Vocal Emotion Recognition in School-Age Children With
Hearing Aids
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Objectives: In individuals with normal hearing, vocal emotion recogni-
tion continues to develop over many years during childhood. In children
with hearing loss, vocal emotion recognition may be affected by com-
bined effects from loss of audibility due to elevated thresholds, supra-
threshold distortions from hearing loss, and the compensatory features
of hearing aids. These effects could be acute, affecting the perceived
signal quality, or accumulated over time, affecting emotion recognition
development. This study investigates if, and to what degree, children
with hearing aids have difficulties in perceiving vocal emotions, beyond
what would be expected from age-typical levels.

Design: We used a vocal emotion recognition test with non-language-
specific pseudospeech audio sentences expressed in three basic emo-
tions: happy, sad, and angry, along with a child-friendly gamified test
interface. The test group consisted of 55 school-age children (5.4 to 17.8
years) with bilateral hearing aids, all with sensorineural hearing loss with
no further exclusion based on hearing loss degree or configuration. For
characterization of complete developmental trajectories, the control group
with normal audiometric thresholds consisted of 86 age-matched children
(6.0 to 17.1 years), and 68 relatively young adults (19.1 to 35.0 years).

Results: Vocal emotion recognition of the control group with normal-
hearing children and adults improved across age and reached a plateau
around age 20. Although vocal emotion recognition in children with
hearing aids also improved with age, it seemed to lag compared with
the control group of children with normal hearing. A group compari-
son showed a significant difference from around age 8 years. Individual
data indicated that a number of hearing-aided children, even with severe
degrees of hearing loss, performed at age-expected levels, while some
others scored lower than age-expected levels, even at chance levels.
The recognition scores of hearing-aided children were not predicted by
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unaided or aided hearing thresholds, nor by previously measured voice
cue discrimination sensitivity, for example, related to mean pitch or vocal
tract length perception.

Conclusions: In line with previous literature, even in normal hearing,
vocal emotion recognition develops over many years toward adulthood,
likely due to interactions with linguistic and cognitive development.
Given the long development period, any potential difficulties for vocal
emotion recognition in children with hearing loss can only be identi-
fied with respect to what would be realistic based on their age. With
such a comparison, we were able to show that, as a group, children
with hearing aids also develop in vocal emotion recognition, however,
seemingly at a slower pace. Individual data indicated a number of the
hearing-aided children showed age-expected vocal emotion recognition.
Hence, even though hearing aids have been developed and optimized for
speech perception, these data indicate that hearing aids can also support
age-typical development of vocal emotion recognition. For the children
whose recognition scores were lower than age-expected levels, there
were no predictive hearing-related factors. This could be potentially
reflecting inherent variations related to development of relevant cogni-
tive mechanisms, but a role from cumulative effects from hearing loss is
also a possibility. As follow-up research, we plan to investigate if vocal
emotion recognition will improve over time for these children.

Key words: Children, Development, Hearing aids, Hearing loss, Vocal
emotion.
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INTRODUCTION

Communicating emotions is an important aspect of social
interactions (Picou et al. 2018). Studies on the development
of vocal emotion recognition in children with normal hearing
(NH) have shown that cortical specialization of vocal emo-
tion processing starts in infancy (Blasi et al. 2011; Cheng et al.
2012). However, overall vocal emotion recognition abilities
continue to develop throughout childhood and adolescence,
especially if children need to rely on prosodic affective cues
only, for example, when the linguistic affective content is not
available (Aguert et al. 2013; Sauter et al. 2013; Chronaki et al.
2015; Grosbras et al. 2018; Nagels et al. 2020b; Amorim et al.
2021; Filippa et al. 2022).

For children with hearing loss and hearing devices, pro-
sodic cues may be altered, and vocal emotion recognition and
its development may differ from that of NH. Various acoustic
cues can convey vocal emotions, such as mean fundamental
frequency (F0), FO variations, sound intensity, speech rate, and
timbre information (Banse & Scherer 1996; Juslin & Laukka
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2001). Recently, von Eiff et al. (2022) manipulated FO and tim-
bre (aperiodicity, formant frequencies and bandwidths, and
spectral tilt) through a voice morphing technique and showed
that NH listeners use both FO and timbre information to similar
degrees for vocal emotion recognition. In severe hearing loss
and where hearing aid (HA) amplification of acoustic signals is
not sufficient, cochlear implants (CIs) replace acoustic hearing
with electric stimulation of the auditory nerve to provide hear-
ing. Pediatric CI candidacy criteria are bilateral profound sen-
sorineural hearing loss for children between 9 and 24 months
and bilateral severe to profound hearing loss for children older
than 2 years, as well as a limited benefit from appropriately fit-
ted HAs (Anne et al. 2022). However, due to factors related to
electric stimulation and the resulting channel interactions, sig-
nals transmitted are reduced in both spectrotemporal details and
dynamic range (for an overview, see Bagkent et al. 2016). This
likely affects emotional prosodic cues related to spectrotempo-
ral and intensity-related aspects like it is the case for musical
emotion perception (Harding et al. 2023), but not speech rate
per se, and hence vocal emotion recognition in CI children and
adults (Luo et al. 2007; Hopyan-Misakyan et al. 2009; Volkova
et al. 2013; Chatterjee et al. 2015, 2023; Everhardt et al. 2020).

HAs amplify the acoustic signal to compensate for elevated
hearing thresholds. They also provide other signal processing
features to compensate for suprathreshold changes caused by
hearing loss. These suprathreshold changes may include reduced
spectral and temporal resolution (Van Tasell 1993; Moore 1995;
Bagkent 2006; Reed et al. 2009; Souza et al. 2015; Brennan
et al. 2018), and reduced sensitivity to temporal fine structure
(Moore 2008; Hopkins & Moore 2011; Halliday et al. 2019).
Loudness recruitment and reduced dynamic range can occur as
the maximum tolerable loudness stays the same while the hear-
ing thresholds are higher (Van Tasell 1993; Buus & Florentine
2002). HA amplification alone cannot compensate for such
changes and therefore many additional features are provided,
such as dynamic range compression to reduce the wide range
of the signal amplitude to match the reduced dynamic range
(Davidson & Skinner 2006; Pittman et al. 2014; Souza 2016).
In high-frequency hearing loss, the inaudible speech sounds can
be lowered from high-frequency to low-frequency regions to
make them audible (Souza et al. 2013). Although the effects of
altered emotion cues can be acute, due to the changes in the per-
ceived signal, they can also be cumulative over time. Exposure
to social interactions, factors associated with HA selection and
fitting, and rehabilitation from the early years may influence
overall HA outcomes in later years (Moeller & Tomblin 2015;
McCreery & Walker 2022).

HAs are designed to optimize speech perception and listen-
ing comfort (Ching et al. 2001 ; Launer et al. 2016; Pavlovic
1988; Tomblin et al. 2015; Tomblin et al. 2020). Outcome
measures with HAs are usually based on speech transmission
quality and speech intelligibility (Steeneken & Houtgast 1980;
Humes et al. 1986; Holube & Kollmeier 1996; Arehart et al.
2013), and notably, there is currently no standard by which to
assess vocal emotion abilities. However, a complete overview
of vocal emotion recognition in children with HAs is impor-
tant as the choices in treatment and management of hearing loss
in clinical practice may have consequences for children, par-
ticularly in social, cognitive, and academic development (Mauk
and Mauk 1992; Hopyan-Misakyan et al. 2009; Roland et al.
2016). Previous study on vocal emotion recognition in child and

adult HA users has shown somewhat mixed results. Christensen
et al. (2019) tested HA users between 21 and 75 years of age,
as well as age-matched normal-hearing listeners, to show that
vocal emotion perception was independently hindered both by
age and hearing loss. Furthermore, findings from other stud-
ies have suggested that a HA benefit may be specific to speech
perception and does not transfer to emotion perception. Goy
et al. (2018) found no difference in vocal emotion recognition in
experienced HA users when comparing aided and unaided lis-
tening conditions, while they did see an improvement in speech
perception when listeners used their HAs. In addition, Singh
etal. (2019) conducted a study with HA users and listeners with
hearing loss who did not use HA and found no differences in
emotion recognition between the groups. It is unclear whether
the reported lack of HA benefit is due to an insufficient trans-
mission of emotion-related acoustic cues by HAs or because
these HA users may not be able to correctly map the available
cues onto emotional representations. It is important to note that
the studies by Goy et al. and Singh et al. included older adult
listeners and previous study has shown that emotion recognition
is subject to aging effects in addition to effects of hearing loss
(Christensen et al. 2019). Considering these different factors,
the effect of HAs on emotion recognition may be different for
adults and children. Indeed, one relevant study on this topic in a
child population of nineteen participants with mild-to-moderate
hearing loss, including listeners with and without HAs (8 to 14
years; Cannon & Chatterjee 2019), did not report a significant
difference in vocal emotion recognition between children with
hearing loss and NH children, using both infant-directed and
adult-directed speech. The pure-tone averages across 500, 1000,
2000, and 4000 Hz (PTA4) of the better ear of the children with
hearing loss ranged from 13.8 to 48.8 dB HL and 3 of the chil-
dren with hearing loss did not use a HA in daily life or during
testing. Cannon and Chatterjee showed that vocal emotion rec-
ognition improved with increasing age and this developmental
effect did not differ between children with and without hearing
loss. The authors suggest that children with hearing loss may
rely on different mechanisms for vocal emotion recognition
than NH children due to the finding that in the former group,
accuracy scores of older children were associated with their
vocabulary level. On the other hand, two other studies on vocal
emotion recognition in children (Most & Michaelis 2012) and
adolescents (Most & Aviner 2009) showed that HA users had
lower recognition scores than NH listeners, but did not differ
significantly from CI users. These studies included HA users
between the ages of 4 and 6 and between 10 and 15, respec-
tively, but did not investigate developmental effects within these
groups.

Previous studies on vocal emotion recognition have looked
into the influence of listeners’ hearing thresholds, but the results
have been inconclusive. Christensen et al. (2019) reported a
marginally significant effect of low-frequency hearing thresh-
olds on vocal emotion recognition accuracy in adult HA users.
Hearing thresholds at low frequencies are indeed expected to be
relevant for vocal emotion recognition as this relates to voice
pitch perception (Babaoglu et al. 2024). As a result, elevated
low-frequency hearing thresholds could affect the ability to
perceive pitch fluctuations conveying emotional prosody. In
addition, other studies have suggested a role for high-frequency
hearing in emotion recognition as this may be the range in
which some spectral changes related to emotion expressions
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take place. Some indication for the relevance of hearing thresh-
olds at different frequency regions could be found in a study
by Buono et al. (2021) who showed that listeners rated emo-
tional non-speech sounds as less extreme in terms of valence
and arousal when stimuli were high-pass filtered or low-pass
filtered. This finding supports the hypothesis that reduced audi-
bility at low and/or high frequencies affects emotional ratings of
sounds. On the other hand, a number of studies have not found a
relation between hearing thresholds and vocal emotion recogni-
tion in adults with age-NH or only mild hearing loss (Orbelo
et al. 2005; Mitchell 2007; Lambrecht et al. 2012; Dupuis &
Pichora-Fuller 2015). It therefore remains unclear whether
hearing thresholds would be associated with vocal emotion rec-
ognition in children with a wider range of hearing loss degrees
and who are using HAs.

Because voice pitch is a robust component of vocal emotion
(Banse & Scherer 1996; Juslin & Laukka 2003; Lima & Castro
2011; Lausen & Hammerschmidt 2020), one might expect that
participants with greater voice pitch sensitivity would be able
to better recognize vocal emotions. Such a link has previously
been reported by Globerson et al. (2013) who found that perfor-
mance in a task focusing on the direction of a pitch change, was
a significant predictor of vocal emotion recognition. Other stud-
ies have also shown that listeners use vocal tract length (VTL)
cues (Chuenwattanapranithi et al. 2009), formant information
(Banse & Scherer 1996), or more broadly, voice timbre cues for
vocal emotion perception (von Eiff et al. 2022). In addition, the
production of emotional speech has been related to differences
in vocal tract shaping (Kim et al. 2020), such that listeners with
good VTL discrimination may also be better in discriminating
emotions.

In this study, we set out to assess how age influences vocal
emotion perception in sentence materials for children with
HAs, compared with age-matched NH peers. For a compre-
hensive overview, we measured vocal emotion recognition of
school-age children with bilateral HAs who have a wide range
of hearing loss degrees and configurations. Because vocal emo-
tion recognition develops during childhood, the quantification
of the degree to which a child can perceive vocal emotions is
only possible if it is known what recognition level could be
expected for their age on the specific test administered. For this
purpose and to provide a complete developmental trajectory, we
also measured vocal emotion recognition in children and young
adults with no hearing loss. Finally, as a first attempt into inves-
tigation of any additional factors, we investigated correlations
with hearing thresholds in high- and low-frequency regions and
with sensitivity measures for FO and apparent VTL, as mea-
sured by Babaoglu et al. (2024) in the same population as the
present study.

MATERIALS AND METHODS

The study presented here is part of a larger project on
voice and speech perception in Turkish children and adults:
Perception of Indexical Cues in Kids and Adults in Turkish
(PICKA-tr). The PICKA-tr project consists of four experi-
ments, previously developed for Dutch (PICKA) and subse-
quently adapted to Turkish at the University Medical Center
Groningen, to assess voice cue discrimination, voice gender
categorization, speech perception in the presence of a single-
talker speech masker, and vocal emotion recognition (Nagels

et al. 2020a, b, 2021, 2024). Participants completed the four
experiments in a single test session in the order presented
earlier.

Here, we report the results from the vocal emotion recogni-
tion test for Turkish children with HAs and children and adults
with NH (EmoHI test, previously used in Dutch and English
children and adults with NH and in Dutch children with CIs;
Nagels et al. 2020b). Participants completed a forced-choice
emotion categorization task with meaningless sentences con-
veying happiness, sadness, and anger. We also further explored
correlations of various auditory measures with vocal emo-
tions. First, we assessed correlations with unaided and aided
audiometric thresholds in different frequency regions, such
as PTA4 (the PTA covering mid-range frequencies between
500 and 4000 Hz, largely overlapping with important speech
frequencies and formant regions). In addition, we consid-
ered high-frequency PTA (6000 and 8000 Hz; HFPTA), low-
frequency PTA (250 and 500 Hz; LFPTA), and the extended
low-frequency PTA (125 and 250 Hz; ELFPTA), covering
various frequency ranges that may be relevant for vocal emo-
tion perception and following previous studies (Flaherty et al.
2021; Babaoglu et al. 2024). Second, we assessed correlations
with the just-noticeable differences (JNDs) for FO and VTL
from the first test of the PICKA-tr project, tested with the same
participants of the present study and previously reported by
Babaoglu et al. (2024).

This study was approved by The Clinical Research Ethical
Committee of the university 2019/07-22 (KA19038). Additional
permissions were obtained from the Ministry of Education to
test NH children at specific schools and from the Ministry of
Health to collect data at hospitals and clinics.

Participants

A total of 55 HA children (range = 5.4 to 17.8 years, mean =
10.3 years, SD = 3.5 years), 86 NH children (range = 6.0 to
17.1 years, mean = 11.0 years, SD = 2.9 years), and 68 NH
adults (range = 19.1 to 35.0 years, mean = 24.9 years, SD =
4.6 years) took part in the study. Participants with NH were
recruited from the general public, via primary schools, and
from the local university student population. HA participants
were recruited via the University Audiology Clinic, private
HA shops, and rehabilitation centers. In the overall study,
we included healthy participants who were native speakers
of Turkish, had normal or corrected-to-normal vision, and
who had no history of neurological, developmental, motor,
or language disorders, based on self-reports for adults and
older children, or parental reporting for younger children. All
children attended state schools, thus receiving similar lev-
els of education. Furthermore, NH and HA children showed
similarities regarding socioeconomic background and music
education. None of the children received any additional music
education other than what is included in the school program
(approximately 1 hour/week). Maternal education level dif-
fered somewhat within and between the groups of NH and HA
children (for NH children, university: N = 60, high school:
N = 23, primary school: N = 2, unknown: N = 1; for HA chil-
dren, university: N = 8, high school: N = 10, primary school:
N =32, unknown: N = 5). For the NH groups, we only included
participants with hearing thresholds <20 dB HL at audiomet-
ric frequencies of 0.5, 1, 2, and 4kHz and with a negative
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Fig. 1. Unaided and aided audiometric thresholds for the hearing-aided children from whom this information was available from medical records. A, Unaided
pure-tone audiograms of hearing-aided children, available from N = 53 children, shown for right and left ears in left and right panels, respectively, and for the
widest range of audiometric frequencies available for each child. B, Unaided (left and middle panels) and aided (right panel) pure-tone audiograms, available
from N = 35 hearing-aided children. Light gray lines represent the individual hearing thresholds across the audiometric frequencies between 125 Hz and
8kHz, while bold blue, red, and black lines indicate the group means for right, left, or both ears, across the audiometric frequencies between 250 and 4 kHz.

history of unresolved middle ear issues. For the group of HA
users, we recruited children who had used bilateral HAs for at
least 6 months at the time of testing.

Hearing-Aided Participants

All HA children who participated in this study were healthy
bilateral HA users for a minimum of 6 months (HA use dura-
tion range = 0.6 to 14.0 years, mean = 6.2 years, SD = 3.6
years). Hearing loss etiology included congenital and acquired
hearing loss, and ototoxicity for 1 participant, based on paren-
tal reporting. However, not all parents were able to provide this
information. Furthermore, none of the HA children had any
major problems in speech and language development, other
than what could be expected as a result of their hearing loss,
as reported by their parents in the demographic questionnaire.
The degree of sensorineural hearing loss of the participants
was determined by PTA4, the pure-tone air conduction thresh-
olds averaged across 500, 1000, 2000, and 4000 Hz for the
better ear, following the classification system of the World

Health Organization for hearing impairment (World Health
Organization 2021). PTA4 range of the HA children was 37.5
to 97.5 dB HL, including moderate (N = 11), moderately severe
(N = 23), severe (N = 15), profound (N = 4), and unknown
(N =2) hearing loss. In addition, we had access to aided audio-
metric thresholds for a subset of the HA children (N = 35).
Figure 1 shows the individual and averaged unaided (row A)
and unaided and aided (row B) audiometric thresholds. All
children used bilateral Phonak hearing aids (Phonak, Aurora,
IL; Sky: N = 38; Naida: N = 10; Bolero: N = 4; Audeo: N
= 3). Children predominantly used behind-the-ear type HAs
(N = 52), with few using a receiver-in-canal type (N = 3).
Earpieces were mostly custom-made earmolds with standard
tubes, followed by domes with slim tubes. Fitting formulas and
data logging information of HAs were checked through the
Phonak Target fitting software (version 7.1., 2021; Sonova AG,
Stafa Switzerland). Almost all children were fitted with the
DSL-VS5 pediatric prescriptive formulation (DSL-V5: N = 50;
NAL-NL2: N = 1; Adaptive Phonak: N = 1; unknown N = 3).
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TABLE 1. Speaker demographics and their voice characteristics

Speaker Age (yr) Gender Height (m) Mean FO (Hz) FO Range (Hz)
T2 36 F 1.68 302 201-437
T3 27 M 1.85 167 101-296
T5 25 F 1.63 283 199-429
T6 24 M 1.75 168 87-286

For 53 of the 53 HA children, parents were able to report the
age at the start of HA use. Almost all children (N = 52) had
started using their HAs before the age of 10, with an average
of 3.6 years (range = 0.25 to 10.0 years, SD = 2.5 years), and
1 participant used their HAs starting from age 16.0. HA use
duration ranged from 0.9 to 14.6 years (mean = 6.4 years, SD
= 3.6 years). Data logging from 28 children also showed that
the daily HA use for 26 of these children was at least 7 hours
(range = 7.4 to 15.8 hours, mean = 12.0 hours, SD = 2.5 hours).
The remaining 2 children were identified as outliers with little
daily device use (2.3 and 0.4 hours). Their records showed that
one of these participants experienced battery problems during
the period in which data logging took place. The other partici-
pant made little use of their HA due to relatively good hearing
thresholds in the lower frequency range (10 to 25 dB HL at
frequencies up to 1 kHz).

Stimuli

The two sentences used in this study, Koun se mina lod
belam [kaun ss mina: 1od be:lam] and Nekal ibam soud molen
[ne:kal ibam saut mo:lon], were originally derived from the
Geneva Multimodal Emotion Portrayal Corpus materials
(Bénziger et al. 2012). These pseudospeech sentences con-
sist of plausible syllables, but without meaning in any lan-
guage, making the stimuli suitable for use across different
languages and study populations. Utterances of these sen-
tences were produced by 4 adult native Dutch speakers (2
female, 2 male) expressing three basic emotions (happiness,
sadness, and anger). Speaker demographics and their voice
characteristics are presented in Table 1. Further details of the
sentence recordings are described by Nagels et al. (2020b),
and the complete stimulus set is available online*. The speech
recordings presented in this study consisted of 3 productions
of each emotion by each speaker (3 utterances x 3 emotions
x 4 speakers), resulting in 36 stimuli in total. Four additional
stimuli (one each for happy and angry, and two for sad) were
used for four practice trials before the actual test block. Each
practice stimulus was produced by 1 of the 4 speakers that pro-
duced the test stimuli, but the practice stimuli were not part of
the experimental stimulus set. All participants were presented
with the same four practice stimuli to familiarize them with
the test interface, with the pseudospeech sentences, and with
the voices of each of the four speakers.

Experimental Setup

For the NH group, hearing thresholds were screened with
an Interacoustics AS608B portable screening audiometer
(Interacoustics, Middelfart, Denmark) and RadioEar DD45

*The EmoHI corpus is available from Zenodo, http://doi.org/10.5281/
zenodo.7997063.

headphones (RadioEar, Middelfart, Denmark). The vocal
emotion recognition test interface was displayed on a Lenovo
Yoga touchscreen laptop. A custom MATLAB (R2018b) script
provided experimental control for the test (The MathWorks,
Inc., Natick, MA, USA). The stimuli were presented through
Sennheiser HD 380 Pro headphones for NH participants and
through Logitech Z200 speakers, placed approximately 70 cm
from the participant, for HA children. For both the headphones
and speakers, the stimulus presentation level was calibrated to
65 dB SPL with a sound level meter (Svantek 979; Svantek Sp,
Warsaw, Poland) and Kemar simulator (45BB KEMAR Head
and Torso; G.R.A.S. Sound & Vibration A/S, Holte, Denmark).
During the experiment, participants were seated in a relatively
quiet room at the testing site, such as the library in the schools
or in a sound booth in clinics or HA shops. HA children com-
pleted the experiment with their own bilateral HAs using their
daily device settings.

Procedure

All participants and, when applicable, their parents or legal
guardians were given detailed information about the study and
provided written informed consent before the experiment. NH
children and adults were screened at octave frequencies between
500 and 4000 Hz to verify their hearing status. Adult partici-
pants and parents of participating children filled out a demo-
graphic questionnaire, which took 3 to 4 minutes to complete.
This questionnaire contained questions about the participant’s
age, education level, musical training, language and speech
development, general health, hearing health history, and hear-
ing status. For HA children, information about hearing status
and HA use was provided by additional questionnaire items and
parental consultation. Parents of HA children also completed
the Children’s Alexithymia Measure (CAM) as a short and reli-
able measurement of children’s ability to identify and describe
feelings (Way et al. 2010). The CAM consists of 14 questions
that are scored between 0 and 3, and parents took approximately
2 to 3 minutes to complete the questionnaire. Results from the
CAM will be reported elsewhere.

The vocal emotion recognition test, the EmoHI test (Nagels
et al. 2020b), was conducted using the child-friendly game-like
interface for both child and adult participants (Fig. 2). The test
started with a practice session of four trials. After the practice
session with 4 trials, the data collection started in which all 36
test items were presented in randomized order in a single block.
During the experiment, a parrot and three clowns with happy,
angry, and sad facial expressions were presented on the screen.
Participants were instructed to listen to the sentence uttered by
the parrot, and then identify the vocally expressed emotion by
tapping on the clown with the matching facial expression on the
touchscreen. The order of the three clowns was randomized across
participants. Feedback was provided through falling confetti in
case of a correct answer, or through the parrot shaking its head
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Fig. 2. The child-friendly game-like interface of the vocal emotion recognition test. The illustrations were made by Jop Luberti for the study by Nagels et al.
(2020b), and published under the CC BY NC 4.0 license (https:/creativecommons.org/licenses/by-nc/4.0/).

in case of an incorrect answer. Participants were informed of the
testing duration through the other two clowns in the background
climbing the ladder after every two trials. The end of the experi-
ment was indicated by the second clown jumping in the pool.
Participants took approximately 5 to 7 minutes to complete the
vocal emotion recognition test and the testing time for the com-
plete PICKA-tr test battery was approximately 50 to 60 minutes.

Data Analysis

Accuracy scores were calculated for overall vocal emotion
recognition. Hit rates and false alarms were used to determine
participants’ sensitivity index ¢’ for each emotion category
(Macmillan & Creeman 2005). To calculate d’, the difference
between z-transformed hit rates and false alarms for each emo-
tion category was divided by 12. To avoid infinite z-transformed
values, all hit rates or false-alarm rates of 0 or 1 were corrected
by half a trial. The 4’ values were averaged across emotions
for visualization and for the estimation of the distribution of
NH children and adults in the first analysis. During the study, it
became apparent that a hidden option was activated that allowed
participants to skip to the next trial without giving a response.
This accidentally happened on two occasions, once for a HA
child and once for an adult with NH. For these participants, 35
instead of 36 trials were considered in the data analysis. All sta-
tistical analyses were performed in R (version 4.2.3; R Core
Team 2020).

First, we performed a quantile regression analysis of the data
of NH children and adults, to model the age-typical develop-
ment and to investigate where children with HAs would fall in
this distribution, using the qgam package (version 1.3.4; Fasiolo
et al. 2021) in R. The quantile regression analysis is based on

generalized additive models (GAMs) and allows for an estima-
tion of the distribution of response accuracy scores as a func-
tion of age by modeling different quantiles (e.g., percentiles).
Quantile regression does not assume a parametric distribution
and therefore does not have the assumption of normality.

In a second analysis, we performed a group analysis using
GAMs to compare vocal emotion recognition expressed as d’
between NH and HA children. Note that NH adults were not
included in this analysis. Individual &’ values were entered
into the model, using mgcv (version 1.8.42; Wood 2003, 2004,
2011, 2017; Wood et al. 2016), itsadug (version 2.4.1; Rij et al.
2022), and gratia (version 0.8.1; Simpson 2023) packages in R.
To examine the development of accuracy scores for each group
as a function of age, we used the following model:

d ~ group + s(age, by = group, bs =" ¢cs”)

The spline used for age was a cubic regression spline, with
shrinkage, fitted per participant group (NH, HA), with the
k-parameter set to 5. The dependent variable was d’, averaged
across the three emotion categories. All fittings were done using
the restricted maximum likelihood (ML) method. To perform
the same analysis per emotion, the “group” factor was replaced
with the interaction between group and emotion, and the age
splines were fitted per group and per emotion.

Finally, to assess whether other predictors could account for
the remaining variability not explained by age or hearing group,
we compared the model above to a similar model where the
tested predictor was added. We used various PTAs as predic-
tors. In addition to PTA4, PTAs at HFPTA and low frequen-
cies (LFPTA, ELFPTA) were determined for both unaided
and aided listening conditions. The comparison of two models
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Fig. 3. The distribution for age-typical development based on d’ values of children and adults with NH shown with the individual d’ values of the participants
with NH (gray circles, N = 154) or HAs (colored and gray diamonds, N = 55) superimposed. The age-typical distribution was determined via the quantile
regression analysis of d’ values of NH children and adults, based on a generalized additive model with a cubic regression spline with shrinkage, and as a func-
tion of age. Shaded areas represent the 1st, 5th, 25th, 50th (median, in bold gray line), 75th, 95th, and 99th percentiles. The color of the diamonds represents
the unaided PTA4 for the HA children (N = 53) and the gray diamonds represent the HA children (N = 2) for whom the unaided PTA4 was not available. HA

indicates hearing aids; NH, normal hearing; PTA, pure-tone average.

yields a x* and a p value. For these comparisons, the models
had to be (re-)fitted with the unrestricted ML method, rather
than the restricted ML, because the latter implies a rescaling
of the data that depends on the parametric factors present. The
comparison of these two models gives us a conservative esti-
mate of the influence of the predictor on the data independently
from the effect of age. Furthermore, we assessed whether the
sensitivity to voice cues is associated with vocal emotion rec-
ognition. To this aim, we used FO and VTL JNDs of the same
participants as previously reported by Babaoglu et al. (2024).
Because age is a common predictor for emotion recognition and
voice discrimination, we correlated the two factors expressed as
quantiles of the NH distribution over age. The NH distribution
for vocal emotion recognition was estimated in the first analysis
described earlier and the NH distribution for voice discrimina-
tion was estimated as described by Babaoglu et al.

RESULTS

Figure 3 shows the quantile regression of the sensitivity
index d’, averaged across the three emotions. The distribution
of d’ values of the NH children and adults was estimated as
a function of age, and shown in gray shading. Individual data
of the children and adults with NH are plotted as gray circles,
while the data of children with HAs are plotted as colored
diamonds. Both NH and HA groups show a large variation at
all ages. A quantile regression on the raw accuracy scores of
NH children and adults was also conducted and is presented
in Supplementary Figure 1, Supplemental Digital Content,

http://links.lww.com/EANDH/B607. Accuracy scores of NH
adults ranged from 64% to 97%, with d’ ranging from 0.94 to 2.51.

The vocal emotion recognition of the NH participants seems
to plateau around 20 years old. From the age of 6 to the pla-
teau, the median accuracy scores steadily increase from around
40%-correct to about 80%-correct, and from 0.25 to 1.76 in the
case of d’ values. In comparison, although some HA children
seem to perform on par with their peers, a number of them
seem to demonstrate limited sensitivity. Overall, 12 of the 55
HA children (22%) had d’ values above the median of the NH
distribution. More strikingly, 21 of the children with HAs (38%)
had @’ values below the 10th percentile of the NH distribution.
Table 2 provides a complete overview of the number of HA chil-
dren with @’ values below and above various percentiles of the
NH distribution.

TABLE 2. Number of HA children with o’ values below and
above various percentiles based on the NH distribution

HA Children Scoring HA Children Scoring

Percentile Below (%) Above (%)
1st 6 (11) 49 (89)
5th 12 (22) 43 (78)
10th 21 (38) 34 (62)
25th 36 (65) 19 (35)
50th 43 (78) 12 (22)
75th 51 (93) 4(7)
90th 53 (96) 2 (4)
95th 54 (98) 1(2)
99th 55 (100) 0(0)

HA, hearing aids; NH, normal hearing.
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Fig. 4. GAM analysis for the comparison of overall vocal emotion recogni-
tion (sensitivity, expressed as d') averaged across emotions, as a function
of age for the NH (bold purple line) and HA (bold orange line) groups,
restricted to the child participants. The shaded areas surrounding the regres-
sion lines represent the 95% credibility interval, while the circles show the
individual scores. The red bar indicates the age interval over which the
spline fittings for the two groups are significantly different from each other.
The horizontal dashed line represents chance level performance (d’ = 0).
GAM indicates generalized additive model; HA, hearing aids; NH, normal
hearing.

Inspecting the sensitivity index of individual participants per
group, vocal emotion recognition development as a function of
age per group seems to differ between the NH and HA groups.
To assess this question, we fitted GAM regressions as a function
of age per group (Fig. 4), limited to children only. The analy-
sis showed that performance from both NH [F(1.621, 136.525)
= 12.05, p < 0.001] and HA [F(0.855, 136.525) = 0.77, p <
0.05] children significantly depended on age. However, visual

Angry

Sensitivity (d')

4 6 8 10 12 14 16 18 4 6 8

Happy

10

TABLE 3. Effect of adding various unaided and aided pure-
tone audiometric thresholds, averaged across high frequencies
(6000 and 8000 Hz; HFPTA), mid frequencies (500, 1000, 2000,
and 4000 Hz; PTA4), low frequencies (250 and 500 Hz; LFPTA),
and extended low frequencies (125 and 250 Hz; ELFPTA), to the
GAM model for the HA children

Unaided HFPTA  AAIC = 1.74, »%(1.00) = 1.876, p = 0.05, N = 53

PTA4  AAIC = 0.34, 4%(1.00) = 1.194, p = 0.12, N = 53
LFPTA  AAIC = -1.75, (1.00) = 0.165, p = 0.57, N = 53
ELFPTA AAIC = -0.69, y(1.00) = 0.649, p = 0.26, N = 35

Aided  HFPTA AAIC = -0.39, 42(1.00) = 0.804, p = 0.21, N = 27
PTA4  AAIC = -1.97, 42(1.00) =0.004, p = 0.93, N = 35
LFPTA  AAIC = -1.99, )2(1.00) = 0.002, p = 0.96, N = 32
ELFPTA AAIC = -0.67, y(1.00) = 0.664, p = 0.25, N = 10

The p values are not corrected for multiple comparisons.

AAIC, Akaike information criterion difference; ELFPTA, extended low-frequency PTA; HA,
hearing aids; HFPTA, high-frequency PTA; LFPTA, low-frequency PTA; PTA, pure-tone
average.

inspection of Figure 4 and the F values shown earlier indicate
that the development of @’ values of the HA children appears to
be slower than that of the NH participants. When comparing the
fits for each group, it appears that the two groups differ signifi-
cantly from age 8 onwards.

We have also analyzed the sensitivity per emotion cate-
gory. Figure 5 shows the d’ values per group as a function of
age, broken down per emotion category in the different pan-
els. It appears that sensitivity for “sad” seems to be driving
most of the age effect in HA children [F(1.314, 1123.375) =
41.09; p < 0.001], while sensitivity for “angry” and “happy”
was not significantly dependent on age (p > 0.6). For NH chil-
dren, the age effect was significant for all emotion categories
(ps <0.001).

Correlation With Audiometric Thresholds

Table 3 reports the effects of adding the various unaided
and aided PTAs to the GAM regression, in addition to age. We
found that none of the PTAs had convincing predicting value for
vocal emotion recognition. It is important to note that all akaike
information criterion differences were small, indicating that any
contribution of the PTAs was small.

12 14 16 18 4 6 8 10 12 14 16 18

Age (years)

Fig. 5. Same as Figure 4, except that d’ is shown per emotion category per group. HA indicates hearing aids; NH, normal hearing.
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Correlation With Voice Cue Discrimination

To assess whether vocal emotion recognition may be asso-
ciated with FO and VTL sensitivity in HA children, we per-
formed two correlations between vocal emotion recognition
and either FO or VIL JNDs, both expressed as quantiles of the
NH distribution. Neither FO JNDs [+ < 0.001, #(53)=0.19, p =
0.85] nor VTL JNDs [? < 0.001, #(53) = 0.03, p = 0.98] showed
any sign of correlation with vocal emotion recognition based
on d’ values. Indeed, visual inspection of the raster plots in
Figure 6 indicates that some participants who are performing
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Fig. 6. The relation between vocal emotion recognition and voice cue dis-
crimination. Voice just-noticeable differences for fundamental frequency
(FO; upper panel) and VTL (lower panel) from Babaoglu et al. (2024) are
shown as a function of vocal emotion recognition accuracy, both expressed
as quantiles of the NH distribution (Fig. 3). The individual scores are the
same as in Figure 3, with the same color coding. NH indicates normal hear-
ing; PTA, pure-tone average; VTL, vocal tract length.

better than the median of the NH group for vocal emotion rec-
ognition (right half of the panels) may also, at the same time,
be showing worse JNDs than the NH participants (upper half
of the panels).

DISCUSSION

In this study, we provide a comprehensive overview of vocal
emotion recognition in school-age children who have a wide
range of hearing losses and who use bilateral HAs. We addition-
ally provide baseline developmental data from NH children and
adults, so that changes due to hearing loss could be evaluated
with respect to what could be expected from age-typical lev-
els. Vocal emotion recognition was tested for three basic emo-
tions: happiness, sadness, and anger. We found a developmental
effect for NH children and adults, with overall vocal emotion
recognition improving with increasing age, and reaching a pla-
teau around age 20. In HA children, vocal emotion recognition
also improved with age, albeit differently from the NH group
from around age 8 onwards. Data from individual children and
per emotion category provided more nuances about the poten-
tial overlap or difference between the two groups. Inspection
of emotion categories showed no developmental effect for HA
children for the emotions of angry and happy. Inspection of
individual data indicated that a number of HA children, some
even with severe hearing loss, did perform above the median of
the baseline performance of NH children. On the other hand, a
number of HA children scored lower than age-expected levels,
with some even at chance levels. Finally, we found no evidence
that audiometric thresholds could explain the variability in
emotion recognition in HA children, nor did we find a correla-
tion between emotion recognition performance and sensitivity
to FO or VTL voice cues.

The developmental trajectories in NH listeners found in
this study are in line with previous studies (Aguert et al. 2013;
Sauter et al. 2013; Chronaki et al. 2015; Grosbras et al. 2018;
Nagels et al. 2020b; Amorim et al. 2021; Filippa et al. 2022),
showing that emotion recognition improves during childhood
and adolescence as a function of age and over many years. In
terms of the use of the relatively newly developed EmoHI test,
this study complements the study of Nagels et al. (2020b) by
using the same vocal emotion recognition test in a new cohort
of NH children and adults, with an extended age range. Having
used the same paradigm as Nagels et al. (2020b) , it should
be noted that the overall scores of the Turkish NH listen-
ers showed more variability and were generally lower in the
present study than in that of Nagels et al. (2020b) who tested
Dutch NH listeners. Although the variability of scores in the
present study (range = 64% to 97%) was larger compared with
Nagels et al. (2020b) , it is comparable to the ranges reported
in previous studies with NH adult listeners (~48% to 100%,
Globerson et al. 2013; Christensen et al. 2019; ~60% to 92%:;
Amorim et al. 2021; ~50% to 80%). Furthermore, even though
the EmoHI test was developed to be language-independent by
using meaningless pseudosentences, the stimuli were recorded
from Dutch talkers. Cultural influences in the way emotions are
expressed or perceived could therefore affect the recognizabil-
ity of emotions in different populations. An in-group advantage
for vocal emotion recognition has been demonstrated across
various cultures (for reviews, see Elfenbein & Ambady 2002;
Laukka & Elfenbein 2021). This advantage could be driven
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by production differences across cultures, but recognizability
of the vocal cues expressing emotions could also be affected
by familiarity with the language that carries these expressions
(Nakai et al. 2023). As a result, not only the origin of the talker
could have affected the lower performance in the present study,
but also the fact that the pseudosentences used in this study may
be phonologically more related to the Dutch than the Turkish
language, given that they were originally chosen to represent
plausible phoneme combinations for a number of Western lan-
guages (Binziger et al. 2012). These potential effects of pho-
nological familiarity (Fleming et al. 2014) are also highlighted
by the finding that English adults performed quite similarly to
Dutch adults with the same EmoHI test materials (Nagels et al.
2020b). It is therefore possible that the Turkish HA children
may have had a greater disadvantage than Turkish NH children
when faced with even a slightly foreign intonation or prosodic
pattern. Notwithstanding these possible cultural effects, a com-
parison between NH and HA groups with the same linguistic
background still revealed developmental effects, similar to the
results from Dutch and English populations tested by Nagels
et al. (2020b). The present study thus shows that the EmoHI
test can also be used to examine developmental trajectories in
Turkish listeners, despite the linguistic, and potentially also
cultural, differences in how emotions are communicated. Here,
we included NH participants in the full age range between 5
and 35 years and found that vocal emotion recognition reached
a plateau around the age of 20. Similar to the present study,
earlier work by Grosbras et al. (2018) and Amorim et al. (2021)
also examined nonlinear effects of age in vocal emotion recog-
nition in children and adolescents and found that adult-level
performance was reached between 14 and 15 years of age and
around the age of 20, respectively. This consistency across the
studies is relatively surprising given the differences across the
study methods and participant cohorts. Different studies men-
tioned earlier included different age ranges in the respective
studies (up to age 17 years in Grosbras et al. (2018) and up to
age 35 years in the present study), which may affect the level
of uncertainty about the exact slope of vocal emotion recogni-
tion accuracy as a function of age. Furthermore, there were
methodological differences, such as the type of stimuli and the
number of emotion categories presented (4 and 10 nonverbal
affective vocalizations in Amorim et al. (2021) and Grosbras
et al. (2018), respectively, versus 3 in our study). The consis-
tent finding of similar and long developmental trajectories indi-
cates that overall, vocal emotion recognition likely relies also
on general cognitive and developmental mechanisms, such as
correct interpretation and labeling of emotion categories, and
not only hearing the specific acoustic cues of the emotion cat-
egories (Albanese et al. 2010). For example, previous research
suggested that children’s verbal abilities could be related to
understanding emotions, as language could help both nam-
ing the emotions and also learning the complexity required
for understanding others’ emotions (von Salisch et al. 2013).
Hence, despite the differing methodological approaches and
potentially differing linguistic and cultural differences of the
cohorts, it is evident from the current and previous studies that
vocal emotion recognition develops over many years during
childhood, even in NH. Given the long development period,
any potential difficulties for vocal emotion recognition in HA
children can therefore only be identified with respect to what
would be realistic based on their age.

Like NH children, HA children also showed a significant
developmental effect, albeit seemingly less pronounced than
NH children. A development of vocal emotion recognition in
HA children has been shown in one earlier study by Cannon
and Chatterjee (2019) who included 8- to 14-year-old children
with mild-to-moderate hearing loss. The present study extends
this finding by showing that age-related improvement in vocal
emotion recognition can be detected in a larger sample with a
slightly wider age range (5.4 to 17.8 years) and including more
severe and a wider range of degrees of hearing loss (moder-
ate to profound). However, both visual inspection of the age
effects in Figures 4 and 5, and the GAM regressions point to
a stronger age effect in NH children compared with HA chil-
dren. Although the overall &’ values of the NH and HA groups
did not significantly differ for the youngest children, they did
significantly differ from age 8 years. Furthermore, for the three
emotion categories, there was a significant age effect for the NH
children, while HA children only showed a significant effect of
age for sadness. Based on previous findings, it is possible that
children may have selected “sad” as a default response and that
the lack of an escape option in the current experimental design
may have introduced or strengthened a response bias. In line
with this possibility, Chronaki et al. (2015) reported a bias for
“sad” in NH children within an age range (4 to 11 years) that
partially overlaps with the age range of the children in the pres-
ent study. Inspecting the confusion matrices for our younger
groups, however, we do not see concentrated confusions for
the sad category for both NH and HA children (Supplementary
Figure 1, Supplemental Digital Content, http://links.lww.com/
EANDH/B607). Furthermore, the order of the clowns was ran-
domized across participants to avoid a bias due to a preference
for selecting, for example, the middle clown when participants
did not know what to respond.

A significant group effect between the age-matched NH and
HA listeners has also been reported in earlier research with
children (Most & Michaelis 2012) and adolescents (Most &
Aviner 2009), but was not shown in the study by Cannon and
Chatterjee (2019). Like the present study, the studies by Most
and Michaelis (2012) and Most and Aviner (2009) included HA
children with a wide range of hearing loss degrees, with PTA3
of the better ear ranging from 40 to 115 dB HL and from 73 to
97 dB HL, respectively (versus a PTA4 of the better ear rang-
ing from 37.5 to 97.5 dB HL in the present study). On the other
hand, the study by Cannon and Chatterjee included only chil-
dren with mild-to-moderate hearing loss with better-car PTA4s
between 13.8 and 48.8 dB. As such, it may be the case that
this group of children is not as much affected by suprathresh-
old changes as a result of their hearing loss and the relatively
mild levels of amplification and compensation needed from
the HAs. Moreover, three participants in the study by Cannon
and Chatterjee did not use a HA in daily life or during test-
ing. It is therefore possible that, at the group level, the inclu-
sion of children with more severe degrees of hearing loss could
account for the mixed findings of the abovementioned studies.
Finally, differences in study design could also have led to the
differences regarding the presence or absence of a group effect.
Both the present study and the study by Most and Michaelis
used meaningless sentences, while Cannon and Chatterjee and
Most and Aviner used meaningful and semantically neutral sen-
tences. Previously, Geers et al. (2013) reported that the process-
ing of linguistic information (i.e., “what is said”) and indexical
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information (talker-specific information about e.g., emotional
state or personality traits) is significantly correlated in children
with Cls. Together with the findings of Cannon and Chatterjee
that linguistic ability plays a role in vocal emotion recognition
by children with hearing loss, these results could suggest that
the use of meaningless versus meaningful sentences may have
an impact on HA children’s ability to recognize emotions in
speech. The lower emotion recognition scores for HA children
in the study by Most and Aviner, who did find a group differ-
ence between NH and HA children using meaningful sentences,
could then be due to the number of emotion categories that were
presented since the probability to give an incorrect response
increases when more emotion categories, and thus response
options, are used. Most and Aviner used six emotion catego-
ries, Cannon and Chatterjee used five, Most and Michaelis used
four, and the present study used three categories. The combined
effects of number of categories and sentence content may there-
fore lead to differences in task difficulty. Despite these differ-
ences, results of the present study are generally consistent with
previous findings from cohorts with similar degrees of hearing
loss, showing a difference in vocal emotion recognition between
NH and HA children at the group level.

Although as a group, HA children seem to experience more
difficulties in vocal emotion recognition compared with NH
children, shown by significant group differences in ages § years
and older, Figure 3 and Table 2 indicate that a considerable pro-
portion of HA children had &’ values comparable to those of
NH children. About one-third of the HA children (19 of 55;
35%) had 4’ values above the 25th percentile of the NH distri-
bution. Despite the group difference, a more nuanced approach
of these results therefore brings up the possibility that not all
HA users are challenged in their perception of vocal emotions,
and more certainly, not to the same degree. Hence, even though
HAs have been developed and optimized for speech perception
(Pavlovic 1988; Ching et al. 2001; Tomblin et al. 2015, 2020;
Launer et al. 2016), data from this study indicate that they can
also support age-typical development of vocal emotion recogni-
tion. In addition, it is possible that the group difference is due
to a delayed development of HA children rather than an over-
all deficit in vocal emotion perception. Longitudinal follow-up
research could further explore this possibility by measuring
developmental trajectories of individuals from childhood up
to adulthood. These possibilities also provide a more optimis-
tic perspective on the added value of HAs than the conclusions
by Goy et al. (2018) and Singh et al. (2019) do. In these two
studies, older adult HA users performed a vocal emotion rec-
ognition test with and without wearing their HAs. There was
no significant difference in emotion recognition accuracy scores
between the two listening modes even though the participants
from the study by Goy et al. did show an improvement in word
recognition in the aided compared with the unaided listening
condition. However, these studies presented their results at the
group level only, such that it remains possible that some of their
individual participants also experienced a HA benefit for vocal
emotion recognition. A considerable overlap in vocal emotion
recognition scores between NH and HA listeners can also be
seen in the individual data from Christensen et al. (2019), while
at the group level, HA adults showed lower vocal emotion rec-
ognition scores than age-matched NH adults. The potentially
differing interpretations of the same data based on group versus
individual data analyses suggest that we need to be cautious of

the implications of our findings for clinical practice. The con-
sideration of individual data is clinically relevant, as it provides
valuable information that can be used to identify those HA users
that may benefit from additional rehabilitation targeting emo-
tion perception, and also points to the urgency for vocal emo-
tion audiometry to be included in clinical screenings.

Because of this study’s inclusive approach, four children
with profound hearing loss participated. These children were
6.7, 6.9, 12.3, and 14.0 years old and had PTA4s of 90.0,
83.8, 90.0, and 97.5 dB HL, respectively, implying that these
children could meet CI candidacy criteria. Although indi-
viduals with such severe degrees of hearing loss may face
unique challenges in perceiving vocal emotions, we decided
to include these participants to have a realistic representation
of pediatric HA users. If there are HA children in the gen-
eral population without appropriately fitted devices or with
too little or too profound hearing loss for HA use, this would
also be reflected in our study population. For this study, we
do not have information on whether these 4 participants with
profound hearing loss have considered receiving Cls, but
from the available data logging, we derived a daily device
use of more than 7 hours per day for the 6.9-year-old par-
ticipant and more than 13 hours per day for the 14.0-year-
old participant. In addition, based on the aided and unaided
PTAA4, the two children with an unaided PTA4 of 90.0 dB HL
showed a substantial improvement of 46.3 and 60.0 dB HL
when using their HAs. Finally, while the performance of these
children showed some variation and was rather low for three
of the four children (d” of 0.32, 1.05, 0.24, and 0.73), their
data did not stand out as outliers compared with the overall
NH distribution as a function of age (Fig. 3). The d’ values
of the 2 younger HA children, aged 6.7 and 6.9, was within
the distribution of NH listeners of the same age (above the
25th and 75th percentile, respectively). For these children, it
is therefore still possible that vocal emotion perception will
improve with continued HA use. The 4’ values of the 2 older
HA children, aged 12.3 and 14.0 years, was on the low side
for their age group (above the 1st and 5th percentile, respec-
tively), but there were a number of other HA children of the
same age and with less severe hearing loss that had lower d’
values, indicating that challenges in vocal emotion perception
are not unique to those listeners with the most profound lev-
els of hearing loss. Together, these data show that, even with
profound hearing loss, some of these children were able to
recognize vocal emotions to the degree that could be expected
based on the distribution of their NH peers.

The overlap of vocal emotion recognition scores of indi-
vidual NH and HA children is also due to a large variability
in both groups. Such variability is likely a result of emotion
recognition in general being linked with other factors than
acute perception of affective acoustic cues only, as even in
NH children, a relation to cognitive and linguistic factors had
been shown (Griffiths et al. 2020; Schlegel et al. 2020). In HA
children, these factors would also play a role. Indeed, nonver-
bal cognition, as measured by visual pattern replication and
completion tasks, has previously been shown to be related to
emotion recognition in school-age CI users (Chatterjee et al.
2023). This predictor interacted with hearing age, indicating
that especially the younger children with higher nonverbal cog-
nition showed higher emotion recognition scores. However,
the functional mechanism underlying the association between
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nonverbal cognition and emotion recognition is not clear and
could be addressed in future research. Furthermore, the lack of
semantic context in this test may make it more difficult for some
children than for others in this period in which children are still
developing. (Morton and Trehub 2001) have shown that chil-
dren between 4 and 10 years of age develop from relying more
on linguistic content to relying more on prosodic information
when recognizing emotions in speech. In addition to this devel-
opment, if HA children have reduced access to acoustic cues
conveying emotions, it is possible they rely even more on the
linguistic information. Although it was not possible to address
these factors with our current experimental design, new test
materials may help assess these hypotheses. Finally, the audio
materials used in this study were recorded to convey emotions
in a subtle way and the use of multiple talkers may have resulted
in larger variations in the way emotions were vocally expressed.
These factors are also likely to accentuate the variability in the
results from both children and adults.

In addition to cognitive factors, long- and short-term access
to the affective acoustic cues play a crucial role in vocal emo-
tion recognition in listeners with hearing loss. It is possible
that differences in accumulated auditory experience account
for some of the variability in HA children. The importance of
auditory access for the development of communication skills is
delineated in the cumulative auditory experience model. This
framework describes the importance of early auditory expo-
sure and access to language interactions for the development
of language and executive function skills in children with hear-
ing loss (Moeller & Tomblin 2015; McCreery & Walker 2022).
In addition, the use of mental state language when interacting
with toddlers has been related to children’s emotion understand-
ing abilities (Taumoepeau & Ruffman 2006), and children with
moderate hearing loss have been shown to be at a disadvantage
compared with their peers with NH in the development of empa-
thy, putting them at risk for social-emotional difficulties (Dirks
et al. 2017). Because vocal emotion recognition does not only
rely on the access to or the perception of relevant acoustic cues
but also on the ability to interpret these cues and associate them
with the correct emotion category or label, sufficient exposure
to emotions and opportunities of incidental learning is needed
to be able to learn these categories. Correctly categorizing the
presented emotion therefore reflects a late decision-related pro-
cess of emotion recognition, after perceiving and interpreting
the auditory input, and hearing loss may have both acute and
prolonged effects on this process. Although the specific role
of early linguistic input in vocal emotion recognition has not
yet been investigated, it is very well possible that differences in
early auditory exposure may explain some of the variability in
emotion recognition scores from this study. A recent study on
psychosocial difficulties in children with hearing loss indirectly
supports this idea by showing that psychosocial difficulties and
vocal emotion perception are associated with general commu-
nication skills (de Jong et al. 2023).

Many children who participated in this study had a high
chance of receiving a HA early in life thanks to the neonatal
screening program in Turkey that was implemented in the early
2000s and has been the nationwide standard screening program
since 2008. Nevertheless, this study cohort included children
with a wide range of initial HA fits (age 0.25 to 16.0 years)
and we cannot rule out the possibility that some children who
started using their HAs at older ages had levels of hearing loss

that were undetected or not sufficiently treated during a pro-
longed period. Cases of undetected or untreated hearing loss
may also accentuate differences in auditory exposure as men-
tioned earlier and consequently contribute to the variability in
scores of HA children. To account for this source of variability,
future studies could be specifically designed to take the time
between a hearing loss diagnosis and initial HA fit, as well as
the average daily HA use, into consideration.

With both acute effects of hearing loss on access to relevant
acoustic cues and the potential cumulative effects of hearing loss
on vocal emotion recognition development in mind, the vari-
ability seen in HA children was further examined by consider-
ing several factors that may explain the individual differences in
the results. Some factors that could affect auditory input did not
vary much within the group of HA children. The demographic
information indicated that all HA children in our study were
healthy, received good audiological care and seemingly from a
relatively young age, used well-fitted earmolds and HAs, and
had been using their HAs for at least 6 months or longer and for
many hours per day. Finally, there was little variability among
the HA children when considering several education-related
factors. In particular, all children attended state schools provid-
ing similar forms of education and received similar hours of
musical education at school. One factor that demonstrated some
variability both within the group of HA children and between
the NH and HA children at the group level is maternal educa-
tion. Maternal education of the participants included university,
high school, as well as primary school level. For HA children, a
relatively large proportion reported maternal education to be at
primary school level, whereas for NH children, maternal edu-
cation was mostly reported to be at the university level. These
differences are possibly the result of different recruitment strat-
egies for NH and HA participants. HA children were typically
recruited through clinical care centers, whereas NH children
were mostly recruited through the co-authors’ personal and pro-
fessional networks. As such, maternal education, a contribut-
ing factor of the home learning environment, could account for
some of the observed group differences in vocal emotion recog-
nition (Li et al. 2023). Other factors that could play a role but
we do not have any information on are the quality and quantity
of language interactions of the HA children during their early
childhood. We therefore cannot rule out that some of the vari-
ability seen in our data stems from other cumulative factors.
Ideally, longitudinal studies starting during infancy and cover-
ing both the quantity and quality of linguistic and social interac-
tions would be of great value to better understand the effects of
early auditory exposure on later emotion recognition abilities.

The effects of acute access to affective acoustic cues on vocal
emotion recognition were further assessed by considering dif-
ferences in hearing loss degree and configuration within our
cohort. The present study was designed for maximum inclusion
such that all healthy children who used bilateral HAs for at least
6 months and who were able to perform the experiment could
participate. As a result, the HA group included children with a
wide age range (5.4 to 17.8 years) and with degrees of hearing
loss ranging from moderate to profound (unaided PTA4: 37.5
to 97.5 dB HL). It can be expected that for many of the HA
children in this study, vocal emotion recognition is affected by
suprathreshold effects in addition to the effects of elevated hear-
ing thresholds. For example, spectral resolution can be com-
promised for moderate to severe hearing losses (Rosen et al.
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1990; Nelson 1991; Baker & Rosen 2002; Baskent 2006). In
line with this, in the same group of HA children of this study,
Babaoglu et al. (2024) previously reported a reduced sensitivity
to VTL compared with age-matched NH children. Since VTL
perception is related to spectral resolution of the broad band-
width of the speech signal, these results provide an indication
that some of the HA children in this study may have wider audi-
tory filters, which HAs seem to not entirely be able to com-
pensate for. On the other hand, FO JNDs of these HA children
showed a large overlap with those of NH children, especially at
older ages (Babaoglu et al. 2024). In that study, variability in
FO sensitivity was shown to be related to hearing thresholds in
low-frequency ranges that overlap with the average F0 range of
the talkers that produced the stimulus material. Together, these
observations suggest that variations in the degree and configu-
ration of hearing loss of HA children, along with accompanying
potential suprathreshold deficiencies, could have both acute and
long-term effects and can lead to differences in both voice cue
perception, and also vocal emotion recognition.

To further examine the effects of hearing loss degree and
configuration, we added various measures of unaided hearing
thresholds as predictors to our statistical models. For a subset
(N = 35) of these HA children we had access to audiometry
data measured with their HAs. For this subgroup, we performed
further analyses by adding aided hearing thresholds to our sta-
tistical models. In addition to the aided and unaided PTA4s, we
also assessed aided and unaided HFPTA, LFPTA, and ELFPTA
as predictors. Because vocal emotion recognition typically
requires good pitch perception, LFPTA and ELFPTA were
added as model predictors to capture hearing thresholds that
cover the FO range of the speakers in the emotion test (87 to 437
Hz; see Table 1 and Nagels et al. 2020b). Our recent study on
voice cue sensitivity in the same group of children showed that
unaided ELFPTA was a significant predictor for FO sensitivity
(Babaoglu et al. 2024), suggesting that access to low-frequency
information affects voice pitch perception, which may conse-
quently also affect vocal emotion perception. To fully explore
the various frequency regions of the audiogram, unaided and
aided HFPTA was also added as a predictor for emotion rec-
ognition. None of the correlations tested in the present study
showed a significant correlation with vocal emotion recognition
as expressed as d’. We therefore conclude that neither unaided
nor aided hearing thresholds have any predictive value for vocal
emotion recognition. Previous studies have shown mixed results
on the predictive value of hearing thresholds for vocal emotion
recognition in HA users. Singh et al. (2019) reported a signifi-
cant correlation between vocal emotion recognition accuracy
and PTA4 averaged across the left and right ear in older adult
HA users (>67 years). In a sample of adult HA users with a
wider age range (22 to 74 years), Christensen et al. (2019) found
that LFPTA had a marginally significant effect on vocal emo-
tion recognition, while PTA4 and HFPTA were not predictive
of emotion recognition accuracy. Finally, Most and Michaelis
(2012) examined the effect of aided and unaided PTA3 of 500,
1000, and 2000 Hz and of the pure-tone threshold at 500 Hz on
vocal emotion recognition in young children (4 to 6 years) with
hearing loss and did not find any significant correlation, in line
with the findings of the present study. However, when children
were presented with video recordings of emotional expressions,
performance in the auditory-visual modality was correlated
with hearing thresholds at 500 Hz.

In an additional exploratory analysis, we further assessed
whether sensitivity to the voice cues of FO and VTL had any
predictive value in vocal emotion recognition performance.
Previous literature focusing on CI users suggests that a deg-
radation of FO cues in the signal transmitted by the CI poses
challenges in emotional-prosody perception (Luo et al. 2007;
Chatterjee etal. 2015; Everhardt et al. 2020; Nagels et al. 2020b).
We performed correlation analyses using JNDs from the same
group of participants that were previously reported by Babaoglu
et al. (2024). Neither FO JNDs nor VTL JNDs correlated with
vocal emotion recognition expressed as d’. Given the impor-
tance of pitch-based cues for vocal emotion recognition, it is
somewhat surprising that we did not find a correlation between
FO sensitivity and emotion recognition scores. Babaoglu et al.
previously reported the promising finding that FO sensitivity
of the same sample of HA children improved with increasing
age to the extent that the JNDs of HA children were similar
to that of NH children during teenage years. This suggests that
despite the effects of hearing loss and likely due to consistent
HA use, voice pitch cues are somewhat available to the HA
children. However, to correctly categorize vocal emotions, it is
not sufficient to perceive the relevant acoustic cues, but these
cues need to be correctly mapped to emotion categories. This
mapping develops during childhood and could be affected by
hearing loss as well. Previous research in NH children demon-
strated a dissociation between voice cue sensitivity and the abil-
ity to use these voice cues in a voice gender categorization task
(Nagels et al. 2020a). It is possible that a similar dissociation
can be seen in the present study population for voice cue per-
ception and vocal emotion recognition. For VTL, its relevance
for vocal emotion perception is less well-described, but has also
been assigned a relevant role in vocal expressions of emotion
(Kim et al. 2020). The assessment of VTL JNDs as a predictor
for vocal emotion recognition was therefore more exploratory
in nature. Still, the lack of correlations between voice cue sensi-
tivity and vocal emotion recognition could also be attributed to
the design of the JND measurements. The perception of voice
cues in the study by Babaoglu et al. was assessed by measuring
sensitivity to static FO and VTL cues, which are possibly not
appropriate to capture sensitivity to emotion-related acoustic
cues that are more dynamic in nature (such as prosodic cues,
Frick 1985; Banse & Scherer 1996; Everhardt et al. 2020).
However, Globerson et al. (2013) used several pure-tone pitch
discrimination tasks and found that only those tasks in which
participants had to focus on the direction of the pitch change,
rather than merely detecting a change in pitch, were significant
predictors of performance in a vocal emotion recognition task.
In the JND task from Babaoglu et al., measuring sensitivity
to mean FO, participants were not asked to focus on the direc-
tion of the change in FO but rather to detect any difference (i.e.,
manipulations of average voice F0) in an odd-one-out task.
Neither the JND task of Babaoglu et al. nor the experiment of
(Globerson et al. 2013) thus targeted pitch contours specifically,
but the findings by Globerson et al. indicate that other mea-
sures of pitch discrimination might still be relevant to follow-up
on in future research on vocal emotion perception in HA chil-
dren. In addition to audiometric and psychoacoustic factors, it
is also possible that other variables related to HA fit, HA use,
and hearing loss etiology may have an effect on vocal emotion
perception. For a subset of HA children for whom the fitting
report was available (N = 30), it appeared that vent size varied
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from open to occluded, with various intermediate sizes reported
(0.6-4.5mm). Vent size may have an influence on vocal emo-
tion perception by affecting the access to low-frequency cues
conveying vocal emotions and could be taken into consideration
in future studies focusing on the effect of various HA features
and fitting procedures, as well as factors related to hearing loss
etiology. For further discussion of the possible effects of HA
features on voice perception in this study population, see also
Babaoglu et al.

Summarizing our most important findings, our results with
relatively large cohorts show that investigating individual chil-
dren’s data in relation to what would be expected for their age
is crucial to achieve a realistic assessment for their vocal emo-
tion recognition. The proportion of children who show age-
typical sensitivity to vocal emotions indicates HA benefits for
vocal emotion perception. The HA children who did not score
at age-typical levels likely could benefit from additional and
specialized rehabilitation and tools provided for caregivers,
and to identify them, a child-appropriate and validated diag-
nostic test for vocal emotion recognition could be a helpful
addition to standard audiological care. With a more complete
picture of the abilities and difficulties of children with HAs,
one can then think of potential approaches to further support
communication abilities, including vocal emotion perception,
in children with hearing loss. In a recent study with young
HA children (4 to 9 years), Yeshoda et al. 2020 have provided
a first indication that vocal emotion recognition training may
improve emotional-prosody perception. Other research on CI
users has also alluded that music-based training may improve
vocal emotion perception in both children (Good et al. 2017)
and adults (Fuller et al. 2018). Future research could therefore
focus on further investigating the long-term effects of different
training programs on vocal emotion recognition in children
and assess for which children such training could be especially
valuable. Given the developmental trajectories observed also
in HA children, with good support, these HA children may
have a good chance to further improve their vocal emotion
recognition.
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