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A B S T R A C T

Despite the poor sound quality provided by cochlear implants (CIs), single-sided deaf (SSD) CI users prefer to 
listen to music with the acoustic hearing (AH) and CI ears together rather than with the AH ear alone. The source 
of this binaural benefit remains unclear. In the present study, sound quality ratings were collected in SSD CI users 
for music excerpts from different genres (pop, rock, and classical). A novel vocoder-to-the-CI (VCI) approach was 
used to control the spectral and temporal information delivered to the CI ear. Custom sine-wave vocoders were 
designed for each participant according to the frequency allocation in their clinical map. Sound quality ratings 
were collected with CI-only, AH-only, and CI+AH listening. CI+AH ratings were significantly higher than AH- 
only ratings when unprocessed stimuli or vocoded stimuli with spectro-temporal information were delivered 
to the CI ear. There were no significant differences among CI+AH ratings for the unprocessed stimuli, vocoded 
stimuli with spectro-temporal information, and vocoded stimuli with greatly reduced temporal cues, suggesting 
that the binaural benefit was largely driven by similar spectral information across ears. Effects of genre were 
minimal. CI+AH ratings for unprocessed music were significantly correlated with CI-only ratings (r = 0.57, p <
0.001), with the slope (0.97) suggesting that the binaural benefit was largely additive between the AH and CI 
ears. VCI appears to be a fruitful approach to control the spectral and temporal information delivered to the CI 
ear without directly manipulating CI users’ clinical processors.

1. Introduction

Although cochlear implants (CIs) can provide good speech under
standing under ideal listening conditions, perception of pitch remains 
poor. As a result, music perception, segregation of speech, talker iden
tification, prosody perception, and vocal emotion perception – all of 
which rely on pitch cues – are challenging for most CI users (Deroche 
et al., 2016; Fuller et al., 2014; Gaudrain and Başkent, 2018; Jiam et al., 
2017; Shannon et al., 2004). The spectral resolution of the CI is not 
sufficient to support good pitch perception. With a CI, the pitch range is 
compressed (Spitzer et al., 2021), melodies are often perceived as out of 
tune (e.g., Luo et al., 2014; Stupak et al., 2021), and multiple notes 
played at once sound unpleasant (Spitzer et al., 2019). Despite these 
challenges, many CI users regularly listen to music (Looi et al., 2012; 
Looi and She, 2010).

CI candidacy criteria have evolved to include usable acoustic hearing 
(AH) in the implanted and/or non-implanted ear. Combined electric and 
acoustic hearing has been shown to significantly improve music and 

speech perception relative to CI-only performance (e.g., Crew et al., 
2015; Cullington and Zeng, 2011; Dorman et al., 2008; Kong et al., 
2005). Even a small amount of residual AH can give access to 
temporal-fine structure cues that the CI does not provide, but which are 
important for pitch perception (Hopkins et al., 2008). In single-sided 
deaf (SSD) patients, cochlear implantation has been shown to greatly 
improve sound localization and quality of life as well as reduce vestib
ular dysfunction and debilitating tinnitus (Deep et al., 2021; Dillon et al., 
2017; Galvin et al., 2019; Morelli et al., 2023; Rooth et al., 2017; Van De 
Heyning et al., 2008).

Despite the poor sound quality with the CI, many SSD CI users report 
greater music enjoyment when listening with the CI rather than without 
it. Landsberger et al. (2020) measured music enjoyment using a modi
fied MUltiple Stimulus with Hidden Reference and Anchor (MUSHRA) 
protocol (Caldwell et al., 2017; Roy et al., 2012a, 2012b) for AH-only, 
CI-only, and CI+AH listening. Ratings from SSD CI users were 
compared to those by normal-hearing participants listening with one or 
both ears. Ratings with the CI alone were quite poor, but CI+AH 
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listening was rated as significantly more enjoyable than with the AH ear 
alone. However, binaural ratings remained much poorer for the SSD CI 
group than for the normal-hearing group. This suggests that while the CI 
provides a benefit for music enjoyment, much work needs to be done to 
be on par with normal-hearing listeners.

The source of the binaural advantage shown in Landsberger et al. 
(2020) is unclear. While many SSD CI users comment that they feel 
“restored” after cochlear implantation, it is unlikely that gross binaural 
restoration (i.e., the presence of any stimulus in the CI ear) drives the 
binaural benefit for music sound quality. The relative contributions of 
similar temporal, similar spectral, and similar spectro-temporal infor
mation across ears to this binaural benefit have not been investigated. 
Also, Landsberger et al. (2020) evaluated the binaural benefit using only 
two musical excerpts. Different characteristics of music (e.g., faster or 
slower tempo, with or without vocals, more or fewer instruments in the 
mix) may contribute to the binaural benefit. In the present study, 
MUSHRA ratings for sound quality with the AH ear alone, CI ear alone, 
and the CI+AH ears were obtained for multiple musical excerpts from 
multiple genres while controlling the spectral and temporal information 
delivered to the CI ear.

Research interfaces that bypass patients’ clinical CI processors are 
typically used to explicitly control the spectral and temporal information 
delivered to the CI ear. Designing and implementing such experimental 
processors is time consuming and may not preserve some of the pro
cessing parameters in patients’ clinical devices. While the spectral in
formation delivered by the CI can be modified with the clinical fitting 
system, there is no facility to directly manipulate temporal envelope 
cues. Vocoders have typically been used to simulate the degraded 
spectro-temporal information of the CI for normal-hearing listeners (e. 
g., Cychosz et al., 2024; Shannon et al., 1995) and to simulate the sound 
quality of the CI in the AH ear of SSD CI users (Dorman et al., 2024, 
2020). In the present study, we presented vocoded stimuli to the CI ear 
to explicitly control the spectral and temporal information without 
changing participants’ clinical processors.

Music sound quality ratings were obtained in SSD CI listeners using 
vocoders to control the spectro-temporal information delivered to the CI 
ear. We hypothesized that the binaural advantage would be greatest 
when the maximum amount of spectral and temporal cues was available 
in the CI ear. We predicted that the availability of temporal information 
would interact with musical genre (e.g., classical vs. pop music).

2. Method

2.1. Participants

Eleven adult, post-lingually deafened SSD CI users participated in the 
study. Participants were recruited in Los Angeles from the House Ear 
Clinic and in New York from the Cochlear Implant Center at NYU Lan
gone Health. Participants were required to have a minimum of 6 months 

of experience with their device and thresholds below 25 dB HL across all 
audiometric frequencies (125, 250, 500, 1000, 2000, 4000, 8000 Hz) in 
the nonimplanted ear, indicating normal hearing.

The mean age at testing was 51.8 ± 11.0 years, with a mean duration 
of deafness of 5.8 ± 6.4 years and mean CI experience of 3.6 ± 2.2 years. 
Demographic information is detailed for all participants in Table 1. All 
participants provided written informed consent, and all procedures were 
approved by Advarra for the House Institute Foundation 
(IRB#00000971; protocol number Pro00069182) and the NYU Langone 
Health IRB (i22-01166). Participants were compensated for their time.

2.2. Stimuli

2.2.1. Music excerpts
Stimuli consisted of short (6-second) mono excerpts from nine songs 

(Table 2) from three genres of music (pop, rock, classical). These se
lections were a subset of the stimuli developed by Roy et al. (2012a) and 
used in other music sound quality CI studies (e.g., Gilbert et al., 2019; 
Munjal et al., 2015). The excerpts used in the present study were chosen 
both because they represented a range of tempos, arrangements, and 
vocal or instrumental styles and to allow for some continuity between 
the present and previous studies.

2.2.2. CI ear conditions and signal processing
Five conditions were tested for CI-only and CI+AH listening: 1. 

Original (unprocessed music; i.e., the participant’s everyday listening 
condition), 2. S + T (spectral and temporal information), 3. S (greatly 
reduced temporal cues, < 20 Hz), 4. T (temporal information only), and 
5. Noise (steady noise). Table 3 describes the signal delivered to the AH 
and CI ears during testing.

A vocoder-to-the-CI ear (VCI) approach was used to control the 
spectral and temporal information provided in the S + T, S, and T 
conditions. For the S + T and S conditions, custom sine-wave vocoders 
were designed and generated for each participant using AngelSim soft
ware (http://angelsim.emilyfufoundation.org/). Sine-wave carriers 
were used to avoid the temporal fluctuations associated with noise-band 

Table 1 
Demographic information for SSD CI participants.

Participant Sex Age test (yrs) CI device, model, and strategy Ear CI exp (yrs) Dur deaf (yrs) Etiology

S1 M 64 MED-EL Concert Flex28 FS4 L 7 0.9 Labyrinthitis
S2 M 62 Cochlear CI632 ACE L 0.5 1.5 Unknown
S3 M 59 MED-EL Synchrony2 Flex28 FS4 L 4 3 Stapedectomy failure
S4 M 49 MED-EL Synchrony2 Flex28 FS4-P L 6 0.5 Unknown (possibly viral)
S5 M 49 MED-EL Synchrony2 Flex28 FS4 R 3 1.5 Unknown
S6 M 60 MED EL Synchrony2 Flex28 FS4-P R 2 3 Unknown
S7 F 53 Cochlear CI632 ACE R 3 2 Unknown
S8 F 54 Cochlear CI532 ACE L 6 15 Genetic
S9 M 46 Cochlear CI532 ACE R 4 6 Unknown
S10 F 30 Cochlear CI632 ACE L 0.8 1 Unknown
S11 F 32 Cochlear CI532 ACE R 6 9 Traumatic brain injury
Summary 64 % Male 50.7 ± 10.8 55 % Cochlear 55 % R 3.8 ± 2.1 3.9 ± 4.3 ​

SSD = single-sided deaf; CI = cochlear implant; Sex: M = male, F = female; Age test (yrs) = age on date of testing, in years; Ear: L = left, R = right; CI exp (yrs) = time 
between CI activation and date of testing, in years; Dur deaf (yrs) = duration of deafness prior to cochlear implantation, in years.

Table 2 
Music excerpts used in the present study.

Genre Song BPM Vocals

Rock Dream on, by Aerosmith 81 Yes
Smells Like Teen Spirit, by Nirvana 117 Yes
One, by U2 91 Yes

Pop Lose Yourself, by Eminem 168 Yes
That’s How You Like It (feat. JAY-Z), by Beyoncé 136 Yes
Hot In Herre, by Nelly 107 Yes

Classical Beethoven’s Third Symphony 147 No
Handel's Water Music Suite No. 1 76 No
Richard Strauss 57 No
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carriers that would degrade the temporal information in the vocoders. 
The analysis and carrier bands matched those used in each participant’s 
clinical map. The number of bands corresponded to the number of active 
electrodes in each participant’s clinical processor. Vocoders for Cochlear 

CI users generally contained 22 bands, while vocoders for MED-EL CI 
users generally contained 12 bands. Even though all Cochlear devices 
use the ACE peak-picking strategy (typically 8 maxima), an n-channel 
(corresponding to the number of active electrodes) continuous inter
leaved sampling (CIS) strategy was used for the vocoder, with the 
expectation that the participant’s clinical processor would pick the 
appropriate peaks. Similarly, CIS strategies were used for MED-EL par
ticipants. Cochlear users were tested using their clinical maps and set
tings, using their own clinical processors or loaner processors. MED-EL 
users’ maps were converted from the clinical fine structure maps (FS4 or 
FS4-p) to the High-Definition Continuous Interleaved Sampling (HDCIS) 
processing strategy, because the fine structure channels were not 
compatible with the VCI approach. The input frequency range for the 
HDCIS was 70 to 8500 Hz. For the S + T and S conditions, the analysis 
and carrier band filter slopes were sharp (− 96 dB/octave). The temporal 
envelope filter frequency was either 200 Hz (S + T) or 20 Hz (S), with a 
− 96 dB/octave filter slope. For the T condition, wideband noise was 

Table 3 
All combinations of audio presented to the CI and AH ears.

Condition Input to CI Ear Binaural benefit

Original Original music Binaural spectro-temporal 
detail

S + T Multi-channel vocoder with 200-Hz 
envelope filter

Binaural spectro-temporal 
envelope

S Multi-channel vocoder with 20-Hz 
envelope filter

Binaural spectral envelope

T Noise modulated by temporal envelope 
of music

Binaural temporal envelope

Noise Noise Binaural stimulation

Fig. 1. Electrograms using the Cochlear default clinical settings for an example stimulus (“That’s How You Like It,” by Beyoncé) presented to CI ear for the un
processed Original (left), vocoded spectro-temporal (S + T, middle), and vocoded greatly reduced temporal (S, right) conditions.
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modulated by the temporal envelope extracted from the music excerpt.
Electrodograms (visualization of the stimulation pattern across 

electrodes over time) were used to verify that the vocoder manipulations 
performed as intended, with minimal artifact. Electrodograms were 
generated using the default processor settings for the Cochlear and MED- 
EL devices using the Nucleus MATLAB Toolbox and SimCoding (MED- 
EL). Fig. 1 shows electrodograms for the Beyoncé excerpt in the Original, 
S + T, and S conditions. The Original and S + T electrodograms appear 
to be quite similar, while the S condition shows slower amplitude 
fluctuations.

The temporal information was further compared between the Orig
inal and the S + T vocoder (Fig. 2), showing very similar stimulation 
patterns across time on relatively apical, middle, and basal electrodes. 
The similarity between the Original and S + T stimulation patterns was 
quantified for the data shown in Fig. 2; a 6.75-ms rolling window was 
used to smooth the data. Correlation coefficients were 0.92 (p < 0.001), 
0.80 (p < 0.001), 0.85 (p < 0.001) for ELs 15, 10, and 5, respectively. 
Taken together, the spectro-temporal information provided by the S + T 
vocoder was quite similar to that of the Original stimulus, and the 
temporal information was greatly reduced by the S vocoder.

2.3. Procedure

During testing, stimuli were presented via insert earphone to the AH 

ear, direct audio to the CI ear (Red Audio Input Cable for MED-EL or 
MiniMic for Cochlear), or to both ears simultaneously. An audio mixer 
(Mackie 402) was used to route the audio signals to each ear and to 
control the level presented to each ear. Loudness balancing was per
formed between the CI and AH ears using a looped audio file alternating 
between the AH and CI ears; the participant manually adjusted the 
presentation levels in each ear until achieving comfortable loudness (“7 
out of 10 loudness”) and equal loudness across ears.

Sound quality ratings were obtained for the various listening con
ditions using a modified MUSHRA protocol implemented in MATLAB (as 
in Landsberger et al., 2020). The MUSHRA test has been widely used to 
quantify differences in sound quality across various dimensions (e.g., bit 
depth for audio codecs) and to characterize sound quality in CI music 
studies (e.g., Caldwell et al., 2017; Landsberger et al., 2020; Mo et al., 
2022; Roy et al., 2012a, 2012b). During testing, participants were pre
sented with a labeled reference stimulus, which was unmodified audio 
presented to the AH ear alone (“AH reference”), and 12 unlabeled test 
stimuli. The unlabeled stimuli included 10 musical excerpts (5 CI-only, 5 
CI+AH), the “Hidden Reference” (same as the labeled AH reference), 
and the “Anchor” (white noise presented to the AH ear alone). The AH 
reference was given a nominal rating of 100. Each of the unlabeled 
stimuli was accompanied by a sliding scale that ranged from 0 (lowest 
quality) to 200 (highest quality). Participants were instructed to rate 
each test stimulus relative to the AH reference: if the sound quality of a 
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Fig. 2. Pulse amplitudes (in CU) for CI stimulation for a music sample using the Cochlear default clinical settings as a function of time for an apical (EL 15), middle 
(EL 10), or basal (EL5) electrode for the unprocessed Original (black circles) or by the spectro-temporal (S + T) vocoder (red circles).
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test stimulus was better than the AH reference, they must give a rating 
>100; if the sound quality was poorer than the AH reference, they must 
give a rating <100. Participants were also instructed to give whichever 
stimulus they thought was the Hidden Reference a rating close to 100 (i. 
e., 98–102). Participants were able to play any of the sounds in whatever 
order they chose and as many times as needed to allow for flexible 
within-trial adjustments to ratings. Once satisfied with all ratings, par
ticipants could finalize their ratings for a given excerpt and proceed to 
the next excerpt. Participants completed nine sets of ratings, one for 
each of the nine musical excerpts. Song and stimulus order were ran
domized across trials and across participants. Research staff observed 
completion of all trials and were available to answer any questions 
and/or clarify instructions as needed. Testing typically took between 1 
and 2 h for each participant.

Before beginning the experiment, participants were familiarized 
with all stimuli and listening conditions. A screen with a matrix of 
buttons that allowed participants to play all test conditions for all music 
excerpts was used. The stimuli were unlabeled and, within each song, 
presented in a randomized order. Participants listened to all stimuli and 
conditions before proceeding to formal testing.

2.4. Statistical analysis

AH-only, CI-only, and CI+AH ratings across all excerpts were 
compared using linear mixed model (LMM) analysis. Bonferroni 
correction was applied to post-hoc pairwise comparisons to control for 
family-wise error. For all analyses, significance was p < 0.05.

3. Results

Fig. 3 shows box plots of musical sound quality ratings across all 
excerpts, all participants, and all listening conditions with CI-only and 
CI+AH listening; Fig. 4 shows box plots of ratings within each genre for 
the Original, S + T, and S conditions. LMM analysis was performed on 
the CI+AH rating data, with condition (Hidden Reference, Original, S +
T, S, T, and Noise) and genre (Rock, Pop, Classical) as fixed factors, and 
song and participant as random factors. Results showed a significant 
effect for condition [F(5, 483.1) = 124.1, p < 0.001], but not for genre [F 
(2, 94.6) = 0.3, p = 0.759]; there was no significant interaction. Post-hoc 
Bonferroni-corrected analyses showed that binaural ratings with the 

Original (p < 0.001) and S + T (p < 0.001) conditions were significantly 
higher than ratings with the Hidden Reference, with no significant dif
ferences among the Original, S + T, and S conditions (p > 0.05 for all 
analyses). Ratings with the Original, S + T, and S conditions were also 
significantly higher than those with the T and Noise conditions (p <
0.001 for all analyses), with no significant difference between the T and 
Noise conditions (p > 0.05).

LMM analysis was also performed on the CI-only data, with condition 
(Hidden Reference, Original, S + T, S, T, and Noise) as the fixed factor, 
song and genre as covariables, and participant as the random factor. 
Results showed a significant effect for condition [F(5, 481.5) = 805.9, p 
< 0.001], but not for genre [F(2, 93.4) = 2.1, p = 0.150]; there was a 
significant interaction [F(10, 481.5) = 2.1, p = 0.026]. Post-hoc Bon
ferroni-corrected analyses showed that all CI-only ratings were signifi
cantly poorer than those with the Hidden Reference (p < 0.001 for all 
analyses). CI-only ratings with the Original, S + T, and S conditions were 
significantly higher than those with the T and Noise conditions (p <
0.001 for all analyses), with no significant differences among the Orig
inal, S + T, and S conditions or between the T and Noise conditions (p >
0.05 for all analyses). Pop ratings were significantly higher than Rock 
ratings for the Original (p = 0.006) and S + T (p = 0.024) conditions. 
Classical ratings were significantly higher than Rock ratings for the S 
condition (p = 0.041).

Effect size (Cohen’s d) was calculated for all contrasts across 
listening conditions (Table 4). In general, medium (≥ 0.5) to large effect 
sizes (≥ 0.8) were observed when comparing the CI-only condition to 
the AH Hidden reference or the CI+AH conditions. Small effect sizes (≤
0.2) were observed among the Original, S + T, and S listening conditions 
with CI-only or CI+AH conditions.

Fig. 5 shows mean ratings (across songs) for the vocoded S + T and S 
conditions as a function of ratings for the Original condition with CI- 
only listening. An analysis of variance (ANOVA) on ranked data 
showed no significant difference among the Original, S + T, and S 
conditions [χ2(2) = 4.8, p = 0.091). Linear regression analysis showed a 
significant correlation between the Original and S + T condition (r2 =

0.66, p = 0.002, slope = 0.75, 95 % confidence interval = 0.34 – 1.16); 
when outlier data for S1 was excluded, the correlation improved (r2 =

0.97, p < 0.001, slope = 0.90, 95 % confidence interval = 0.77 – 1.04). 
Linear regression analysis showed a significant correlation between the 
Original and S condition (r2 = 0.62, p = 0.004, slope = 0.69, 95 % 
confidence interval = 0.28 – 1.09); when outlier data for S1 was 
excluded, the correlation improved (r2 = 0.97, p < 0.001, slope = 0.84, 
95 % confidence interval = 0.71 – 0.97).

Fig. 6 shows CI+AH ratings as a function of CI-only ratings for the 
Original condition. Linear regression analysis showed a significant cor
relation between the CI+AH and CI-only listening conditions (r2 = 0.33, 
p < 0.001, slope = 0.97, 95 % confidence interval = 0.70 – 1.25).

Demographic factors, including duration of deafness, age at testing, 
and CI experience were compared to CI-only or CI+AH ratings with the 
Original, S + T, S, T, and Noise inputs to the CI ear. Pearson correlation 
analysis showed no significant correlations between any of the de
mographic factors and CI-only or CI+AH ratings.

4. Discussion

The primary aim of this study was to identify the relative contribu
tions of spectral and/or temporal information to the binaural benefit for 
music listening observed in SSD CI users. A novel VCI protocol was 
developed to control the spectral and/or temporal information delivered 
to the CI ear. A significant binaural advantage was observed when the 
Original or S + T stimuli were delivered to the CI ear; no binaural 
advantage was observed for the T and Noise conditions. Ratings were 
only minimally affected by musical genre. Below, we discuss these re
sults in more detail.
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Fig. 3. Box plots of MUSHRA ratings across all songs and all conditions with CI- 
only (gray bars) or CI+AH listening (white bars). Original = unprocessed audio, 
S + T = spectro-temporal vocoder, S = greatly reduced temporal vocoder, T =
temporal-only vocoder, Noise = white noise. Data in the green region indicate a 
binaural benefit; data in the red region indicate some interference by the CI 
with the AH ear. The solid horizontal lines show the median and the dashed 
lines show the mean. The error bars show the 5th and 95th percentiles and the 
symbols show data < 5th and > 95th percentiles.
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4.1. Source of the binaural benefit

The pattern of results suggests that the primary driver of the binaural 
benefit for music sound quality was spectral envelope information. 
There was no significant difference in binaural ratings among the 
Original, S + T, and S conditions. Mean ratings improved by 5.9 points 
when more temporal cues were available (S + T) relative to the S con
dition, and by another 5.4 points with the Original stimulus, relative to 
the S + T condition. This suggests that the added temporal information 
did not enhance music sound quality to an appreciable degree. Note that 
binaural ratings for the Original and S + T conditions were significantly 
higher than ratings for the Hidden Reference, with no significant dif
ferences among ratings for the Original, S + T, and S conditions, 
consistent with anecdotal reports and data presented in Landsberger 
et al. (2020). This may be somewhat counterintuitive, as spectral in
formation is thought to be poorly transmitted by the CI. It may be the 
case that for music listening, what little spectral information that is 
successfully transmitted is beneficial.

4.2. Effect of genre

Unlike the protocol used in Landsberger et al. (2020), where only 
two excerpts were rated, participants in the present study were asked to 
rate three songs from three genres (nine songs in total). It was thought 
that there might be an interaction between genre and availability of 
temporal cues, where high-frequency information associated with Pop 
and/or Rock music (e.g., cymbals, vocals) would be beneficial with the S 
+ T vocoder. However, differences among listening conditions and 
genres were small, possibly because temporal cues were limited to 200 
Hz. Mean ratings were least affected by the availability of temporal in
formation in the Classical genre, which contained no vocals and no 
percussion. Overall, there was no interaction between genre and ratings 
with the Original, S + T, and S vocoders for CI+AH listening. This is 
consistent with Looi et al. (2011), who found no effect of genre on music 
quality ratings in CI users. With CI-only listening, there was a significant 
interaction between genre and ratings, with some significant advantages 
for Pop over Rock music.

Fig. 4. Box plots of MUSHRA ratings across the three songs within each genre with CI-only (gray bars) or CI+AH (white bars) listening for the unprocessed Original, 
spectro-temporal (S + T), and greatly reduced temporal (S) conditions. Data in the green region indicate a binaural benefit; data in the red region indicate some 
interference by the CI with the AH ear. The solid horizontal lines show the median and the dashed lines show the mean. The error bars show the 5th and 95th 
percentiles and the symbols show data < 5th and > 95th percentiles.

Table 4 
Effect size (Cohen’s d) for listening condition comparisons. Small effect size ≤ 0.2 (light gray), medium effect size ≥ 0.5 (medium gray), and large effect size ≥ 0.8 (dark 
gray).
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4.3. Relationship between CI-only and ci+ah ratings

The slope of the linear regression between CI-only and CI+AH rat
ings (slope = 0.97) suggests a simple additivity between acoustic and 
electric hearing. The r2 (0.33) suggests that other factors besides CI-only 
ratings may have contributed to binaural ratings. Nonetheless, the cor
relation suggests that SSD CI listeners are effectively combining the 
acoustic and electric patterns despite strong differences in spectro- 
temporal resolution across ears. The data further suggest (not surpris
ingly) that improving CI-only ratings might improve CI+AH ratings. 
This should be directly tested in future studies.

4.4. Using VCI to control the spectral and/or temporal information 
delivered to the CI ear

Visual inspection of the Original and S + T electrodograms in Fig. 1
suggests that the stimulation patterns were quite similar between the 
unprocessed and the vocoded inputs to the CI ear. Visual inspection of 
the pulse amplitudes over time in Fig. 2 again suggests that the stimu
lation patterns were quite similar between the Original and S + T 
vocoder. The behavioral results in Fig. 5 showed a strong correlation 
between ratings with the Original and vocoded inputs to the CI ear. 
Taken together, this suggests that the vocoders were somewhat ‘trans
parent’ and did not greatly change the spectral pattern compared to the 
original input. However, this may be idiosyncratic to our vocoder pa
rameters (e.g., very sharp analysis band and envelope filter cutoffs). We 
used a traditional vocoder (as in Fu et al., 2004; Fu and Nogaki, 2005; Fu 
and Shannon, 1999; Shannon et al., 1995) in which the temporal en
velope was extracted from frequency analysis bands and then used to 
modulate sine-wave carriers that were centered on the analysis bands. 
Sine-wave carriers were used to preserve the fidelity of the temporal 
information; the inherent noisiness of noise-band carriers would have 
degraded the temporal envelope fidelity. However, the fixed sine-wave 
carriers may have resulted in a less dynamic spectral envelope than 
would be experienced with the clinical processor. Other vocoding ap
proaches may be more appropriate depending on the aims of the 

research. Here, we were most interested in how the availability of 
temporal information might affect music sound quality ratings.

4.5. Limitations of the study

As with many studies focused on the SSD CI population, our sample 
size was limited (n = 11). While a larger sample size is desirable, it was 
not feasible during the study period given the small number of SSD CI 
patients. As shown in Table 4, large effect sizes (Cohen’s d > 0.8) were 
observed when comparing AH-only and CI-only ratings, when 
comparing the Original, S + T, and S ratings to those with the T and 
Noise conditions. A power analysis suggested that 12 participants would 
be sufficient to observe such large effect sizes. Medium to large effect 
sizes were observed when comparing ratings for the Original, S + T, and 
S with CI+AH listening to those with the AH-only reference. Here, 12 
participants may have provided only borderline statistical power. When 
comparing the Original, S + T, and S ratings, effect sizes were generally 
small and many more participants might be required.

The present stimuli consisted of 6-second mono musical excerpts. It 
is possible that longer stereo excerpts may influence results, but that 
influence may be positive or negative. Longer exposure may reduce or 
increase acute sensitivity to differences across listening conditions. One 
unavoidable issue with our experimental setup is that stimuli were 
presented directly to the AH and CI ears. In everyday listening, SSD CI 
users often listen to music in the sound field using the CI microphone. 
When head shadow and natural listening environments are considered, 
the differences across ears may be diminished and sound quality would 

Fig. 5. Mean CI-only spectro-temporal (S + T) and greatly reduced temporal 
(S) vocoder ratings (across all songs) as a function of CI-only ratings with the 
Original stimuli. The dashed line represents unity ratings between the vocoded 
and Original stimuli. The red and green lines show the linear regression be
tween the Original and the S + T and S vocoders, respectively.
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Fig. 6. CI+AH ratings as a function of CI-only ratings for the Original condi
tion; data are from all songs and participants. The line shows the linear 
regression across the data.
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likely be dominated by the AH ear. In the present study, the AH and CI 
ears needed to be isolated in order to compare the CI, AH, and CI+AH 
representations. This also necessitated mono stimuli, so that the sound 
source did not differ across ears. Another potential limitation to this 
setup was loudness-balancing between the AH and CI ears. While the 
root-mean-square (RMS) level of the test stimulus corresponded to 65 
dBA in NH listeners, the actual presentation level in the CI ear was not 
necessarily 65 dBA. The presentation level was comfortably loud in both 
ears and loudness balanced as best as possible.

In the present study, ratings were obtained for rock, pop, and clas
sical music genres. It would be worthwhile to test alternate genres and 
excerpts. For example, jazz and electronic music may have better overall 
sound quality given the sparser instrumentation and/or more “space” in 
the music, which may result in better sound quality ratings. The 
MUSHRA test might also be susceptible to familiarity with and/or 
preference for the stimuli. It is difficult to assess how song familiarity 
may affect ratings, especially for songs heard before cochlear implan
tation. Some previous CI music sound quality studies found no signifi
cant effect of song familiarity on ratings (Looi et al., 2011; Roy et al., 
2012b). However, D’Onofrio and Gifford (2021) found that when 
bimodal CI users were allowed to include their favorite songs within a 
stimulus set (as in Looi et al., 2011), sound quality ratings were higher 
for their favorite songs than for experimenter-selected songs. Note that 
Looi et al. (2011) and D’Onofrio and Gifford (2021) did not use the 
MUSHRA task, but rather collected ratings from a large stimulus set 
comprised of all music excerpts. The present MUSHRA task allowed 
listeners to compare among the AH reference and all CI-only and CI+AH 
conditions with each excerpt, which may have reduced the effect of song 
familiarity and/or preference.

The vocoded stimuli may also be a potential limitation to the study. 
While sine-wave vocoders were used in the S + T and S conditions, the T 
condition was created by modulating wideband noise by the temporal 
envelope of the music excerpt, as in Eskridge et al. (2012). This 
approach was used to limit spectral cues, but it is possible that the noisy 
carrier may have degraded the temporal cues in the T condition. To 
quantify the degree of distortion with the noise carrier, the temporal 
envelopes were compared between 1-channel stimuli (“Beyonce” sam
ple, as shown in Figs. 1 and 2) with a noise-band carrier (as in the 
present study) or a sine-wave carrier. Results showed the signal-to-error 
ratio (SER) was 21.8 dB, indicating a very good temporal representation 
with the noise-band carrier. Envelope amplitudes over time were also 
compared between the 1-channel noise-band and sine-wave carriers. 
Results showed that the stimuli were highly correlated (r2 = 0.98, p <
0.001). Taken together, these analyses suggest that the noise-band car
riers preserved much of the temporal envelope information in the T 
condition. Still, alternative carriers, such as pulse-spreading harmonic 
complexes (Hilkhuysen and Macherey, 2014; Mesnildrey et al., 2016) or 
low-noise (Kohlrausch et al., 1997), might better preserve temporal 
envelope cues.

In the present study, the clinical maps of MED-EL users were con
verted from FS4 or FS4-p to HDCIS. This conversion was necessary, as 
fixed-rate processors were needed to fairly compare performance be
tween the MED-EL and Cochlear users. Note that the same frequency 
allocation (70–8500 Hz) for the FS4/FS4-p maps was used for the con
verted HDCIS maps, which normally uses a frequency allocation of 
250–8500 Hz. As such, the frequency allocation was the same for the 
experimental HDCIS and the clinical FS4/FS4-p maps. Also, within the 
MED-EL group, the S + T, S, and T conditions would be difficult to 
compare, given the FS processing on the four apical channels. MED-EL 
participants were only given short exposure to the HDCIS maps before 
testing began. It is possible that this had some effect on ratings, as 
previous research has shown acclimatization to a strategy can signifi
cantly affect music sound quality ratings (Looi et al., 2011). As such, it is 
possible that MED-EL users might experience a greater binaural benefit 
with their clinical processors in everyday listening.

Note that the experimental vocoders were customized to each 

participant’s clinical map. For SSD CI users, especially users of Cochlear 
devices, there may be an interaural frequency mismatch across the CI 
and AH ears due to differences in electrode location/frequency alloca
tion and the characteristics frequency associated with that location. No 
attempt was made to compensate for these potential interaural mis
matches. However, frequency-matched allocations may further improve 
the binaural benefit for music sound quality. Indeed, participants S7 and 
S9 used frequency-matched allocations in their clinical maps in which 
the low acoustic input frequency was much higher than used in the 
default clinical map. The VCI approach may be useful in evaluating the 
benefits of interaural frequency matching without changing CI users’ 
clinical maps.

Optimizing CI signal processing for music may be different from 
speech, but such optimization may benefit other pitch-mediated tasks, 
such as vocal emotion perception (Jiam and Limb, 2020). There also 
may be other parameters which can be adjusted to improve music 
perception. For example, previous research has found that CI users 
preferred more compressive amplitude mapping than used in the clinical 
processors (Gilbert et al., 2022). Mo et al. (2022) found that CI users 
preferred enhanced low- and mid-frequency gain for music listening 
compared to the clinical defaults. Limb et al. (2023) found that CI users 
preferred music in which the volume of the vocals was boosted. Thus, 
there are many approaches to optimize music sound quality for indi
vidual CI users. Many of these approaches could be user-specified ac
cording to the listening conditions.

Sound quality is only one aspect of music perception. In the present 
study, other components of music (e.g., pitch, timbre, tempo perception) 
were not measured, but may have contributed to sound quality ratings. 
However, CI users and normal-hearing listeners have been shown to 
provide similar emotional responses to music when only intensity and 
tempo cues are provided (Spangmose et al., 2019). It is unlikely that the 
poor spectral and temporal resolution with the CI can provide compa
rable pitch and/or timbre cues to those in the AH ear. With polyphonic 
music (as tested in the present study), pitch and timbre cues are even 
more difficult to perceive with the CI. Previous studies (e.g., Galvin 
et al., 2009a, 2009b; Zhu et al., 2011) have shown that melodic contour 
identification worsens in the presence of a competing note. Spitzer et al. 
(2019) found that harmonic pitch was severely degraded by the CI in 
SSD CI listeners. Nonetheless, the present SSD CI users exhibited a sig
nificant binaural benefit over the AH ear alone despite the poorer pitch 
and timbre cues in the CI ear. To the extent that music enjoyment de
pends on the emotional response of the listener, music sound quality 
may be an important metric, and it is possible for this emotional 
response to be elicited by even a low-quality signal.

5. Conclusions

Musical sound quality ratings were obtained in SSD CI users listening 
with the AH ear, the CI ear, and the CI+AH ears. A novel vocoder-to-the- 
CI ear (VCI) approach was used to control the spectral and/or temporal 
cues delivered the CI ear. A significant binaural benefit (the advantage 
with CI+AH listening over AH-only listening) was observed when the 
original, unprocessed music or the VCI stimuli with spectral and tem
poral cues (S + T condition) were presented to the CI ear. There was no 
significant difference in ratings among the original stimuli, vocoded 
stimuli with spectral and temporal information (S + T condition), and 
vocoded stimuli with greatly reduced temporal information (S condi
tion). The data suggest that similar spectral envelope information across 
ears strongly contributes to the binaural benefit. There was no binaural 
benefit when only temporal cues were preserved (T condition). Effects of 
musical genre on ratings were minimal. There was a strong correlation 
between CI-only ratings and CI+AH ratings; it is possible that improving 
CI-only music quality may improve the binaural benefit.
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