peterson & Siegel 1998; Steeds et al. 1997; Russell et al. 1998; Rieffe & Terwogt 2000;
Schick et al. 2007; Ketelaar et al. 2012a,b). Many of the studies addressing these issues,
however, were conducted in children identified with severe to profound hearing loss and
fitted with hearing aids before advances such as universal hearing screening, early diagnosis
and intervention. Comprehensive studies in today’s pediatric population using modern
methodologies are much needed (Moeller 2007). In a recent study of false belief
understanding using a large cohort of participants, Walker et al (2016) found that pre-school
aged children with hearing loss have deficits in theory of mind, but generally caught up with
normally hearing peers by the time they were in second grade. Some children with hearing
loss showed considerable deficits in false belief understanding even at six years of age.

Voice Emotion Recognition and Hearing Loss

Emotion recognition is relatively straightforward when visual cues are present along with
the speech signal; however in an auditory-only condition, the task is more challenging when
key acoustic cues differentiating vocal emotion are degraded due to hearing loss. Studies of
auditory-only emotion recognition in children with hearing loss, including children who are
cochlear implant users, suggest significant deficits in vocal emotion recognition (e.g., Most
1993; Dyck et al. 2004; Most 2009; Most & Aviner 2009; Ludlow et al. 2010; Wiefferink et
al. 2013; Chatterjee et al. 2015). Most of these studies have focused on children with more
severe degrees of hearing loss. Information about the effect of lesser degrees of hearing loss
(mild to moderate) on children’s emotion recognition in speech is relatively limited. For
example, only two child participants were categorized with mild hearing loss in the Dyck et
al. (2004) study. Children with mild to moderate hearing loss should have enough low-
frequency residual hearing to access the spectro-temporal information needed to perceive
complex pitch variations in speech and make use of indexical cues (Ling 1976), but the
extent to which they are actually able to identify emotional prosody remains unclear. Studies
focusing on the effects of mild to moderate hearing loss have shown that these children have
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deficits when compared to their normally hearing peers in areas of comprehension tasks in a
classroom-simulated environment (Lewis et al. 2015), speech perception in quiet (Pittman et
al. 2009), speech perception in noise (Crandell 1993), psychosocial development (Moeller
2007) and perceptual processing of auditory cues (Jerger 2007). Given that speech and
language development occurs simultaneously with the development of social cognition, the
ability of children with mild to moderate hearing loss to identify vocal emotion warrants
investigation.

Acoustic Cues in Child- and Adult-directed Speech

Acoustic cues signaling vocal emotions have been extensively studied (e.g., Murray &
Arnott, 1993; Banse & Scherer, 1996). Despite inter-talker variability, primary cues include
mean voice pitch and its fluctuations, intensity, vocal timbre, and speaking rate. Although
hearing loss preserves basic pitch cues, associated cues such as intensity and vocal timbre
may be impacted by altered dynamic range and spectral shape coding. In addition, hearing
aid processing (primarily designed to benefit speech perception with audibility in mind) may
distort spectro-temporal information to some extent. Further, deficits in speech perception
and linguistic access, combined with limited cognitive and linguistic development in young
children, may result in increased cognitive load requirements for speech recognition tasks in
general. It therefore seems reasonable to hypothesize that children with even mild to
moderate hearing loss may have difficulties in vocal emotion recognition. In particular, these
difficulties may be exacerbated by the type of speech they are being exposed to. For
instance, speech with more exaggerated prosody may be easier for children with hearing loss
to process than speech with less exaggerated prosody, which would carry fewer distinctive
acoustic cues for different emotions. Child-directed speech is characterized by more
exaggerated affective cues than afforded by adult-directed speech; including slower speaking
rate, hyper-articulated vowels, and a wider pitch range (Fernald & Simon, 1984; Song et al
2010; Wang et al 2015). Child-directed speech has been shown to be more effective in
maintaining the attention of infant and child listeners; there is evidence that exaggerated
acoustic cues in child-directed speech serve to highlight important linguistic and prosodic
elements of speech which are crucial to language development (Nelson et al, 1989; Singh et
al, 2002). It is reasonable to speculate that the greater attention to speech with exaggerated
prosody may also help young children decipher vocal emotional cues in speech. Adults have
been also shown to benefit from infant-directed speech in an emotion-recognition task
(Fernald, 1989).

However, children are not always exposed to speech under ideal conditions with affective or
prosodic cues most appropriate for their developmental age. Instead, they are exposed to a
variety of talkers with individual speaking styles, and are often present when adult-adult or
adult to older child, such as an older sibling, interactions occur. Adults are able to make use
of the statistical properties of speech phonetics occurring in their environment to enhance
the implicit learning of speech (Hasher et al. 1987). The literature also demonstrates that
children develop language through implicit or incidental learning (Reber 1967) and are
adult-like in performance by first grade (Saffran et al. 1997). Thus, by the time they are
school-aged, children have considerable exposure to adult-directed speech in addition to
child-directed speech, through direct and indirect interactions in their daily lives. To ensure
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that our study is ecologically relevant to children’s everyday experiences with different
styles of speech, we used both child- and adult-directed materials.

The Recognition of Individual Emotions by Children and Adults

The literature on emotion recognition has thoroughly documented, in normally hearing
adults, that individual emotions are not recognized with the same accuracy. Previous studies
of emotion recognition have used a wide range of vocal emotions. From these studies it is
known that anger, sadness, fear, and to a lesser extent happiness/joy are more easily
identified by participants, (Scherer, 1991; Juslin & Lukka, 2001; Linnankoski et al, 2005;
Paulmann et al, 2008; Rodero, 2011; Sauter et al, 2010 ) while disgust, scorn, relief, and
surprise are more difficult to recognize (Scherer, 1991; Linnankoski et al, 2005; Paulmann et
al, 2008; Sauter et al, 2010). Data from Luo et al. (2007) showed that for adults with
cochlear implants, recognition was best for sadness and the neutral emotion; recognition of
anxious and happy emotions were most difficult. The literature investigating the recognition
of individual emotions by children with more severe to profound hearing loss, including
cochlear implant users, show similar patterns. Sadness was more easily recognized by
children with cochlear implants while fear, surprise, and disgust were more difficult to
identify(Most et al., 1993; Most & Aviner, 2009; Most & Michaelis, 2012; Mildner &
Koska, 2014). In children with moderate to profound hearing loss, the pattern was somewhat
different, with sadness, happiness, and anger being more easily recognized than fear,
surprise and disgust (Most, 1993; Most, 2009; Most 2012). We therefore expect that children
in our study, both normally hearing and with hearing loss will have differing levels of
accuracy in recognition of individual emotions. However, the focus of the present study is on
interactions between emotion types and children’s hearing status (i.e., whether children with
hearing loss have more relative difficulty with specific emotions than children with normal
hearing).

Voice Emotion Recognition and Cognition

There are some indications in the literature of links between general cognition and/or
linguistic abilities and measures of social cognition such as emotion recognition, at least in
adults. Orbelo et al (2005) found that cognitive tests were marginally predictive of emotion
processing in older adults with clinically normal age-related hearing loss. Lambrecht et al
(2013) reported a significant relation between cognitive measures of attention and working
memory and accuracy in an emotion recognition task. However, Lima et al (2014) did not
observe any links between cognitive status and emotion recognition accuracy in older and
younger adults. In a recent study of normally hearing children, Tinnemore et al (2017) found
that the non-verbal intelligence quotient (NVIQ) predicts their recognition of voice emotion
in spectrally-degraded speech, but did not find that vocabulary was a predictor. However,
Geers and colleagues (2013) have found links between processing of indexical and linguistic
elements of speech in children with cochlear implants, suggesting that verbal and linguistic
skills are connected to their social cognition skills. It has been also shown that both
vocabulary and working memory are predictive of speech recognition outcomes in children
with normal hearing and hearing loss (Klein et al, 2017; McCreery et al., 2017). Together
with the potential links between linguistic and indexical information processing of speech in
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children with cochlear implants (Geers et al, 2013), it seems reasonable to speculate that
vocabulary may be predictive of emotion recognition in children with hearing loss. Thus,
these findings in the literature point to a potential role for both cognition and language in the
development of emotion recognition in children.

Voice Emotion Recognition and Reaction Time

Reaction time is thought to be associated with measures of processing time, cognitive load,
etc. Reaction time increases with age in adults with hearing loss compared to normally
hearing adults (Feldman 1967; Husain et al. 2014) and may be related to changes in the
brain used for emotional processing in adults with mild to moderate hearing loss (Husain et
al. 2014). Slower reaction times in children and adults with mild to moderate hearing loss
suggests an increase in listening effort and fatigue most likely due to the additional use of
higher cognitive resources to attend to a task, e.g. speech understanding or emotion
recognition (Hicks & Tharpe 2002; Tun et al. 2009). Further, Pals et al. (2015) showed that
in a speech recognition task that focused on response accuracy rather than speed (as in the
present study), response times reflected listening effort. Slower reaction times when
recognizing and understanding voice emotion in real time in children with hearing loss could
potentially place them at a disadvantage in social interactions with their peers. Therefore,
reaction time was measured in the present study, alongside measures of accuracy (percent
correct scores) and sensitivity (d”).

Objectives of the present study

The objective of the present study was to investigate the effects of mild to moderate hearing
loss in children on their ability to perceive voice emotion using both adult-directed and
child-directed speech materials. Specifically, we were interested in the predictive power of
degree of hearing loss, age, cognitive and linguistic skills, and type of speech material
(adult-directed or child-directed) in emation recognition. A group of young, normally
hearing adults were also tested to provide information about performance in our tasks at the
end of the normal developmental trajectory. We hypothesized the following:

. Children with mild to moderate hearing loss would have emotion recognition
accuracy scores and reaction times comparable to their normally hearing peers
with child-directed materials, but would demonstrate deficits relative to their
normally hearing peers with adult-directed materials.

. Accuracy in emotion recognition would be poorer and reaction times would be
longer with adult-directed materials than child-directed materials in both children
with normal hearing and children with mild to moderate hearing loss, and
improvements would be observed as children progressed in age.

. Relative to normally hearing peers and older children with hearing loss, younger
children with mild to moderate hearing loss would have greater difficulties in our
tasks, resulting from combined effects of degraded/limited auditory input and
age-limited cognitive and linguistic resources. Thus, we hypothesized
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interactions between age, hearing status, and speech material (adult-directed and
child-directed).

. A test of vocabulary and a test of NVIQ would predict performance in both
children with normal hearing and in children with mild to moderate hearing loss,
but more so in the latter group (as the reconstruction of the intended emotion
from a degraded acoustic signal may require more linguistic and cognitive
resources).

. Reaction times would be slower in younger children than in older children as
well as for children with mild to moderate hearing loss compared to children
with normal hearing; the interactions between hearing loss, age and material
would also be reflected in reaction times.

. The young adults with normal hearing would outperform children, but would
show poorer performance with adult-directed than with child-directed materials.

Materials and Methods

Participants

The results presented here were obtained from two groups of normally hearing children, one
group of children with hearing loss, and one group of adults with normal hearing. One of the
groups of normally hearing children was tested as part of a previously published study
(Chatterjee et al., 2015). This group of participants included 31 children with normal hearing
(15 boys, 16 girls, age range: 6.38-18.76 years, mean age: 10.76 years, s.d. 3.065 years).
These participants only performed the emotion recognition task with child-directed materials
(details are provided below).

The two other groups of children were tested specifically for the present study. These
included 20 normally hearing children (9 boys, 11 girls, age range: 6.30-17.76 years, mean
age: 11.94 years, s.d. 2.95 years) and 19 children with hearing loss (12 bays, 7 girls, age
range: 8.29 — 14.61 years, mean age 9.76 years, s.d. 0.45 years). The group of normally
hearing adults included 11 participants (3 men, 8 women, age range: 19.39-24.5 years, mean
age: 21.98 years, s.d. 3.65 years). All participants were tested at Boys Town National
Research Hospital in Omaha, NE. Participants were recruited from the Human Research
Subjects Core database. Normal hearing sensitivity was confirmed for all participants by
performing a hearing screening using an Interacoustics Diagnostic Audiometer AD226
(Interacoustics, Middlefart, Denmark). Using TDH-39 headphones, the participants were
screened in both ears (20 dB HL for children and 25 dB HL for adults) for the frequencies
250 — 8000 Hz. For participants with hearing loss, air conduction and bone conduction
thresholds were obtained. Thresholds from previous audiometric testing were used if the
participant had been tested within six months of the test date. Participants were excluded if
an air-bone gap greater than 10 dB was discovered. All children with hearing loss had
bilateral, symmetric losses. They were separated into two groups (mild and moderate) based
on the four frequency (500, 1000500, 2000, and 4000 Hz) pure tone average (PTA) of their
better hearing ear. Further specifics on the group of children with hearing loss are provided
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Stimuli

Procedure

in Table 1. Note that participant HI_12 had normal thresholds at low frequencies, but mild to
severe hearing loss at high frequencies in both ears, and used hearing aids.

The twelve semantically neutral sentences used in this study were selected from the HINT
database and were the same stimuli produced in a child-directed manner described in
Chatterjee et al. (2015). The talkers were asked to think of a scenario that would elicit one of
five emotions (happy, sad, angry, scared, or neutral) as if they were talking to a child as
young as age six for the child-directed materials and as if they were speaking to an adult for
the adult-directed materials. The adult directed stimuli were selected from recent recordings
completed by a number of male and female talkers. The two talkers for the adult-directed
stimuli were the male and female talker from a cohort of ten whose recordings resulted in
the highest performance on the voice emotion recognition task by a group of four normally
hearing adults. In total, each talker produced 60 stimuli (12 sentences x 5 emotions). In
addition, two different sentences were recorded in the same five emotions and used as
practice materials (described below).

The sentences were presented to the participants in the sound field. To retain the natural
intensity cues for emotion, the sentences were not equalized in intensity but rather, presented
at the same level as a calibration tone (1 kHz) that had a root mean square (rms) level equal
to the mean rms computed across sentences for each individual talker. The stimuli were
routed through an external soundcard (Edirol-25EX) and presented from a single
loudspeaker (Grason Stadler Inc.) located approximately 1m from the participants at a mean
level of 65 dB SPL.

Participants completed cognitive and vocabulary measures as well as a voice emotion
recognition task. The order of testing was randomized for both children with normal hearing
and children with hearing loss.

Cognitive measures included the matrix reasoning and block design subtests from the
Weschler Abbreviated Scale of Intelligence Second Edition (WASI-11) (Wechsler &
Psychological Corporation 2011). These were completed to assess the participant’s NVIQ
Vocabulary level was measured using the Peabody Picture Vocabulary Test Form B (PPVT)
(Dunn et al. 2007). Parents completed the Behavior Rating Inventory of Executive Function
(BRIEF) questionnaire (Gioia et al., 2000), which provides a measure of executive function
in children.

A custom Matlab-based program (Emognition v 2.0.3) provided experimental control for the
voice emotion recognition task. Test sentences were presented in sets, with each set
consisting of materials recorded by a specific talker in a child- or adult-directed manner.
Within each set, the sentences were presented in randomized order.

The children with hearing loss participated in conditions with both child-directed and adult-
directed materials. They completed the task with or without their hearing aids depending on
their natural state of listening at home (i.e. those who were consistent device users in their
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day-to-day lives wore hearing aids during testing while those who were inconsistent device
users or did not own hearing aids did not wear them during testing). The emotion
recognition tasks were combined with cognitive and vocabulary measurements, and the tests
were administered in fully randomized order.

The adults with normal hearing and children with normal hearing were only tested with the
adult-directed materials; if the participants had recent (6-month) cognitive and vocabulary
test results on file, emotion test sets were counterbalanced between male and female talkers
using the adult-directed materials. Adults did not participate in cognitive or vocabulary
testing. If the children with normal hearing had not participated in recent cognitive/
vocabulary tests, these were administered at the time of emotion testing, and the order of
tests was fully randomized (as with children with hearing loss). The children with normal
hearing who participated in the previous study had not been tested on cognitive/vocabulary
skills, and those results were not available for analysis.

In a single-interval, five-alternative forced-choice procedure, participants listened to the test
set of 60 sentences (5 emotions, 12 sentences) for each talker (male or female) and each set
of materials (adult-directed or child-directed). Participants were encouraged to take breaks
between blocks. Each condition was repeated twice, and the mean percent correct of the two
runs was calculated to obtain the final accuracy score for each set. The software program
recorded the reaction time (in seconds) for each sentence, and the mean was calculated to
obtain the final average reaction time for each set. In addition, confusion matrices were
recorded for each test set. Before each test set participants were given two passive training
sessions that consisted of 10 sentences (5 emotions, 2 sentences). The sentences in the
training sets were not included in the test set. During the training session the listener would
hear each sentence in a given emotion, and the correct choice of emotion would be indicated
on the screen. The purpose of the passive training was to familiarize the participant with the
talker’s manner of producing the different emotions. After the training sets, the participants
listened to each test sentence in turn (randomized order) and responded by clicking on the
appropriate button on the screen. No feedback from the experimenter was provided during
the formal test and there were no repetitions of the sentences in each block. Due to time
constraints, one of the children with hearing loss was unable to complete the task with child-
directed.

To reiterate, the normally hearing children in the present study were only presented with
adult-directed materials. The normally hearing children from Chatterjee, et al. (2015) were
only presented with child-directed materials. The purpose of their inclusion was to provide
comparative analyses for the present dataset.

Statistical Analyses

Acoustic analyses of the stimuli were conducted using the Praat software program
(Boersma, 2001; Boersma & Weenink, 2017). The percent correct scores were transformed
prior to data analyses using the rationalized arcsine transform (Studebaker, 1985). Statistical
analyses were completed in R version 3.12 (R Core Team 2015) using n/me (Pinheiro et al.
2015) for the linear mixed-effects model implementation and ggp/ot2 (Wickham, 2009) to
plot the datahttps://owa.boystown.org/owa/-_msocom_2. Prior to analyses, outliers were
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Results

identified and removed using “Tukey fences” (Tukey, 1977). Points that were above the
upper fence (third quartile + 1.5*interquartile range) or below the lower fence (first quartile
— 1.5*interquartile range) were considered outliers. The RAU-transformed scores showed no
outliers. The reaction time data with adult-directed speech had 4 outliers (comprising 5.4%
of the dataset), which were removed.

Acoustic analyses of the stimuli

Figure 1 compares results of basic acoustic analyses performed on the adult- and child-
directed materials. Analyses focused on pitch and intensity, two fundamental aspects of
prosody. On all measures, the child-directed materials showed greater variations across
emotions than the adult-directed materials (Fig 1A,B). To statistically confirm this, the ratio
between the mean estimated fundamental frequency (F0) for each sentence spoken in each
of the happy, scared, sad, and angry emotions to the mean FO estimated for the same
sentence spoken in the neutral emotion, was computed (FOy4tjo; Fig. 1C). Similarly, the
difference in estimated intensity in each of the emotions to the mean intensity of the
individual sentence spoken in the neutral emotion, was computed (Intensitygitference; Fig
1D). A linear mixed-effects analysis was conducted with FO,4j, as the dependent variable,
Emotion (four levels) and Material (adult- or child-directed) as fixed effects, and sentence-
based random intercepts. Results showed a significant interaction between Emotion and
Material (F(1,177)=8.01,p=0.005), and a main effect of Material (F(1,177)=7.36, p=0.007).
The interaction is evident in the greater FO,4, for happy and scared in the child-directed
materials relative to the adult-directed materials. A similar linear mixed-effects analysis
conducted with Intensitygifference @S the dependent variable in place of FO,4io Showed
significant main effects of Emotion (F(1,177)=8.18, p=0.005) and Material (F(1177)=9.47,
p=0.002), and a significant interaction (F(1,177)=29.53, p<0.001). The interaction is evident
in the exaggerated differences between emotions in Fig 1D. Although the focus of the
present study is not on the acoustic analyses, it is evident that the child-directed materials
involve greater across-emation differences in primary acoustic cues than the adult-directed
materials.

Group differences in performance with adult-directed materials

Figure 2A shows boxplots of the rationalized arcsine unit (RAU) scores obtained with the
adult-directed materials in the three groups (children with hearing loss, children with normal
hearing, and adults with normal hearing). Results of a linear mixed-effects model with
Group and Talker (male/female) as fixed effects and subject-based random intercepts
showed significant effects of Group (F(2,44)=6.52, p=0.003) and Talker (F(1,44)=9.10,
p=0.004), with no interactions. Post-hoc pairwise t-tests with Bonferroni correction showed
that the scores for children with normal hearing and children with hearing loss were
significantly lower than for adults with normal hearing (p<0.001 in both cases), but were not
different from one another (p=0.112). The difference in performance between adults and
children (both groups of children considered together) was 0.95 times the mean standard
deviation (i.e., the effect size (Cohen’s d (Cohen, 1992) was 0.96, a large effect). Paired t-
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tests within groups showed that all groups performed better with the female talker than with
the male talker (p<0.001 for all groups).

Reaction time data were analyzed using, a linear mixed-effects model with Group and Talker
as fixed effects and subject-based random intercepts, showed a weak effect of Group
(F(2,42)=3.31, p=0.046), but no effects of Talker and no interactions. Post-hoc pairwise t-
tests with Bonferroni correction showed that reaction times for children with normal hearing
were significantly longer than those of adults with normal hearing (p=0.001) and reaction
times for children with hearing loss were also significantly longer than those of adults with
normal hearing (p<0.001), but the reaction times were not different between the two groups
of children (Fig 2B). The effect size of group (adults vs. children) on the reaction time was
large (Cohen’s d=0.95).

Figure 3 shows the RAU scores obtained in each group, plotted against the five emotions, for
the adult-directed materials. It is apparent that the pattern of results was similarly dependent
on emotion across the different groups. This was confirmed by a linear mixed-effects
analysis with RAU scores as the dependent variable, Group, Emotion and Talker as fixed
effects and subject-based random intercepts. Results showed significant effects of Emation
(F(1, 417) = 32.91, p<0.001) and Talker (F(1,417)=11.99, p<0.001; performance with the
female talker > the male talker), but no interactions. A pairwise t-test with Bonferroni
corrections for multiple comparisons showed significant differences between Aappy and
angry (p=0.009), happy and neutral (p<0.001), and a marginal difference between hgppy and
sad (p=0.052). Significant differences were also found between scaredand angry (p=0.005),
scared and neutral (p<0.001) and scared and sad (p=0.032). As interactions were not
observed between emotions and groups or talkers, the remaining analyses focused on overall
accuracy. In the last section of Results, in which we consider d” as a measure of sensitivity
rather than accuracy, we confirm the significant effect of emotions, as well as the lack of
interactions between emotions and groups.

Comparison of performance by children with normal hearing and children with hearing
loss listening to adult-directed materials

No significant difference was observed in executive function between children with hearing
loss and children with normal hearing (Student’s t-test, p=0.88), and no significant
correlations were observed between executive function measures and RAUSs or reaction
times. There were also no significant differences between the children with hearing loss and
children with normal hearing in measures of vocabulary (Student’s t-test, p=0.15) or NVIQ
(Student’s t-test, p=0.14). Figure 4(A—C) shows accuracy and reaction time results obtained
in the two groups of children, with adult-directed materials. A linear mixed-effects analysis
of RAU scores obtained with the adult-directed materials in children with normal hearing
and children with hearing loss with subject-based random intercepts showed significant
effects of Age (F(1,28)=8.79, p=0.006), Talker (Male/Female) (F(1,32)=12.29, p=0.001),
and Vocabulary (F(1, 28)=5.23, p=0.030). These effects are shown in Figures A and B. No
significant effects of Group or NVI1Q were found.

Reaction time was significantly correlated with accuracy (r=—0.265, p=0.027). A linear
mixed-effects analysis with Age, Group (normal hearing/hearing loss), Vocabulary, NVIQ
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and Material (adult-directed male/female) as fixed predictors of reaction time and subject-
based random intercepts showed a significant decline with age (F(1,28)=6.67, p=0.015) (Fig
4C), but as with the accuracy scores, reaction times were not significantly different between
groups. Reaction times were not predicted by Vocabulary, NVIQ or Material.

Comparison of performance by children with normal hearing and children with hearing
loss listening to child-directed materials

We also compared emotion recognition performance with child-directed materials by the
group of children with hearing loss in the present study against the performance of the group
of children with normal hearing in Chatterjee et al. (2015). Figure 5 shows RAU scores
obtained in the two groups. A linear mixed-effects analysis comparing RAU scores obtained
by the two groups of children listening to child-directed materials showed no significant
effects of Age or Group, and no interactions (Fig 5A). However, the distributions of the data
were different between the groups, with the lower quartile extending to much poorer scores
for children with hearing loss than for children with normal hearing (Fig 5B).

Comparison of the performance by children with normal hearing listening to adult-directed
and child-directed materials

We expected that performance by children with normal hearing would be poorer in the
present study with adult-directed materials than in the Chatterjee et al (2015) study with
child-directed materials. A linear mixed effects analysis comparing the performance of
children with normal hearing with adult-directed materials in the present study with the
group of children with normal hearing tested with child-directed materials from Chatterjee et
al. (2015) showed a significant effect of Age (F(1,47)=25.79, p<0.0001) and Material (adult-
directed/child-directed) (F(1,47)=28.87, p<0.0001), and no interactions (Fig 6A). The
significant effect of Material was further confirmed by a large effect size (Cohen’s d=2.45).
Thus, the group of children with normal hearing in the present study showed much poorer
performance with adult-directed materials than did their counterparts in Chatterjee et al
(2015) with child-directed materials (Fig 6B).

Analyses of predictors of performance by children with hearing loss

Unlike the children with normal hearing, the children with hearing loss showed a significant
correlation between vocabulary and cognition measures (PPVT and NVIQ; r=0.73,
p<0.001). To avoid problems of interpretation associated with collinearity, NVIQ was
excluded from subsequent analyses. The RAU scores obtained in the children with hearing
loss were analyzed for predictive effects of Age, Degree of hearing loss (mild or moderate
loss), Vocabulary, and the four levels of Material (adult- or child-directed, male and female
talkers). The results indicated a significant effect of Age (F(1,10)=6.01, p=0.034), a
significant interaction between Age and Vocabulary (F(1,10)=6.54, p=0.029), and a
significant interaction between Material and Vocabulary (F(1,41)=8.11, p=0.007). No effect
of Degree of hearing loss was found. The main effects of Age and the interaction between
Vocabulary and Material are shown in Figure 7A and 7B respectively. To better understand
the interaction between Age and Vocabulary, the participants were divided into older and
younger age groups (younger than or older than 10 years of age). Figure 7C plots the RAU
scores obtained by each group against their vocabulary scores, for the four different sets of
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materials. It is apparent that the slope of the function relating RAUs to vocabulary scores is
steeper for the older age group, particularly for the adult-directed materials. Separate
multiple linear regression analyses were performed to estimate the slope relating RAU and
vocabulary for each age group, taking material into account. The estimated slopes for the
older and younger age groups were both significant (p<0.001 in each case), but the slope
was steeper for the older age group (estimated slope: 0.533, s.e. 0.076) than for the younger
age group (estimated slope: 0.31, s.e. 0.076). The difference is slopes was marginally
significant (t(28)=2.08, p=0.047). These results suggest that older children gained more from
stronger vocabulary in identifying emotions than did younger children.

To better understand the interaction between Material and Vocabulary, linear regression
analyses to estimate the slope relating RAU and vocabulary for each of the four levels of
Material (male or female talker, adult- or child-directed) showed shallower estimated slopes
for the adult-directed materials than for the child-directed materials. Estimated slopes were:
0.266(s.e.=0.091) for the adult-directed, female talker materials, 0.401(s.e.=0.086) for the
adult-direct, male talker materials, 0.501(s.e.=0.074) for the child-directed, female talker
materials, and 0.555(s.e.=0.109) for the child-directed, male talker materials. Further
analyses showed that the slope obtained with the child-directed, male talker was
significantly steeper than the slope obtained with the adult-directed, male talker (t(28)=2.04,
p=0.05), and the slope obtained with the child-directed, female talker was marginally
significantly steeper than the slope of the adult-directed, female talker (p=0.055). Thus, in
children with hearing loss, vocabulary was more strongly linked to performance with child-
directed materials than adult-directed materials.

Reaction times were found to be significantly correlated with accuracy scores in the children
with hearing loss (r=-0.35, p=0.004), with better scores being associated with faster reaction
times (Fig 8A). A linear mixed-effects analysis with fixed effects of Age, Degree of hearing
loss, Vocabulary and the four levels of Material (male or female talker, adult- or child-
directed), and subject-based random intercepts showed significant three-way interaction
between Age, Vocabulary and Material (F(1,37)=5.54, p=0.024), a two-way interaction
between Age and Material (F(1,37)=5.70, p=0.022) and a main effect of Material
(F(1,37)=5.44, p=0.025) but no other significant effects. To better understand the
interactions, the subjects were divided into two groups by age (younger and older than 10),
and the vocabulary scores were divided into two categories, lower than the median and
higher than the median score. Fig 8B shows boxplots of the reaction times of children falling
into each vocabulary category (abscissa), for the older and younger children (left and right
panels) and for the different materials (colors). It is evident that the mean reaction times
were shorter for the older children falling in the higher vocabulary group, but that
vocabulary did not make a difference to the younger children’s reaction times. The effect of
vocabulary on the older children’s reaction times was calculated to be moderate in size
(Cohen’s d=0.65). These relationships are further shown in the scatter plot in Fig 9. The
mean of the adult-directed (male and female talker) and child-directed (male and female
talker) reaction times were calculated, and plotted against age for the two groups of
vocabulary scores (Fig 9A, B). A linear multiple regression model showed no relation
between Reaction times and Age and no interaction with the Vocabulary categories for the
adult-directed materials, but a marginally significant effect of Vocabulary category
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(t(1.25)=1.77, p=0.098) and a marginally significant interaction of Age and the Vocabulary
categories (t(0.12)= —1.88, p=0.08) for the child-directed materials (i.e. the slopes in the left
and right panels in Fig 9B were marginally different. These results suggest that, with child-
directed speech and for older children with higher vocabulary scores, reaction times were
somewhat shorter.

To summarize, accuracy scores of the children with hearing loss suggest an interaction
between age and vocabulary, indicating that among children with hearing loss, older
children’s performance may be more strongly mediated by language than younger
children’s. A second interaction was observed between vocabulary and material, indicating
that children with stronger language skills showed better performance with the child-
directed materials than children with weaker language skills. This difference was reduced in
the case of adult-directed materials (shallower slope in Figure 7C). Reaction time data
showed interactions between these variables as well. Reaction times with child-directed
materials showed a greater dependence on vocabulary and age than reaction times with
adult-directed materials. Overall, older children with higher vocabulary scores showed
shorter reaction times. As NVIQ was correlated with vocabulary, we cannot separate the
effects of language from those of general cognition in this analysis.

Analyses of results obtained in children with normal hearing listening to adult-directed

speech

Given the prominent role of vocabulary as a predictor of performance by children with
hearing loss, a separate analysis was conducted with the data obtained in children with
normal hearing to examine the effects of vocabulary, age and material (male or female
talker) in this group. Only the data from the present study with adult-directed materials were
considered, as vocabulary was not measured in the previous study (Chatterjee et al, 2015)
with child-directed materials. A linear mixed-effects analysis with the RAU score as the
dependent variable, Vocabulary, Age and Material (male or female talker) as fixed effects,
and subject-based random intercepts, showed a marginally significant effect of Age
(F(1,16)=4.34, p=0.054) and a marginal interaction between Age and Material (F(1,
17)=4.322, p=0.053), but no effects of Vocabulary. The interaction between Age and
Material was followed up by separate linear mixed effects analyses on the data obtained with
the female talker’s and the male talker’s materials, respectively. In these analyses, the RAU
score was the dependent variable, and predictors were Age and Vocabulary. The analyses
with the data obtained with the female talker’s materials showed no effects of either Age or
Vocabulary. However, the analysis of the data with the male talker’s materials showed a
significant effect of Age (F(1,16)=7.35, p=0.015) and a marginal, non-significant effect of
Vocabulary (F(1,16)=3.94, p=0.06). Thus, the interaction between Age and Material
observed earlier was driven by an age-related improvement in performance with the male
talker’s materials that is not observed with the female talker’s materials. These analyses
indicate that, unlike the children with hearing loss, the children with normal hearing show
talker-dependent effects of age, and no significant effects of vocabulary. A second analysis
of reaction times showed no effects of Age, Material or Vocabulary on reaction times when
this group is considered alone.
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Analyses of d’s

To test the possibility that children with hearing loss might have different emotion-specific
deficits re: children with normal hearing that might be revealed in an analysis taking both
accuracy (hits) and false alarms into account, confusion matrices obtained in the children
were analyzed to derive hit rates and false alarm rates for each emotion. Figure 10A shows
boxplots of the resulting d” values plotted for each emotion for the two groups for adult-
directed materials. Consistent with the findings described above with accuracy as the
outcome measure, a linear mixed-effects analysis with subject-based random intercepts and
with d” as the independent variable, showed significant effects of Emotion (F(1,266)=7.086,
p=0.008), Age (F(1,27)=24.50,p<0.001) and Vocabulary (F(1,27)=12.60, p=0.001), but no
effects of Group or Material and no interactions. Following up on the effect of Emotion,
post-hoc pairwise t-tests showed significant differences between angry and neutral
(p=0.024), angry and sad (p<0.001), and angry and scared (p<0.001), and a significant
difference between Aappy and scared (p=0.029).

In a second analysis, the d” scores obtained by Chatterjee et al (2015) in the children with
normal hearing were compared with the d” scores obtained in the children with hearing loss
in the present study, both with the same child-directed materials. Figure 10B shows boxplots
of d” values obtained in the two groups of children with child-directed speech, for each
emotion and each talker. It is evident that ceiling effects were strong in the children with
normal hearing. Vocabulary scores were not obtained in the Chatterjee et al (2015) study. A
linear mixed-effects analysis with Group (normal hearing or hearing loss), Emotion,
Material (adult- or child-directed), and Age showed significant effects of Age (F(1,46)=9.50,
p<0.001), Group (F(1,46)=17.17, p<0.001), and Material (F(1,436)=47.18, p<0.001), and an
interaction between Emotion and Material (F(1,436)=13.22, p<0.001). Because of the
ceiling effects in this dataset, it was not clear whether the interaction between Emotion and
Material was meaningful and it was not followed up on.

Finally, a linear mixed-effects analysis of d” values obtained in only the children with
hearing loss with the child-directed materials showed significant effects of Vocabulary
(F(1,12)=37.29, p<0.001) and Emotion (F(1,128)=4.52, p=0.035). Effects of Age
(F(1,12)=3.66, p=0.080) and Material (F(1,128)=3.74, p=0.055) did not reach significance.
Post-hoc pairwise t-tests on the effect of Emotion showed only significant differences
between angry and neutral (p=0.049) and angry and scared (p=0.007).

Overall, the patterns of results were generally consistent with those observed using accuracy
scores. Effects of age, vocabulary and material were consistently present. Effects of emotion
were also present, as observed in the percent correct scores. The specific effects of emotion
were generally consistent across measures. However, given the talker-variability in acoustic
cues for emotion and the limited number of talkers in our present stimulus set, these effects
of emotion, or the observed interaction between emotion and material in one of the analyses,
are unlikely to generalize to other talkers and materials, and are not of central interest to this
study. The primary finding of interest is that no differences were observed between the two
groups in emotion-specific patterns of performance.
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Discussion

This study sought to examine how children with mild to moderate hearing loss performed on
an emotion recognition task compared to children with normal hearing using speech stimuli
containing more (child-directed) or less (adult-directed) exaggerated prosody. Performance
measures in both groups were compared against those of a group of young, normally hearing
adults. Our primary hypotheses were: 1) that the adult-directed materials would present
greater difficulties for younger children with normal hearing and for children with hearing
loss, and 2) that both performance accuracy scores and reaction times would reflect these
differences. Additional research questions centered on the roles of the degree of hearing loss
(for children with hearing loss), general cognition (executive function and NVIQ) and
vocabulary in predicting the children’s performance. One limitation of the study was the
more limited age range of the children with hearing loss compared to the children with
normal hearing. The results, however, showed no interactions between children’s hearing
status and age, suggesting overall similar age-related improvements in performance both
groups of children.

Comparisons between groups

Our hypothesis that children with mild to moderate hearing loss would perform comparably
to their normally hearing counterparts with child-directed materials, but would have greater
difficulty with adult-directed materials, was only partially supported by our findings. The
performance of children with hearing loss was not significantly different from children with
normal hearing (present and previous study) using either child-directed or adult-directed
materials; however, all groups showed poorer performance with adult-directed materials.

Our results also revealed a significant overall effect of developmental age on performance in
the emotion recognition task. No interaction was observed between the children’s hearing
status and age. The adults with normal hearing outperformed both groups of children in all
analyses with adult-directed materials. Vocabulary was a significant predictor of the
children’s performance, but executive function and NVIQ were not predictors.

Significant talker effects were observed, with both groups of children performing better with
the female talker than the male talker in both sets of materials. Given that the male and
female talkers were different for adult-directed and child-directed materials and that there
were only two talkers in each set, this cannot be interpreted as a talker-sex effect. Rather, we
interpret the talker effects as an indicator of talker variability in emotion communication.
Similarly, significant effects of the specific emotions were observed, but these effects were
not the focus of the present study. The primary question of interest here was whether there
were differences between the children with hearing loss and children with normal hearing in
the pattern of performance across emotions. Such an interaction between hearing status and
emotion was not observed in the present study.

Analyses of d” values derived from the confusion matrices were broadly consistent with the
patterns of results obtained with accuracy scores, showing effects of developmental age,
material and emotion, as well as a predictive role of vocabulary. The pattern of results
obtained with the different emotions was also generally consistent with the pattern observed
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with the accuracy scores. Also consistent with the accuracy scores, no interaction was
observed between the specific emotion types and children’s hearing status.

Within the groups of children, the patterns of results were somewhat different, with
vocabulary (and/or cognition) playing a more dominant role in the children with hearing loss
than in the children with normal hearing. The interactions observed in the group with
hearing loss were of particular interest, and discussed further below.

The greater role of vocabulary in children with hearing loss

Our hypothesis that for children with mild to moderate hearing loss interactions between
age, degree of hearing loss and material would be observed was supported only by a
significant interaction between age and material. When separated into two groups, mild
hearing loss and moderate hearing loss, degree of hearing loss had no effect on performance.
This is consistent with findings in previous studies investigating children with moderate to
severe hearing loss (Davis et al. 1986; Moeller 2000; Most & Michaelis 2012). Most and
Michaelis (2012) reported that only children with profound hearing loss differed
significantly from children with normal hearing in voice-emotion recognition. Since
fundamental frequency is one of the dominant cues for emotion recognition (e.g. Oster &
Risberg 1986; Murray & Arnott 1993), individuals with mild to moderate hearing loss are
likely to have sufficient residual hearing in the lower frequency range to be able to perceive
the changes in fundamental frequency necessary to distinguish one emotion from another.
Our findings indicate that, despite a lack of consistent access to the full complement of
speech and language cues (Tomblin et al. 2015), children with mild to moderate hearing loss
are able to capitalize on this information, even in a challenging emotion recognition task
(i.e., with adult-directed stimuli). The observed interaction between age and material in this
population suggests a specific vulnerability to speaking style in younger children:
specifically, younger children with hearing loss appeared to benefit less from the
exaggerated prosody of child-directed than did older children with hearing loss. Such an
interaction was not observed in the children with normal hearing groups. Further,
interactions were observed between vocabulary and material in the analysis of accuracy
scores, and interactions between age, vocabulary and material were observed in the analysis
of reaction times. These interactions, when investigated further, showed that unlike younger
children with hearing loss, vocabulary was linked to greater benefit from child-directed
speech in older children with hearing loss. These analyses contrasted with those in normally
hearing children, and suggests that for children with hearing loss, linguistic knowledge
might need to be harnessed to a greater degree to achieve the same level of performance as
their normally hearing peers.

Consistent with the present findings in children with hearing loss, Geers et al. (2013)
reported correlations between indexical and linguistic information processing in children
with cochlear implants. Previous studies on children with cochlear implants have also shown
that NVIQ is a predictor of language progress and outcomes (Davis et al. 1986; Geers &
Sedey 2011; Geers & Nicholas 2013). Further, Tinnemore et al. (2018) reported that NVIQ
was a predictor of emotion recognition by children with normal hearing attending to
cochlear implant simulations. Previous studies on emotion recognition by children with
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hearing loss who do not use cochlear implants have not included measures of language or
cognition. Given that NVIQ was correlated with vocabulary in the cohort of children with
mild to moderate hearing loss in the present study (but not in the children with normal
hearing), the possibility that cognitive as well as linguistic processes might be more involved
in how children with hearing loss address a vocal emation recognition task, cannot be ruled
out.

Reaction time in children with normal hearing and children with mild to moderate hearing

loss

Our hypothesis that longer reaction times would be observed in children with mild to
moderate hearing loss, younger children, and with adult-directed speech materials was only
partially supported. Generally, reaction times decreased as age increased, but no interactions
were observed between reaction time and group. Our findings were in contrast to those of
Husain et al. (2014) in adults indicating that participants with mild to moderate hearing loss
had significantly slower reaction times on their emotion processing task than normally
hearing adults. However, their task and stimuli were different from those in the present
study. Reaction time data also showed interactions between vocabulary, material and age in
the children with hearing loss. These findings were generally consistent with accuracy
scores and d’ measures. These consistencies are promising for future research, as they
indicate that response times may be used as a proxy for more time-consuming or difficult
measures of emotion identification, particularly in difficult-to-test populations such as very
young children. Although our instructions did not emphasize speed, results of Pals et al.
(2015) suggest that reaction time measures in the present study may additionally reflect
cognitive load/listening effort.

Implications for children with hearing loss

Children with mild to moderate hearing loss have been relatively under-represented in
studies of voice emotion recognition. The present results point to greater vulnerability to
materials/speaking style in younger children with mild to moderate hearing loss. Given the
literature on psychosocial problems in children with hearing loss, possible connections
between emotion understanding, theory of mind, and the development of social cognition in
children, it is critical to achieve a deeper understanding of these issues.

Our results indicate that, unlike children with normal hearing, vocabulary is a significant
predictor of performance and in children with hearing loss, interacting with age and with
type of material (child- or adult-directed). The effect of vocabulary was supported in
reaction time measures and in d” measures as well. It is known that ensuring consistent and
appropriate use and fitting of hearing aids is an important contributor to success in language
development in this population (McCreery et al 2015; Tomblin et al, 2015). Thus, taking
steps to ensure well-fitted hearing aids early in the child’s life, together with ensuring that
the child wears the hearing aid consistently and for longer hours of the day, as well as other
interventions that might support language development, are all likely to contribute to
improved processing of emotional prosody, particularly in younger children with hearing
loss.
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Conclusions

Previous studies in this area focusing on children with moderate to profound hearing loss
and children with cochlear implants have reported significant deficits in voice emotion
recognition when compared to normally hearing peers. Results from the present study
suggest that at least in the population of children with mild to moderate hearing loss, a
significant deficit in voice emotion perception does not exist, either in accuracy or in
reaction time. However, a different pattern of interactions observed in accuracy scores, d’s,
and reaction times in the children with hearing loss suggest a greater role for language/
cognition and age in their ability to benefit from the exaggerated prosody of child-directed
speech.
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A) Boxplots of mean pitch (FO Hz) computed across all sentences spoken with each
individual emotion (abcissa) by the two talkers and the two material types (shown in the four
panels). B) As in Fig. 1A, but showing boxplots of mean intensity (dB SPL). C) As in Figs.
1A and 1B, but showing the ratio of mean pitch computed for each emotion to the mean
pitch computed for the neutral emotion (FOy4ti0). D) As in Figs. 1A, 1B and 1C, but showing
the difference in intensity (dB) between individual emotions and the neutral emotion. A-
angry, H-happy, Ne-neutral, S-sad, Sc-scared. ADSF-female talker, adult-directed material;
ADSF/CDSF, adult/child-directed speech, female talkers; ADSM/CDSM, adult/child-
directed speech, male talkers.
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Figure 2.
Boxplots of RAU scores (A) and reaction times (B) obtained in each participant group for

adult-directed materials. (CHL-children with hearing loss, CNH, children with normal
hearing, ANH-adults with normal hearing; ADSF-female talker, adult-directed materials,
ADSM-male talker, adult-directed materials).
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Boxplots of RAU scores obtained in each participant group (rows) for adult-directed
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materials spoken by the female and male talker (left and right columns), plotted against the 5
emotions (abcissa). (A-angry, H-happy, Ne-neutral, S-sad, Sc-scared.; CHL-children with

hearing loss, CNH-children with normal hearing, ANH-adults with normal hearing)
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Figure 4.
Relationship between RAU scores and age (A), vocabulary score (B), and the relationship

between age and reaction time (C) with adult-directed materials for children with hearing
loss (CHL) and children with normal hearing (CNH). Lines indicate linear regression fits.
Solid line — CHL, dashed line — CNH.
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Figure 5A Scatterplots of RAU scores obtained with child-directed materials in children
with hearing loss (CHL) from this study and children with normal hearing (CNH) in the
Chatterjee et al. (2015), plotted against the child’s age. Lines indicate linear regression fits.
Solid line — CHL, dashed line — CNH. 5B Boxplots of RAU scores obtained in each group.
(CDSF-female talker, CDSM-male talker).
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Figure 6A. RAU scores plotted against age for the children with normal hearing from this
study listening to adult-directed materials and the group of children with normal hearing
from Chatterjee et al. (2015) listening to child-directed materials. 6B. Boxplots of RAU
scores obtained in the each group. (ADSF/CDSF, adult/child-directed speech, female talkers;
ADSM/CDSM, adult/child-directed speech, male talkers). Lines indicate linear regression
fits. Solid line — ADSF, dashed line — ADSM, dotted line — CDSF, two dashed line - CDSM.
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Scatterplots of RAU scores against age (7A) and vocabulary score (7B) for children with
hearing loss with adult-directed and child-directed materials (ADSF/CDSF-female talker,
ADSM/CDSM-male talker). Fig 7C shows the relationship between RAUs and vocabulary
scores for younger and older children listening to the four sets of materials (ADSF/CDSF,
adult/child-directed speech, female talkers; ADSM/CDSM, adult/child-directed speech,
male talkers). Lines indicate linear regression fits. Solid line — ADSF, dashed line - ADSM,
dotted line — CDSF, two dashed line - CDSM.
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Reaction times plotted against RAU scores in the children with hearing loss (8A). Fig 8B
shows boxplots of reaction times obtained in children older than or younger than 10 years of
age (left and right panels), and categorized by their vocabulary (scores greater than or less
than the median PPVT score, shown in the abcissa) for children with hearing loss listening
to the four sets of materials (ADSF/CDSF, adult/child-directed speech, female talkers;
ADSM/CDSM, adult/child-directed speech, male talkers). Lines indicate linear regression
fits. Solid line — ADSF, dashed line — ADSM, dotted line — CDSF, two dashed line - CDSM.
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Figure 9.
Mean reaction times plotted against age for children with hearing loss categorized by

vocabulary score (less than the median or greater than the median) for adult-directed
materials (9A) and child-directed materials (9B). Lines indicate linear regression fits.
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Boxplots of d” plotted against each emotion for children with hearing loss (CHL) and
children with normal hearing (CNH) with adult-directed materials (10A) and child-directed
materials (10B). (A-angry, H-happy, Ne-neutral, Sc-scared; ADSF/CDSF-adult/child-
directed speech, female talkers; ADSM/CDSM-adult/child-directed speech, male talkers).
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