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Abstract
The purpose of this project was to evaluate differences between groups and device configurations for emotional responses to

non-speech sounds. Three groups of adults participated: 1) listeners with normal hearing with no history of device use, 2)

hearing aid candidates with or without hearing aid experience, and 3) bimodal cochlear-implant listeners with at least 6

months of implant use. Participants (n= 18 in each group) rated valence and arousal of pleasant, neutral, and unpleasant

non-speech sounds. Listeners with normal hearing rated sounds without hearing devices. Hearing aid candidates rated sounds

while using one or two hearing aids. Bimodal cochlear-implant listeners rated sounds while using a hearing aid alone, a

cochlear implant alone, or the hearing aid and cochlear implant simultaneously. Analysis revealed significant differences

between groups in ratings of pleasant and unpleasant stimuli; ratings from hearing aid candidates and bimodal cochlear-implant

listeners were less extreme (less pleasant and less unpleasant) than were ratings from listeners with normal hearing. Hearing

aid candidates’ ratings were similar with one and two hearing aids. Bimodal cochlear-implant listeners’ ratings of valence were
higher (more pleasant) in the configuration without a hearing aid (implant only) than in the two configurations with a hearing

aid (alone or with an implant). These data support the need for further investigation into hearing device optimization to

improve emotional responses to non-speech sounds for adults with hearing loss.
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Introduction
Permanent, bilateral hearing loss is associated with psycho-
social consequences, such as reduced quality of life (Dalton
et al., 2003), increased depressive symptoms (Kramer
et al., 2002), and increased isolation (Hawthorne, 2008).
These inter-related psychosocial consequences of hearing
loss might be partly attributable to reduced audibility and dif-
ficulty understanding speech, especially in noise (Humes &
Roberts, 1990; Peters et al., 1998; Plomp, 1976). However,
everyday listening and communication experiences are not
strictly focused on speech perception. The perception and
recognition of nonlinguistic, affective information is impor-
tant for social communication (Kiss & Ennis, 2001;
Zajonc, 1980) and will be referred to hereafter as ‘emotion
recognition.’ Emotion recognition tasks typically involve
participant judgement of the emotion portrayed (e.g., cate-
gorical judgement) and can be accomplished with speech
(vocal emotion recognition; e.g., Most & Aviner, 2009) or

music (musical emotion recognition; e.g., Ambert-Dahan
et al., 2015). The acoustic cues important for vocal
emotion recognition include mean fundamental frequency
(F0), overall level, and F0 variability (e.g., Banse &
Scherer, 1996; Paulmann et al., 2008). For example, anger
and elation have high mean F0 and high level (Paulmann
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et al., 2008; Pell et al., 2009), whereas sadness exhibits low
level, low mean F0, and little F0 variability (Juslin & Laukka,
2003). For music, emotion is conveyed through mode (e.g.,
major vs. minor) and tempo (e.g., fast vs. slow; Eerola &
Vuoskoski, 2013), where pleasant songs are more likely to
be in a major mode and faster in tempo than unpleasant or
sad ones (Gosselin et al., 2005; Peretz et al., 1998).

Adults who have hearing loss demonstrate deficits on
emotion recognition tasks. For example, adults who have
bilateral, mild to moderately-severe sensorineural hearing
loss, traditionally considered hearing aid (HA) candidates,
demonstrate poorer performance on tasks of vocal emotion
recognition compared to their peers with better hearing
(Christensen et al., 2019; Singh et al., 2019). These deficits
in bilateral HA users might be attributable to loss of low-
frequency audibility, as performance on these tasks is corre-
lated with low-frequency audiometric thresholds (e.g., below
∼500 Hz; Rigo & Lieberman, 1989; Singh et al., 2019).
There is also clear evidence that cochlear implant (CI) users
demonstrate emotion recognition deficits for both speech and
music stimuli (Caldwell et al., 2015; Chatterjee et al., 2015;
Damm et al., 2019; Deroche et al., 2019; D’Onofrio et al.,
2020; Jiam et al., 2017; Luo et al., 2007; Shirvani et al.,
2014). Such deficits have largely been attributed to the limita-
tions of envelope-based signal processing, which prevent
sufficient spectro-temporal detail in the CI-mediated signal
(Chatterjee & Peng, 2008; Hsiao & Gfeller, 2012; Jiam
et al., 2017; Luo et al., 2007).

Emotional Responses to Sounds
Recognition of emotion in speech and music is not the only
way emotion perception is important for typical functioning.
An individual’s responses to potentially emotional events
(e.g., bees buzzing, crying, music) have pervasive impacts
that can be measured in a variety of domains, but the
effects are asymmetric. Aversive or unpleasant stimuli
prepare a body to respond to negative events (Taylor,
1991), facilitate focused attention (Baumeister et al., 2001;
Kensinger, 2009), and even improve speech recognition
(Dupuis & Pichora-Fuller, 2014). Conversely, pleasant
stimuli motivate people to approach an event and broaden
attention (Bradley et al., 2001; Fredrickson & Branigan,
2005), with positive effects on stress recovery (Alvarsson
et al., 2010; Sandstrom & Russo, 2010) and creative thinking
(Fredrickson, 2001).

The dimensional view of emotion provides a convenient
framework for measuring the extent to which an individual
is affected by stimuli by having them rate their response to
the stimulus along a combination of two or more dimensions
(e.g., Faith & Thayer, 2001; Osgood et al., 1957). Among the
available dimensions, valence and arousal often account for
most of the variability in emotion (Bradley & Lang, 1994),
where valence indicates the hedonistic value (pleasant /
unpleasant) and arousal indicates the intensity of the

emotion (exciting / calming). Acoustically, level is a robust
cue for arousal; higher level speech and music are perceived
as more exciting (Goudbeek & Scherer, 2010; Ilie &
Thompson, 2006; Laukka et al., 2005; Schmidt, Herzog,
et al., 2016). The acoustic cues supporting ratings of
valence are less clear than those for arousal (Goudbeek &
Scherer, 2010; Laukka et al., 2005) and depend on stimulus
type. For example, high-pitched speech and low-pitched
music are both associated with lower ratings of valence
than low-pitched speech and high-pitched music (Ilie &
Thompson, 2006; Schmidt, Herzog, et al., 2016; Schmidt,
Janse, et al., 2016). Similarly, high ratings of pleasantness
are elicited by loud music and quiet speech (Weninger
et al., 2013).

Using ratings of valence and arousal (rather than categor-
ical judgments of emotion), evidence suggests CI users
demonstrate reduced ratings of arousal compared to their
peers with normal hearing (Ambert-Dahan et al., 2015;
Paquette et al., 2018). Although some investigators report
ratings of valence might not be different between CI users
and adults with normal hearing (Ambert-Dahan et al.,
2015; Rosslau et al., 2012), there is also some evidence to
suggest CI-users rate speech or music as less extreme (less
pleasant and less unpleasant) than their peers with normal
hearing (Caldwell et al., 2015; D’Onofrio et al., 2020;
Paquette et al., 2018). Furthermore, the acoustic cues that
CI users rely on for valence ratings are different than those
listeners with normal hearing primarily use, especially in
music; CI users rely more heavily on tempo than on spectral
information (Caldwell et al., 2015; D’Onofrio et al., 2020).

Compared to music and speech, relatively less is known
about the effects of hearing loss on emotional responses to
non-speech sounds, especially sounds that are commonly
encountered (e.g., birds chirping, glass breaking). For non-
speech sounds, level is also a robust cue for arousal
(Buono et al., 2021; Ma et al., 2012), although the acoustic
cues that carry valence of non-speech sounds are less clear
than those for speech or music. For example, despite its
role in emotion perception of speech and music, F0 has not
been related to ratings of valence of non-speech sounds
(Picou, 2016; Weninger et al., 2013). However, changes in
spectral content of signals have been related to changes in
ratings of valence; stimuli with more limited bandwidths
have been shown to elicit lower ratings of valence than the
same sounds presented with full bandwidth (Buono et al.,
2021; Ma & Thompson, 2015).

As with speech and music, emerging work suggests
people with hearing loss demonstrate different emotional
responses to non-speech sounds than their peers with
normal hearing (Husain et al., 2014; Picou & Buono,
2018). For example, Picou (2016) evaluated ratings of
valence and arousal in response to non-speech sounds for
similarly aged listeners with normal hearing (NH) and
mild- to moderately-severe bilateral sensorineural hearing
loss. Results indicated that participants with hearing loss
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exhibited valence responses that were less extreme (less
pleasant and less unpleasant) than their peers’.

To our knowledge, ratings of valence and arousal in
response to non-speech sounds for bimodal CI listeners
have not been reported, nor have direct comparisons
between adults with normal hearing, adults who are HA can-
didates, and adults who are CI users. Given the work in other
areas of emotion perception, is expected that the effects of
hearing loss on emotional responses to these everyday non-
speech sounds will be quite different for adults who are
HA candidates (with normal/mild sloping to moderate/
severe sensorineural hearing loss) than for adults who use a
HA in conjunction with a cochlear implant (CI) in the oppo-
site ear (bimodal CI configuration). Moreover, given the
potential for level and spectral cues to influence ratings of
arousal and valence, it is also likely assistive hearing
device configuration might affect emotion perception for lis-
teners with hearing loss.

Assistive Hearing Device Configurations
It is not clear how to optimize assistive hearing device con-
figurations for emotion perception. For hearing aid candi-
dates, HAs can improve audibility and consequently speech
recognition (Alcántara et al., 2003; Humes et al., 2002;
Picou et al., 2013). However, no investigators have reported
that the addition of hearing aids improves emotion recogni-
tion performance (Goy et al., 2018; Singh et al., 2019) or
ratings of valence of speech (Schmidt, Herzog, et al.,
2016). Similarly, Picou, Rakita, et al. (2021) reported no sig-
nificant benefit of HA use on emotional responses to non-
speech sounds. Instead, HAs reduced ratings of valence in
response to all categories of sounds (pleasant, neutral,
unpleasant). Thus, although HAs improve audibility of
sounds and would be expected to improve ratings of
valence, the improvement in audibility might be offset by
the increased loudness of sounds with hearing aids; loud
sounds have been shown to result in low ratings of
valence, even if the sounds are expected to be pleasant
(Atias et al., 2019; Picou, 2016; Picou, Rakita, et al., 2021).

Clinically, bilateral hearing aids are generally recom-
mended for people with symmetrical hearing loss (for
review of current hearing aid fitting standard, see Picou,
Roberts, et al., 2021), yet patients’ preferences for bilateral
hearing aids can be variable, with estimates of preference
ranging from ∼90% (Boymans et al., 2008; Erdman &
Sedge, 1981) to only ∼30% (Erdman & Sedge, 1981;
Schreurs & Olsen, 1985; Vaughan-Jones et al., 1993). It is
possible that one of the reasons patients might prefer a
single HA over bilateral HAs, despite clear benefits for bilat-
eral HAs on laboratory-based speech recognition tasks
(Boymans et al., 2008; Freyaldenhoven et al., 2006;
Hawkins & Yacullo, 1984; Köbler et al., 2001; Ricketts
et al., 2019), is related to differences in emotion perception
with unilateral or bilateral hearing aids. Thus, it is important

to identify if there are differences in the emotional responses
to sounds for people who are wearing one or two HAs.

For CI users, the challenges of CI-mediated listening
could be mitigated in some cases via the combined use of
acoustic and electric stimulation. With the expansion of CI
candidacy criteria in recent years, an increasing number of
patients now have useable, residual hearing. Indeed, approx-
imately 60–72% of adult CI recipients have some degree of
acoustic hearing in the non-CI ear, and are thus, candidates
for bimodal stimulation (Dorman & Gifford, 2010; Holder
et al., 2018). Significant benefit from the addition of acoustic
hearing has been shown for speech recognition (e.g., Dunn
et al., 2005; Gifford et al., 2018; Gifford & Dorman, 2019;
Potts et al., 2009; Sladen et al., 2018), perception of supra-
segmental features of speech (Davidson et al., 2019; Most,
Harel, et al., 2011), music perception (Cheng et al., 2018;
Crew et al., 2015; Cullington & Zeng, 2011; Dorman et al.,
2008; El Fata et al., 2009; Kong et al., 2005, 2012; Plant &
Babic, 2016; Sucher & McDermott, 2009), emotion recogni-
tion of speech sounds (Most, Gaon-Sivan, et al., 2011),
musical sound quality (D’Onofrio & Gifford, 2021), and
musical emotion perception (D’Onofrio et al., 2020;
Giannantonio et al., 2015; Shirvani et al., 2016). The
bimodal benefit evidenced in the aforementioned studies -
that is, the improved performance achieved with the contri-
bution of acoustic hearing (via HA) in the contralateral ear
– is largely the result of increased access to features poorly
transmitted via the CI, specifically fundamental frequency
(F0; e.g., Gifford et al., 2021; Kong et al., 2004, 2005) and
temporal fine structure (e.g., Kong & Carlyon, 2007;
Sheffield & Gifford, 2014). However, it is not clear if
bimodal CI benefits extend to emotional responses to non-
speech sounds for CI users.

Purpose
The purpose of this project was two-fold: 1) to evaluate the
between-group differences in emotional responses to non-
speech sounds between listeners with normal hearing,
hearing aid candidates, and bimodal CI listeners and 2) to
evaluate the effects of device configuration on emotional
responses to non-speech sounds. To evaluate the effects of
group membership, three groups of listeners were tested
with a standard-of-care intervention (no device, bilateral
HAs, or bimodal CI configuration). It was expected that, rel-
ative to their peers with NH, both groups would demonstrate
ratings of valence that were less extreme (less pleasant and
less unpleasant), even while using assistive hearing device
technology, due to the continued difficulties with emotion
perception adults exhibit with hearing aids (e.g., Goy et al.,
2018; Picou, Rakita, et al., 2021; Singh et al., 2019) and
cochlear implants (Caldwell et al., 2015; D’Onofrio et al.,
2020; Jiam et al., 2017). Furthermore, based on the noted
reduced range with increasing pure-tone average (Picou &
Buono, 2018), it was expected that bimodal CI listeners
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would demonstrate larger deficits (smaller range of emotional
responses) than HA candidates, who typically have lesser
degrees of hearing loss.

The second purpose was to evaluate the effect of device
configuration. For HA candidates, the configuration options
were unilateral or bilateral HA fitting. Ideally, the range of
emotional responses would be broadest under bilateral HA
conditions, given the current clinical recommendations for
bilateral fittings in most cases (e.g., Picou, Roberts, et al.,
2021). For bimodal CI listeners, it was predicted that emo-
tional responses would be most similar to those of listeners
with NH in the bimodal configuration (CI and contralateral
HA) relative to HA- or CI- only conditions, given the work
demonstrating the benefits of a contralateral HA for
emotion perception of music (e.g., D’Onofrio et al., 2020;
Giannantonio et al., 2015) and speech (e.g., Most,
Gaon-Sivan, et al., 2011).

Methods

Participants
Participants were recruited through review of clinic records in
the Department of Audiology at Vanderbilt University
Medical Center and through mass e-mail solicitation to the
Vanderbilt University Medical Center community. Three
groups of 18 adults participated: 1) listeners with NH, 2)
HA candidates, and 3) bimodal CI listeners. Table 1 displays
demographic information and Figure 1 displays pure-tone air
conduction thresholds for the three groups. All participants
denied neurogenic disorders, pharmacologic treatment for
mood disorders, or cognitive decline. All participants

demonstrated low risk of clinical depression, as assessed
using the Hospital Anxiety and Depression Scale (Zigmond
& Snaith, 1983). Table 1 reveals the participant groups were
matched on the measures of anxiety, depression, and perceived
ability to recognize vocal emotion, yet they differed based on
degree of hearing loss, hearing aid experience, and duration of
hearing loss. In addition, the groups differed slightly in age
and gender, where HA candidates were approximately 9
years older than the other two groups and there were more
females in the group of NH listeners than in the two groups
of participants with hearing loss. Detailed demographic data
for all participants are displayed in Appendix A (listeners
with NH), Appendix B (HA candidates), and Appendix C
(bimodal CI listeners). Testing was conducted with approval
from the Institutional Review Board at Vanderbilt University
Medical Center. Participants were compensated for their
time at an hourly rate.

Hearing Aid Fitting
Hearing Aid Candidates. For the purpose of this study, users
were fit with research HAs (behind-the-ear, Phonak Ambra
V90). The HAs were coupled using foam, non-custom
eartips (ComplyTM), which resulted in occluding fittings for
most participants. The HAs were programed for each partici-
pant according to prescriptive targets from the National
Acoustic Laboratories – Nonlinear v 2 (NAL-NL2; Keidser
et al., 2012) for a bilateral fitting. Fittings were verified
using recorded speech passages presented at 65 dB SPL and
a probe-microphone verification system (Audioscan Verifit).
One participant, a 70 year old male, was under fit by 7 dB at
4000 Hz in the right ear. Otherwise, all fittings were within

Table 1. Participant Demographics for the Three Groups of Listeners (n= 18 in Each Group).

Characteristic

Normal Hearing,

N= 171
Hearing Aid Candidates,

N= 151
Bimodal Listeners,

N= 171 p-value2

Age Years 55.18 (10.01) 64.00 (5.26) 55.41 (18.52) 0.012

Gender Female 14 (82%) 7 (47%) 7 (41%) 0.032

Male 3 (18%) 8 (53%) 10 (59%)

PTA dB HL 13.06 (3.54) 38.47 (10.32) 71.53 (17.00) <0.001

Duration of hearing loss Years 11.73 (14.34) 22.15 (16.94) 0.029

HADS-A Score 6.12 (2.91) 5.53 (3.76) 6.00 (4.47) 0.83

HADS-A Score 1.76 (1.48) 3.47 (3.34) 3.93 (2.76) 0.10

EmoCheq Score 35.06 (15.11) 39.93 (17.17) 43.93 (13.68) 0.17

Devices None 17 (100%) 4 (27%) 0 (0%) <0.001

One 0 (0%) 1 (6.7%) 0 (0%)

Two 0 (0%) 10 (67%) 17 (100%)

Hearing aid experience Yes 11 (73%) 17 (100%) 0.038

Hearing aid use Years 6.15 (10.34) 13.84 (9.80) 0.028

Cochlear implant use Years 3.42 (3.52)

Cochlear implant Cochlear 8 (47%)

Advanced Bionics 9 (53%)

1Mean (SD); n (%), 2Kruskal-Wallis rank sum test; Pearson’s Chi-squared test; Fisher’s exact test, Note: PTA= better ear, pure-tone average (0.5, 1, 2, 4 kHz);

HADS=Hospital Anxiety and Depression Scale.
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5 dB of NAL-NL2 prescriptive targets 250–4000 Hz. All
advanced digital features were deactivated (digital noise reduc-
tion, wind reduction, speech enhancement, frequency lower-
ing), except feedback reduction, which was personalized for
each participant. The HA microphone was set to be mildly
directional, with an average directivity index designed to over-
come the microphone location effects of a behind-the-ear
instrument. Participants in the HA group completed testing
described below with two HAs (bilateral condition) and one
HA (unilateral condition). In the unilateral condition, one
HA was removed and that ear was unoccluded; the left ear
was the test ear for half of the participants.

Bimodal CI Listeners. Bimodal CI listeners were also fitted
with a behind-the-ear research HA for the purpose of the
study (Phonak Bolero V90-SP). The HA, fitted to the non-
implanted ear, was coupled with a custom, fully-occluding
earmold made for the purpose of this study, or with the par-
ticipant’s own, fully-occluding earmold if they used a custom
mold regularly. Consistent with the HA group, the advanced
features on the HAs used for the bimodal group were deacti-
vated, with the exception of feedback reduction. As with the
HA group, the microphone was set to be mildly directional.
HA gain was programmed and verified to match NAL-NL2
targets. Match to target was within 10 dB 250–4000 Hz for
10 participants. For 8 participants, adequate gain could not
be achieved for 4000 Hz and real ear aided responses were
more than 10 dB below NAL-NL2 targets.

The bimodal CI listeners also used a CI. The CI map was
not adjusted for this study; their existing maps were used.

Participants either used an Advanced Bionics (n= 9) or a
Cochlear (n= 9) implant. In all cases, their ‘Every day’
program was used during testing. Prior to testing, CI-aided
thresholds were completed in the sound field to warbled
pure tones. Thresholds were in the range of 20–30 dB HL
from 250–6000 Hz for most qualifying participants. Three
participants demonstrated thresholds up to 40 dB HL.

Stimuli
Participants provided ratings of arousal and valence using the
Self-Assessment Manikin (SAM; Bradley & Lang, 1994).
The SAM is a non-verbal, pictorial tool for measuring
emotion along the dimensions of valence, arousal, and dom-
inance. For each dimension, the SAM includes 5 cartoon
figures representing the range of emotions along the dimen-
sion (e.g., smiling to frowning) and participants make their
ratings on a range of 1 to 9 based on numbers equally
spaced under the 5 figures. For this study, only the valence
and arousal dimensions were used. For both dimensions,
the captions “how pleasant / unpleasant do you feel” and
“how excited or calm do you feel”were placed above the pic-
tures for valence and arousal, respectively.

Participants rated valence and arousal in response to non-
speech sounds from the International Affective Digitized
Sounds Corpus (IADS; Bradley & Lang, 2007). The corpus
includes 167 non-speech examples of animal noises (e.g.,
cows mooing), human social noises (e.g., laughter), bodily
noises (e.g., belching), environmental sounds (e.g., office
noises), and music (e.g., acoustic guitars). Bradley and

Figure 1. Audiometric thresholds for the NH, HA, and bimodal groups. Group mean thresholds are shown in black. For listeners with

normal hearing and hearing aid candidates, mean right and left ear thresholds are displayed. For bimodal CI listeners, thresholds for the

non-implanted ear are displayed.
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Lang (2007) published ratings of valence, arousal, and dom-
inance elicited from college students with presumably NH.
Of these 167 tokens, 75 were used in this study. The 75
tokens were the same ones used by our previous studies
(Picou, 2016; Picou & Buono, 2018; Picou, Rakita, et al.,
2021). The tokens were modified from their original format
in two ways. First, their duration was shortened from 6 s to
1.5 s by selecting a representative sample of the token.
Second, their levels were normalized so they all had the
same peak level (-3.01 dB relative to the soundcard
maximum). Both modifications were made using Adobe
Audition (v CSS5). Based on the ratings provided by listen-
ers with NH in a previous study (Picou, 2016), the tokens
were assigned to one of three categories, which varied
based on their expected valence (pleasant, neutral, unpleas-
ant). Categories and brief descriptions of all sounds are dis-
played in Appendix D. Sounds were presented at 65 dB SPL.

Procedures
Prior to testing, the level was calibrated using a steady-state
signal with the same long-term average spectrum as the
stimuli used during testing. A sound level meter (Amprobe
SM-10) at the position of the participant’s ear, without a par-
ticipant in the room, was used to verify the level. Following
informed consent, participants completed the Hospital
Anxiety and Depression Scale and then underwent hearing
evaluation (pure-tone, air conduction thresholds) and HA
fitting in a quiet, clinic-like environment. Then, they rated
valence and arousal in a sound-attenuating audiometric test
booth. Testing was blocked; they rated valence and arousal
in response to all 75 sounds in one condition before switching
conditions or taking a break. Within the condition, sounds in
all three categories were randomly presented. Participants
with NH rated sounds in only one condition (unaided).
Participants who were HA users rated sounds in two condi-
tions (unilateral HA, bilateral HAs). Participants who were
bimodal CI listeners rated sounds in three conditions (HA
only, CI only, HA+CI). For participants who completed
more than one condition, their condition order was counter-
balanced. Breaks were provided as needed during testing.

Test Environment
The participant was seated in the center of the audiometric
booth (4.0× 4.3× 2.7 m) with a loudspeaker (Tannoy
Series 600) placed 1.25 m in front of the participant. A com-
puter monitor (21.5-in Dell S2240T) was placed directly
below the loudspeaker and in front of the participant.
During testing, the monitor displayed a small, black fixation
cross on a white screen during sound presentation.
Immediately after the sound finished, the SAM stimuli for
rating valence were displayed (caption, five pictures,
numbers from 1 to 9). A participant then selected their
rating of valence using a keypad (USB; Targus). Then the

SAM stimuli for rating arousal were displayed (caption,
five pictures, numbers from 1 to 9) and participants provided
a rating of arousal. When they were ready to advance, they
would press ‘Enter’ and the next sound was presented. The
experimental timing and data collection were controlled
using Presentation (Neurobehavioral Systems v 14) on an
experimental computer (Dell) outside the test booth. The
computer monitor inside the test booth displayed a cloned
image of the experimental computer monitor. From the
experimental computer, which stored the stimuli for testing,
the sounds were routed to an audiometer for level control
(Madsen Orbiter 922 v.2), to an amplifier (Russound), and
then to the loudspeaker.

Data Analysis
Prior to analysis, five participants were excluded. A computer
error prohibited responses from one participant with NH (54
year old female) from being recorded. In the group of HA
users, two participants (72 year old female, 50 year old
female) provided only one rating (valence or arousal) in all
conditions rather than two ratings (valence and arousal).
Also in the HA candidate group, one participant provided a
single rating in one condition (bilateral HA; 70 year old
female). All three participants had no HA experience. In
addition, one participant in the bimodal listener group did
not have data recorded due to experimenter error in the
“HA only” condition. Therefore, these participants were
excluded from further analysis.

Scores for individual participants were calculated by taking
the average rating of valence or arousal in each stimulus cate-
gory for each condition. Separate linear effects models were
constructed to address each of the research questions regarding
1) hearing loss and 2) device configuration. To examine the
effect of the hearing loss on emotion, the models of valence
and arousal included a single between-group factor (NH,
HA candidate, bimodal CI listener) and one within-participant
variable (stimulus category; pleasant, neutral, unpleasant).
Prior to analysis, the ratings of valence and arousal were
z-score transformed for each participant in the “maximum”
device configuration (no hearing device for listeners with
NH, the bilateral HA condition for HA users, and the
bimodal condition (CI+HA) for the bimodal CI listeners).
To examine the effect of device configuration on emotional
responses, the models of valence and arousal included two
within-participant factors, stimulus category and device con-
figuration. Separate linear mixed effects models were con-
structed for the HA candidates (unilateral or bilateral HAs)
and bimodal CI listeners (HA only, CI only, CI+HA), each
with participant as a random factor. Analysis of variance
(ANOVA) was conducted on each linear model; significant
main effects and interactions were explored using pairwise
comparisons of the estimated marginal means using
Satterthwaite degrees of freedom and false discovery rate cor-
rection (Benjamini & Hochberg, 1995).
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All analyses were completed within R (v 4.1.0; R Core
Team, 2021), where the linear mixed-effect models were con-
structed using the lme4 package (Bates et al., 2015), the
ANOVAs were done using the stats package from base R,
and the estimated marginal means with the pairwise compar-
isons were done using the emmeans package (Lenth, 2019).

Results

Differences Between Groups
Transformed ratings of valence and arousal for the listeners
with NH, HA candidates, and bimodal CI listeners are dis-
played in Figure 2 (left panel). Analysis of z-score trans-
formed ratings of valence revealed significant contributions
of Category (F [2, 3616]= 575.354, p < 0.001) and a signi-
ficant Group×Category interaction (F [4, 3616]= 27.993,
p < 0.001). The effect of Group alone was not significant
(F [2, 3616] < 1.0, p= 1.00). As a result of the significant
Group×Category interaction, the estimated marginal
means were calculated on the full model to evaluate the
effect of group membership for each category separately.
The results, displayed in Table 2, reveal significant differ-
ences between groups, in response to pleasant and unpleasant
stimuli. Specifically, ratings from HA candidates and
bimodal CI listeners were less extreme (less pleasant, less
unpleasant) compared to listeners with NH. There were no
significant effects of group membership in the neutral
stimuli category.

Analysis of ratings of arousal revealed significant contri-
bution of Category (F [2, 3616]= 4.02, p < 0.05) and a

significant Group×Category interaction (F [4, 3616]=
3.39, p < 0.01). The effect of Group alone was not significant
(F [2, 3616 < 1.0, p= 1.00). Differences between groups
were small and variable (see Figure 2, right panel).
Follow-up pairwise comparisons, displayed in Table 3,
revealed only one of the differences between groups survived
adjustment for family-wise error rate. Bimodal CI listeners
rated unpleasant sounds as less arousing than did HA candi-
dates. These data indicate ratings of arousal were generally
not different between groups.

Effect of Device Configuration
Hearing Aid Candidates. Normalized, z-scored ratings of
valence and arousal for the group of HA candidates are dis-
played in Figure 3. Analysis of ratings of valence revealed
only a significant main effect of Category (F [2, 2208]=
236.18, p< 0.001). The effect of Configuration (F [1, 2208]
= 1.66, p= 0.198) and the Configuration×Category interac-
tion (F [2, 2208]= 0.19, p= 0.828) were not significant. As
expected, ratings in response to pleasant stimuli were
higher than in response to neutral stimuli (M difference=
0.77 points, p < 0.0001) or unpleasant stimuli (M difference
= 2.00, p < 0.0001). In addition, ratings were lower in
response to unpleasant sounds than neutral ones (M differ-
ence= 1.23, p < 0.0001). However, these results demonstrate
that ratings were similar with unilateral and bilateral HAs
(M rating difference=−0.11, p= 0.199).

Analysis of ratings of arousal also revealed only a signifi-
cant main effect of Category (F [2, 2208]= 16.68, p < 0.001)
and non-significant effects of Condition (F [2, 2208]= 0.79,

Figure 2. Normalized ratings of valence (left panel) and arousal (right panel) for listeners with NH, HA candidates, and bimodal CI

listeners. See Appendices A-C for listeners’ identification code and demographics details.
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p= 0.3738) and Category×Condition (F [2, 2208]= 0.34,
p = 0.7125). Pairwise comparison testing revealed ratings
of arousal were higher in response to the unpleasant stimuli
than in response to the neutral stimuli (M difference= 0.44,
p < 0.0001) or the pleasant stimuli (M difference= 0.37,
p < 0.0001), whereas ratings were not different in response to
neutral and pleasant stimuli (M difference=0.72, p = 0.4712).
Ratings of arousal were similar with unilateral and bilateral HA
fittings (M rating difference=0.04, p=0.5754).

Bimodal CI Listeners. Normalized, z-scored ratings of valence
and arousal for the group of bimodal CI listeners are displayed
in Figure 4. Analysis of ratings of valence revealed significant
effects of Configuration (F [2, 3774]= 13.81, p< 0.001) and
Category (F [2, 3774]= 184.82, p< 0.001), but no significant
Configuration×Category interaction (F [4, 3774]= 1.57, p=
0.179). Follow-up pairwise comparison testing revealed
that all categories were significantly different from each
other (p< 0.001). In addition, as displayed in Table 4 (top
rows), ratings of valence were higher (more pleasant) with
the CI alone relative to both the HA alone and CI+HA
conditions.

Analysis of ratings of arousal revealed significant main
effects of Configuration (F [2, 3774]= 9.717, p<0.001)
and Category (F [2, 3774]= 4.201, p<0.05), but no significant
Configuration×Category interaction (F [4, 3774]= 1.083, p=

0.363). Follow-up pairwise comparison testing revealed that
ratings of arousal were higher in response to pleasant stimuli
than with neutral (M difference= 0.11, p<0.05) or unpleasant
(M difference= 0.10, p<0.05) stimuli. Ratings of arousal were
not different in response to neutral or unpleasant stimuli (M dif-
ference= 0.001, p= 0.819). In addition, as displayed in Table 4
(bottom rows), ratings of arousal were lower with the CI alone
relative to both the HA alone and CI+HA conditions.

Degree of Acoustic Hearing Loss and Device
Configuration
To explore the relationship between degree of hearing loss on
ratings of valence, exploratory correlation analyses were con-
ducted between a participant’s better ear, acoustic, pure-tone
average (500, 1000, 2000, 4000 Hz) and ratings of valence,
either with a minimal intervention (unilateral HA or HA
alone) or with a maximum intervention (HA alone or CI+
HA configuration). Mean scores in each condition/category
combination were examined to preserve the data in the orig-
inal scale. Data from listeners with NH was always unaided.
The results, displayed in Figure 5, reveal significant negative
correlations between degree of hearing loss and ratings of
valence in response to pleasant sounds (p< 0.01) and positive
correlations between degree of hearing loss and ratings of

Table 2. Pairwise Comparisons of Ratings of Valence (z-Score).

Stimulus Category Group Contrast Estimate Standard Error z ratio p

Pleasant NH - HA Candidate 0.34 0.06 5.43 <0.0001***

Pleasant NH - Bimodal Listener 0.44 0.06 7.31 <0.0001***

Pleasant HA Candidate – Bimodal CI Listener 0.10 0.06 1.66 0.096

Neutral NH - HA Candidate 0.05 0.08 0.62 0.533

Neutral NH - Bimodal Listener 0.11 0.08 1.50 0.403

Neutral HA Candidate - Bimodal Listener 0.07 0.08 0.82 0.533

Unpleasant NH - HA Candidate −0.24 0.05 −4.75 <0.0001***

Unpleasant NH - Bimodal Listener −0.34 0.05 −7.01 <0.0001***

Unpleasant HA Candidate - Bimodal Listener −0.10 0.05 −2.03 0.043*

Note: NH= normal hearing; HA= hearing aid; * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001.

Table 3. Pairwise Comparisons of Ratings of Arousal (z-Score).

Stimulus Category Group Contrast Estimate Standard Error z ratio p

Pleasant NH - HA Candidate 0.08 0.07 1.12 0.297

Pleasant NH - Bimodal Listener −0.07 0.07 −1.04 0.297

Pleasant HA Candidate - Bimodal Listener −0.15 0.07 −2.12 0.102

Neutral NH - HA Candidate −0.02 0.09 −0.21 0.830

Neutral NH - Bimodal Listener −0.13 0.09 −1.45 0.350

Neutral HA Candidate - Bimodal Listener −0.11 0.09 −1.19 0.350

Unpleasant NH - HA Candidate −0.05 0.06 −0.78 0.436

Unpleasant NH - Bimodal Listener 0.10 0.06 1.78 0.113

Unpleasant HA Candidate - Bimodal Listener 0.15 0.06 2.49 0.038*

Note: NH= normal hearing; HA= hearing aid.
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valence in response to unpleasant sounds (p < 0.01).
Importantly, the pattern of results was the same for both
device configurations (minimal/maximal). These data indi-
cate that, regardless of device configuration, listeners with
more hearing loss were more likely to rate valenced sounds
as less extreme (less pleasant or less unpleasant) than listen-
ers with better acoustic hearing thresholds.

Discussion
The purpose of this project was two-fold: 1) to evaluate the
between-group differences in emotional responses to non-
speech sounds between listeners with normal hearing,
hearing aid candidates, and bimodal cochlear-implant listen-
ers and 2) to evaluate the effects of device configuration on

Figure 3. Normalized ratings of valence (left panel) and arousal (right panel) for listeners who are HA candidates. See Appendix B for

participant identification code and demographics details.

Figure 4. Normalized ratings of valence (left panel) and arousal (right panel) for bimodal CI listeners. See Appendix C for participant

identification code and demographics details.
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emotional responses to non-speech sounds. Consistent with
previous work (Picou, 2016; Picou & Buono, 2018; Picou,
Rakita, et al., 2021), ratings of arousal were largely unaf-
fected by hearing loss or device configuration. The limited
findings related to ratings of arousal might be due to the
importance of level as a cue for arousal (Buono et al.,
2021; Ma et al., 2012) and listeners with hearing loss were
always tested with an assistive hearing device, potentially
limiting differences in loudness between groups. The follow-
ing discussion focuses primarily on ratings of valence and
addresses the effects of group membership and device config-
uration separately.

Group Membership
The results of this study replicate those by (Picou, 2016;
Picou, Rakita, et al., 2021), demonstrating that listeners
with hearing loss exhibited reduced ratings of valence in
response to non-speech sounds. The results also extend exist-
ing literature by demonstrating that bimodal CI listeners
exhibit emotional responses that are similar to their
HA-candidate peers. That is, emotional responses are also
reduced in bimodal CI listeners, presumably as a result of
their hearing acuity and the limited access to acoustic cues
important for emotion perception.

Consistent with existing literature with HA users (Picou &
Buono, 2018), these findings confirm that people who have
higher unaided hearing thresholds were more likely to
provide ratings of valence that were less extreme (less pleas-
ant and less unpleasant) relative to people with better hearing
thresholds. Interestingly, the relationship in the current study
is nearly identical to that reported by Picou and Buono
(2018). Specifically, the relationship between pure-tone
average and ratings of valence of pleasant stimuli is described
in the current study by the following formula: valence rating
=−0.02x+ 6.9, where x= pure-tone average, and by Picou
and Buono (2018) as: valence rating=−0.02x+ 6.97. A
similar pattern emerges for ratings in response to unpleasant
sounds, which is described in the current study by the
formula: valence rating= 0.015x+ 3.1, and by Picou and
Buono (2018) as: valence rating= 0.01x+ 3.22. Together,
these data indicate listeners with more significant hearing

loss are more likely to rate sounds as less extreme (less pleas-
ant, less unpleasant) relative to their peers with better
hearing.

Note that the relationships Picou and Buono (2018)
described were all unaided, whereas the current study was
aided (bilateral for HA candidates and CI+HA for bimodal
CI listeners). The similarity between the relationships in the
two studies suggests that hearing loss intervention does not
mitigate the relationship between degree of hearing loss and
ratings of valence. If an intervention designed to improve
audibility (e.g., HAs) improved ratings of valence, the rela-
tionship between ratings and hearing loss would change
(e.g., become non-significant or have a shallower slope).
The non-significant effects of device configuration suggest
that the effects of group membership might not be attributable
only to differences in audibility of the cues that code for
emotion (reviewed above). Indeed, existing evidence in the
literature suggests there are more central changes in
emotion processing for adults with hearing loss that are not
fully attributable to sensory processing. For example, CI
users demonstrate neurophysiological changes in late electro-
physiological components relative to adults with NH
(Deroche et al., 2019) and HA candidates demonstrate cortical
changes in emotion perception, as measured using functional
imaging technique (Husain et al., 2014).

Device Configuration
Hearing Aid Candidates. A secondary purpose of this study
was to evaluate the potential for changing the device config-
uration to affect emotional responses. The findings suggest
that, for HA candidates, using unilateral or bilateral HAs
did not affect emotional responses. The results demonstrate
that the second HA did not contribute to ratings of valence
or arousal for HA candidates. These data demonstrate that
the clinical recommendation of fitting bilateral hearing aids
for people with bilateral hearing loss is not contraindicated
by the effect of the number of devices on emotional
responses. That is, the number of hearing aids is irrelevant
to the ratings of valence recorded in response to non-speech
sounds. In a recent study by D’Onofrio and Gifford (2021),
listeners with normal hearing likewise did not demonstrate

Table 4. Pairwise Comparisons to Evaluate the Effect of Listening Configuration for Bimodal Listeners. Comparisons are Displayed for

Ratings of Valence (top) and Ratings of Arousal (Bottom).

Rating Contrast Estimate Standard Error z ratio p

Valence CI+HA - CI alone −0.18 0.04 −4.55 <.0001***

CI+HA - HA alone −0.04 0.04 −0.99 .324

CI alone - HA alone 0.14 0.04 3.57 <.001***

Arousal CI+HA - CI alone 0.20 0.04 4.66 .021*

CI+HA - HA alone 0.10 0.04 2.30 <.0001***

CI alone - HA alone −0.10 0.04 −2.36 .021*

Note: CI= cochlear implant; HA= hearing aid; *** indicates p < 0.001.
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improvement in musical sound quality ratings when listening
with two ears versus one. Thus, there may simply be little
added benefit for subjective judgements of sound (i.e.,
sound quality, emotional responses) when the signal pre-
sented across ears is of the same modality and similar
quality (two normal hearing ears, D’Onofrio and Gifford,
2021; two HA ears with symmetrical hearing loss, current
study). An additional explanation for the non-significant dif-
ferences between responses with one and two HAs might be

that bilateral benefits would only be expected for listeners
with more significant hearing loss, as has been demonstrated
in speech recognition tasks in the laboratory (e.g., Ricketts
et al., 2019). Although a reasonable speculation, the data
from the current study do not support bilateral benefits as
dependent on degree of hearing loss.

Bimodal CI Listeners. To our knowledge, our data provide the
first examination of bimodal CI listeners’ emotional

Figure 5. Relationship between rating of valence of pleasant, neutral, and unpleasant stimuli as a function of better ear, pure-tone average

(500, 1000, 2000, and 4000 Hz) for participants using minimal intervention (unilateral HA or HA alone; top panel) or maximal intervention

(bilateral HA or CI+HA; bottom panel).
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responses to emotional stimuli. Our data suggest that bimodal
stimulation interacts with emotional stimuli to affect the emo-
tional response in a manner that differs from emotion in
response to music. In the current study, ratings of valence
were higher in configurations without a HA. That is,
adding a HA to the contralateral ear of the CI participants
did not improve ratings of valence; instead, adding a HA to
the non-implanted ear had a negative effect on ratings of
valence. These data were surprising as they are inconsistent
with the large body of evidence demonstrating bimodal
benefit shown for speech recognition (e.g., Dunn et al.,
2005; Gifford et al., 2018; Gifford & Dorman, 2019; Potts
et al., 2009; Sladen et al., 2018), perception of suprasegmen-
tal features of speech (e.g., Davidson et al., 2019; Most,
Harel, et al., 2011), music perception (e.g., Cheng et al.,
2018; Crew et al., 2015; Cullington & Zeng, 2011;
Dorman et al., 2008; El Fata et al., 2009; Kong et al.,
2005, 2012; Plant & Babic, 2016; Sucher & McDermott,
2009), emotion recognition of speech sounds (Most,
Gaon-Sivan, et al., 2011), musical sound quality
(D’Onofrio & Gifford, 2021) and musical emotion percep-
tion (Giannantonio et al., 2015; Shirvani et al., 2016). The
findings are also inconsistent with the findings by
D’Onofrio et al. (2020), who reported the addition of a con-
tralateral hearing aid for a CI user allowed bimodal CI listen-
ers to use both tempo and mode cues while rating valence of
music, whereas ratings were based primarily on tempo when
using a CI alone.

Reasons for this discrepancy are unclear and could be
related to how the two modalities, acoustic and electric,
might interfere with emotion. Some have suggested that inte-
gration of acoustic-electric hearing may be better when com-
bined in the same ear as opposed to across ears for vowel
recognition (Fu et al., 2017). Other studies, however, have
shown no differences in integration efficiency of acoustic-
electric hearing for word and sentence recognition in quiet
and noise (Sheffield et al., 2015; Willis et al., 2020). The per-
formance of bimodal listening has been previously discussed
to be dependent on the effectiveness of the modalities (CI &
HA) integrating with each other, and that the performances of
the two should complement each other (Yoon et al., 2015).

There is also a possibility that there is conflicting middle-
to high-frequency information between HAs and CI (Mok
et al., 2006). For bimodal CI listeners, the CI provides both
low- and high-frequency stimulation; however, amplification
via the HA in the contralateral ear is often limited to low-
frequency information, as these individuals typically have
sloping losses. While the added amplification using the
current HA fitting practices may provide important acoustic
cues (e.g., F0, temporal fine structure) for the interpretation
of some stimuli (e.g., speech recognition, music perception,
musical emotion perception), it may actually be counterpro-
ductive for emotional responses to non-speech sounds. That
is, the net effect of contralateral amplification fit to NAL-NL2
targets could simply be a boost in overall loudness (via a

“doubling” of low-frequency information; acoustic+ electric
stimulation) that results in a relative decrease of important
high-frequency information (via the CI). Such a perceptual
decrease of high-frequency information could be at least
partly responsible for the reduced emotional responses in
the CI+HA condition as demonstrated here, which would
be consistent with the documented negative effects on emo-
tional responses of increasing overall stimulus presentation
level (Picou, Rakita, et al., 2021) and reducing high-
frequency content (Buono et al., 2021). Future research is
warranted to further examine this relationship in adults
using bimodal stimulation, specifically investigating
whether reduced acoustic-electric overlap across ears and
alternative prescriptive fitting formulae might yield improved
emotional responses.

Limitations and Future Directions
There are several limitations worthy of noting. First, the
study design did not explicitly include an evaluation of the
device configurations relative to unaided listening situations.
Second, all participants were fit with research HAs and not all
participants had prior experience with this aid or any HA.
Goy et al. (2018) evaluated emotion recognition with partic-
ipants’ own HAs, in part to ensure they had experience with
the device settings. Unfortunately, some of the participants in
that study were used to amplification that was below pre-
scriptive targets, especially in the low-frequency region.
Thus, future research is warranted to evaluate the effects of
HA use on emotion perception, both recognition and
valence ratings, when the HAs are matched to validated pre-
scriptive targets and when the participants have had sufficient
experience with the settings.

Third, group differences in age and gender were evident
across the three groups in this study. Reported differences
in gender for valence ratings of the stimuli used in this
study are mixed in the extant literature for these stimuli;
some investigators report no gender effects with the IADS
non-speech sounds (Bradley & Lang, 2000) or music
(Lundqvist et al., 2009), whereas others report females are
more likely to rate unpleasant non-speech sounds with
lower ratings of valence than males are (Picou & Buono,
2018). In the current study, the NH group consisted of
more females than did either of the two groups of HI partic-
ipants. Thus, it is possible the effects of group membership or
PTA in this study might be attributable to gender differences,
but only for unpleasant sounds.

The other factor of interest where groups were not
matched is age; specifically, the HA candidate group was,
on average, approximately 9 years older than the other
groups. However, this seems unlikely to have affected our
results because differences in ratings of valence related to
age have been small and non-significant with these stimuli
(Picou, 2016; Picou & Buono, 2018). Moreover, aging is
generally associated with a positivity effect, where pleasant
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stimuli are rated as more pleasant by older adults than by
younger ones (Backs et al., 2005; Grühn & Scheibe, 2008).
In the context of the current study, the older group of partic-
ipants rated pleasant stimuli as less pleasant than their peers
with better hearing. Thus, it seems unlikely group differences
in age contribute to the reported findings.

Fourth, the study stimuli, while all ‘non-speech sounds’
did include music samples and much of the existing work
with non speech sounds are focused on music. Music and
other non-speech sounds might have distinct emotional
effects that warrant further investigation. For example, the
results of this study are inconsistent with existing CI litera-
ture where CI users do not demonstrate ratings of valence rel-
ative to listeners with NH in response to music
(Ambert-Dahan et al., 2015). Although exploratory analyses
(not reported here) of the current data set revealed the same
pattern of results for the music and non-music sounds in
the study, it seems difficult to draw conclusions about the dis-
tinction in ratings of valence between music and non-music
because the current data set included only 8 music sounds
out of 75 total sounds. Thus future work is warranted to dis-
entangle emotional responses to music from other non-
speech sounds.

Conclusions
Even with assistive hearing devices (HAs and CIs), adults
with hearing loss demonstrate a reduced range of valence
ratings in response to non-speech sounds, as evidenced by
less extreme ratings (less pleasant and less unpleasant) than
their similarly aged peers with normal hearing. Those with
more significant acoustic hearing loss were more likely to
exhibit less extreme ratings of valence than were those
with better unaided acoustic thresholds. This finding has
important implications for the psychosocial well-being of
adults with hearing loss, where emotional responses to
sounds have been linked to isolation and loneliness (Picou
& Buono, 2018), stress recovery (Sandstrom & Russo,
2010), in addition to focused attention and enhanced
memory (e.g., Kensinger, 2009). Thus, rehabilitation for
adults with hearing loss should consider emotion perception.
Based on the cues that support ratings of valence, it is likely
that interventions that provide auditory access to broadband
stimuli would improve ratings of valence in response to non-
speech sounds. Yet, the results of this study do not provide
insight into optimizing device configuration; ratings of
valence were similar with one and two HAs for hearing aid
candidates. For bimodal CI listeners, the conditions with
the HA resulted in overall lower ratings of valence and
arousal. These data would suggest CI+HA listening may
not be optimal for emotional responses to non-speech
sounds, despite clear advantages in other auditory domains.
Combined, these data support the need for further investiga-
tion into hearing device optimization to improve ratings of

valence in response to non-speech sounds for adults with sen-
sorineural hearing loss.
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