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Abstract

Objectives. To characterize the quality and enjoyment of sound
by cochlear implant (Cl) recipients and identify predictors of
these outcomes after cochlear implantation.

Study Design. Cross-sectional study.
Setting. A tertiary care hospital.

Methods. Surveys based on the Hearing Implant Sound Quality
Index were sent to all patients who received a Cl at a tertiary
care hospital from 2000 to 2019. Survey questions prompted
Cl recipients to characterize enjoyment and quality of voices,
music, and various sounds.

Results. Of the 339 surveys, 60 (17.7%) were returned with
complete data. Cl recipients had a mean * SD age of 62.5 *
7.4 years with a mean 8.0 * 6.1 years since Cl surgery.
Older current age and age at implantation significantly pre-
dicted lower current sound quality (P <.05) and sound enjoy-
ment (P < .05), as well as worsening of sound quality (P <
.05) and sound enjoyment (P < .05) over time. Greater
length of implantation was associated with higher reported
quality and enjoyment (r = 0.4, P <.001; r = 0.4, P <.05), as
well as improvement of sound quality (r = 0.3, P < .05) but
not sound enjoyment over time.

Conclusion. Recipients who had Cls for a longer period had
improved quality of sound perception, suggesting a degree of
adaptation. However, Cl recipients with implantation at an
older age reported poorer sound quality and enjoyment as
well as worsening sound quality and enjoyment over time, indi-
cating that age-related changes influence outcomes of cochlear
implantation.
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ochlear implantation is a mainstay in the treatment of

patients with severe to profound hearing loss. Over
5% of the world’s population has disabling hearing

loss, including nearly one-third of people aged >65 years." At
present, >400,000 people across the world have a cochlear
implant (CI).”> This figure is expected to rise on account
of expanded CI candidacy, earlier implantation, increased
binaural implantation, and a growing aging population.

At present, cochlear implantation candidacy and outcomes
are determined by using objective measures of hearing and
comprehension, such as sound field thresholds and speech
recognition scores. However, these measures do not consider
subjective aspects of the auditory input, such as sound quality
(ie, the ability to distinguish different sounds) or enjoyment
(ie, subjective pleasantness of sound). Subjective rating
scales—for example, the Hearing Implant Sound Quality
Index (HISQUI,g)—have been developed to characterize
sound perception in CI recipients, but these primarily focus
on the quality of sound. Studies have found that CI recipients
generally demonstrate significantly poorer accuracy and
appraisal as compared with those with normal hearing®” and
as a group report “‘moderate”” sound quality on average.'’

Several studies have demonstrated that speech recognition
outcomes following cochlear implantation can be predicted
by various patient factors, including length of implantation,
preoperative hearing levels, duration of deafness, and age of
implantation.'' However, few studies have assessed the pre-
dictors of sound quality and enjoyment. Mertens et al'® found
that sound quality was negatively correlated with age at testing
and pure tone average. Gfeller et al reported that music percep-
tion was negatively correlated with age at testing but positively
correlated with musical training, months of CI use, and cogni-
tive factors.'”> Furthermore, studies have shown that objective
measures of hearing and comprehension do not correlate with
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the quality or enjoyment of sound, which emphasizes the
importance of studying these factors separately.”'*'

Overall, there is a paucity of data surrounding self-reported
perceptions of sound quality and enjoyment following cochlear
implantation, and even less is known about evolution of the
auditory experience. A further understanding of the subjective
perception of sound in CI recipients is needed to predict out-
comes in CI candidates and provide better counseling to
patients. In the current study, we aimed to characterize the
quality and enjoyment of sound by CI recipients and identify
predictors of sound quality and enjoyment over time soon after
implantation and over the duration of implantation. We also
aimed to identify specific patient demographic and health fac-
tors that predict sound perception.

Materials and Methods
Survey Administration and Data Collection

All adult patients who had undergone cochlear implantation
at a tertiary medical center between 2000 and 2019 were eligi-
ble to participate in the study. A list of eligible patients was gen-
erated by searching the medical records for patients assigned
CPT codes related to CI implantation, diagnostic analysis, or
reprogramming of a CI (69930, 92601, 96602, 92604; Current
Procedural Terminology). This study received approval under
the Dartmouth College Institutional Review Board.

Eligible patients were mailed a survey with 5 sections:
patient characteristics, participant hearing status, experiences
related to quality of sound, experiences related to enjoyment
of sound, and adjective descriptors of sound experience
(Appendix 1, available online). The first 2 sections included
basic demographics (age, sex, education, musical background),
as well as information regarding hearing status and otologic
history (side of implantation, bilateral vs unilateral implanta-
tion, age of hearing loss, age at implantation, duration of deaf-
ness, and duration of implantation). The third and fourth
sections included questions related to perceptions of sound
quality and enjoyment, which were developed and modified
per the HISQUI, 9, a previously validated questionnaire for sub-
jective sound quality assessment.'* The HISQUI, o was modi-
fied to add questions related to self-reported sound enjoyment,
which were modeled after the validated sound quality ques-
tions. The assessment was additionally modified to assess the
change in perception over time by asking participants to indi-
cate their current impressions of sound quality and enjoyment
and to recall their impressions immediately after implantation.
Sound enjoyment questions asked participants to rate their
experiences related to enjoyment of music, voices, and various
sounds through visual analog scales, with the descriptors
“enjoyable/pleasant” and ‘‘unenjoyable/unpleasant” at each
extreme. Sound quality questions asked participants to rate
their experiences related to quality of music, voices, and vari-
ous other sounds through visual analog scales, with ““normal/as
it should” and ““abnormal” as anchors; questions also included
their ability to distinguish or recognize sounds (eg, distinguish
male vs female voice, recognize familiar or unfamiliar voices,

distinguish 1 vs multiple instruments being played simultane-
ously), with ““yes” and “no”’” on each end of the scale.

In the final sections, we aimed to characterize and classify
experiences of hearing in patients with cochlear implantation
by providing various descriptors. Participants were asked to
select all applicable descriptions. Participants were asked to
answer each question for 2 periods: soon after cochlear
implantation and at the time of completing the survey.

Data Analysis

Primary outcomes included sound quality and enjoyment
scores soon after cochlear implantation, mean quality and
enjoyment scores at the time of completing the survey, and
the change in quality and enjoyment scores over time. The
mean scores related to the enjoyment of music, voices, and
various sounds were compared with each other at each time
point. The mean scores related to the quality of music, voices,
and various sounds were also compared with each other at
each time point. There were no statistically significant differ-
ences in either the sound enjoyment scores or the sound qual-
ity scores at each time point. Therefore, the combined
averages of all quality- and enjoyment-related questions were
used to generate sound quality and enjoyment scores for each
time point. These scores were considered for the remainder of
the analysis. Change in quality and enjoyment was deter-
mined by calculating the difference in sound quality or enjoy-
ment scores between the time points (immediately after
implantation vs current time point). Independent predictor
variables included factors related to patient demographics,
hearing status, and otologic history.

All statistical analyses were performed with SPSS
Statistics version 25 (IBM Corp). Shapiro-Wilk and Welch
tests were used to assess for normality of the data and homo-
geneity of variances, respectively. Mean difference in sound
quality and enjoyment scores over time were analyzed with
paired ¢ tests or a nonparametric alternative. Bivariate analy-
ses were performed with analysis of variance and Pearson’s
correlations or nonparametric alternatives. Significant asso-
ciations identified during bivariate analyses were then
included in multivariate regression models, and multicolli-
nearity was assessed through variance inflation factors. A 2-
sided a < 0.05 was considered statistically significant.

Results
Survey Sample

A total of 339 surveys were mailed to eligible participants.
The response rate was 17.7% (N = 60). Of the 279 remaining
surveys, 29 (8.6%) were deemed incomplete responses, while
250 (73.7%) either elected not to participate or did not
respond. Participant characteristics are described in Table 1.
A power analysis indicated that this sample size of 60 partici-
pants achieves 80% power to detect a correlation of 0.35
between our predictor variables and sound quality and enjoy-
ment scores, based on a 2-sided hypothesis test with a signifi-
cance level of 5%.
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Table 1. Participant Characteristics.

No. (%)
Sex
Male 29 (50.8)
Female 30 (49.2)
Side of implant
Left 22 (36.7)
Right 18 (30.0)
Bilateral implantation 20 (33.33)
Education
Less than high school or equivalent 19 31.7)
High school or equivalent 23 (38.3)
College 19 (31.7)
Graduate degree or greater 3 (5.0
Formal musical training
None 41 (68.3)
Some 12 (20)
Several years 7(11.7)
Mean (SD)
Age, y 62.51 (17.43)
Age of hearing loss, y 25.13 (21.7)
Congenital hearing loss 0 (0)
Acquired hearing loss 29.07 (20.7)
Age at implantation, y 54.7 (20.8)
Duration of deafness prior to implantation, y 29.1 (15.7)
Duration of implantation, y 8.0 (6.1)

Sound Quality vs Sound Enjoyment Over Time

A Wilcoxon signed rank test showed that sound quality scores
were not statistically significantly different between the current
time point and soon after implantation (P = .76), but sound enjoy-
ment scores were significantly higher for the current time as com-
pared with to the soon-after-implantation point (P < .001).

Predictors of Sound Quality

In bivariate analyses, older current age and age at implanta-
tion were significantly associated with lower -current
quality scores (r = —0.376, P < .001; » = —0.401, P < .001;
Figure I) and worsening quality scores (= —0.306, P < .05;
r = —0.315, P < .05; Figure 2) between the current time
point and soon after implantation. Greater length of implanta-
tion was significantly associated with higher current quality
scores (r =0.375, P < .001; Figure 3) and improved quality
of sound (» = 0.321, P < .05) between the current time point
and soon after implantation. The relationships between sound
quality outcomes and the independent variables current age,
age at implantation, and length of implantation were each
linear. Older age of hearing loss onset was also significantly
associated with worse current quality scores. No factors were
significantly associated with quality scores at the soon-after-
implantation time point (Table 2).

Predictors of Sound Enjoyment

In the bivariate analyses, older current age and age at implan-
tation were significantly associated with lower current enjoy-
ment scores (r =—0.372, P < .001; r = —0.420, P < .001;
Figure 4) and worsening enjoyment scores (» = —0.280, P <
.05; r=—0.297, P < .05; Figure 5) between the current time
point and soon after implantation. Greater length of implanta-
tion was significantly associated with higher enjoyment
scores (» = 0.351, P < .05; Figure 3). Older age of hearing
loss was also significantly associated with worse current enjoy-
ment scores. The relationships between sound enjoyment out-
comes and the independent variables current age, age at
implantation, length of implantation, and age of hearing loss
were each linear. No factors were significantly associated with
enjoyment scores at the soon-after-implantation time point
(Table 2).

Adjective Descriptions of Sound

Among the 60 participants, the most commonly experienced
sound descriptions were “‘echoey’” (n = 30, 50%), ““tinny”’ (n =
28,47%), and sharp (n =19, 32%). However, 21 (35%) indicated
resolution of these sound experiences over time (Table 3).

Discussion

The current study examines sound perception as it relates to
sound quality and enjoyment in CI recipients. We found that
older age, age at implantation, and age of hearing loss were
associated with lower self-reported quality and enjoyment
scores at the time of survey completion. These age-related
associations are consistent with previous studies in the litera-
ture.'®'? Mertens et al surveyed 65 adult CI recipients with
the HISQUI, ¢ sound quality questionnaire and noted that CI
recipients overall reported moderate sound quality and that
these sound quality scores were moderately correlated with
age.'? Gfeller et al later studied music perception and enjoy-
ment in adult CI recipients using a variety of tests. Their study
identified music listening background, residual hearing, cog-
nitive factors, speech recognition, and bilateral implantation
as significant predictors of music perception overall, though
these findings were not consistently significant across the var-
ious measures of music perception.'? In their study, age at the
time of testing was associated only with measures of melody
recognition but did not significantly predict other measures of
music perception. In general, the impacts of age and temporal
factors on perceptions of sound quality and enjoyment, such
as age at hearing loss or preimplantation duration of deafness,
are not well characterized in the literature to date.

This study is the first to evaluate the change in patient per-
ception of sound quality and enjoyment after cochlear implan-
tation. Overall, patient-reported sound enjoyment scores
significantly improved over time. Sound quality scores also
improved over time, but this trend did not reach statistical sig-
nificance. Furthermore, nearly one-third of CI recipients indi-
cated resolution of sound characteristics such as ‘‘tinny,”
“echoey,”” and ‘‘sharp’ over time, suggesting that their per-
ception of sound may normalize. However, older patients and
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Figure 1. Self-reported sound quality scores by age-related factors. Age, age of hearing loss, and age at implantation significantly predicted

worse sound enjoyment scores.
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Figure 2. Change in sound quality scores over time by age-related factors. Age and age at implantation significantly predicted worsening sound
quality over time when comparing sound quality scores soon after implantation with the current time point.

Table 2. Correlation Coefficients for the Associations of Patient Demographics and Hearing Status to Sound Quality and Enjoyment.

Quality after Current Change in Enjoyment after Current Change in
Variable implantation quality quality implantation enjoyment enjoyment
Age —0.021 -0.376° -0.306" -0.126 -0.372° -0.280°
Sex 0.68 0.182 0.322 0.631 0.829 0.28
Musical background 0.074 0.493 0.067 0.466 0.409 0.276
Side of implantation 0.954 0.704 0.388 0.953 0.936 0.981
Bilateral implantation 0.813 0.404 0.441 0.635 0.72 0.719
Age of hearing loss 0.019 -0.309° -0.23 -0.074 -0.279° -0.215
Age of implantation -0.002 -0.401° -0.315° —0.141 -0.420° -0.297°
Preimplantation duration of deafness 0.058 —-0.008 —0.086 0.087 -0.1 —0.119
Length of implantation —-0.025 0.375* 0.321° 0.038 0.351° 0.259

P < 0l.
®P <.05.

those who underwent implantation at older ages reported an
overall worsening of sound quality and enjoyment over time.
Given the multitude of factors that affect cochlear implanta-
tion, as well as this study’s observed linear association

between (1) current age and age at implantation and (2) sound
quality and enjoyment outcomes, we were not able to detect a
distinct age when outcomes appear to exponentially worsen.
Therefore, a cutoff age when cochlear implantation becomes
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Figure 3. Impact of length of implantation on sound quality and enjoyment. Length of implantation significantly predicted higher self-reported
sound quality and enjoyment.
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Figure 4. Self-reported sound enjoyment by age-related factors. Age, age of hearing loss, and age at implantation significantly predicted worse
sound enjoyment scores.
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Figure 5. Change in sound enjoyment scores over time by age-related factors. Age and age at implantation significantly predicted worsening
sound enjoyment over time when comparing sound enjoyment scores soon after implantation with the current time point.

less appropriate. However, greater length of implantation may implantation was associated with higher current quality and
confer a benefit to self-reported sound quality and enjoyment enjoyment scores, as well as improvement of sound quality
scores. Our findings suggest that greater length of  over time but not sound enjoyment. Of note, younger
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Table 3. Adjective Descriptors of Sound Experience.

Sound description No. (%)
High-frequency distortion or bias
Tinny 28 (47)
Sharp 19 (32)
Cartoonish 12 (20)
“Mickey Mouse” 10 (17)
“Munchkin” in Wizard of Oz 9 (15)
Helium 5(8)
Screechy 5(8)
Artificial or robotic
Synthesizer 10 (17)
Robotic 7 (12)
Static 6 (10)
“Darth Vader” 1 (2)
Other
Echoey 30 (50)
Monotone 9 (15)
None 5(8)
Resolution of all descriptors 21 (35)

participants in our cohort were more likely to have a greater
length of implantation. Taken together, our data support the
premise that patients who undergo implantation at a younger
age and have longer duration of implant use may have more
favorable outcomes as they grow older, as compared with
those who undergo implantation at a later age.

These age-related and temporal effects suggest a degree of
adaptation and may be correlated to changes in cognitive
function and central auditory processing over time. Prior stud-
ies have demonstrated that higher-order auditory centers are
capable of functional reorganization and neuroplasticity in
pediatric and adult populations.'>!” However, this neuroplas-
ticity has predominantly been studied in pediatric and young
adult populations. Rouger et al found that 97 CI users (mean
age, 56 years) had superior abilities to integrate visual inputs
with speech signals, suggesting improved reorganization of
the cortical networks involved in speech recognition to allow
input from visual areas.'® Such reorganization has been
shown on imaging studies of CI recipients. Lee et al studied 8
Cl recipients before and after cochlear implantation and noted
that patients who had hypometabolic areas in the auditory
cortex prior to implantation recovered to normal levels after
cochlear implantation. This was consistent with improve-
ments in speech perception performance.'® Our findings on
older participants (mean age, 63 years) suggest that age of
implantation and length of implantation may affect CI recipi-
ents’ ability to adapt after implantation. Future studies should
aim to explore the relationship between self-reported out-
comes and cognitive testing in patients with CIs.

Bilateral cochlear implantation has been suggested to pro-
vide better sound enjoyment and quality.’>*' Some studies
have found that bilateral implantation improved functional
outcomes, such as sound localization and speech perception

in noise, as well as subjective quality outcomes when com-
pared with patients with unilateral implantation. Our findings
did not reveal a significant association of bilateral implanta-
tion with sound quality or enjoyment across any time point.
However, our study may not be adequately powered to detect
this difference, with only 20 (33.3%) participants having
bilateral CIs. Last, prior studies have demonstrated significant
differences in speech perception outcomes depending on side
of implantation in older adults due to asymmetry of speech
processing in central auditory pathways.?>*' However, our
findings did not show a statistically significant association
between CI laterality and sound perception.

We hypothesized that musical training would influence
self-reported sound quality and enjoyment, but our study find-
ings do not support any significant association. This associa-
tion has been examined in previous studies, but a firm
association between musical training and sound perception is
not clear. Gfeller et al found that music listening experience
prior to implantation was associated with improved song rec-
ognition as well as higher enjoyability of music,'* though
other studies have not supported this association.”**

There are limitations to the current study. Our findings
were subject to recall bias, as the survey asked participants to
remember their perception of sound quality and enjoyment
prior to implantation, which occurred an average of 8 years
prior to the study. The study also evaluated only postoperative
assessments of sound perceptions and did not investigate pre-
operative perception of sound. In addition, there was a rela-
tively low response rate and thus potential for nonresponse
bias. Several surveys were not included in the final analysis
because they contained inappropriate responses to some of the
questions, particularly for the visual analog portions. These
were likely due to misunderstanding the instructions and a
lack of familiarity with visual analog scales. Last, high levels
of multicollinearity among age-related factors precluded a
multivariate analysis of these variables and their impact on
sound quality and enjoyment. Nevertheless, our research is
one of few studies to explore self-reported sound perceptions
over time in this population and, therefore, may offer impor-
tant insight into these subjective outcomes.

Subjective measures such as sound quality and enjoyment
should be more routinely used to supplement functional
outcome measurements to provide a more comprehensive
understanding of the impact of cochlear implantation on the
total experience of hearing. A better understanding of the
overall experience of sound over time may play an important
role in managing patient expectations regarding overall audi-
tory capabilities following cochlear implantation and facili-
tate more informed decision making in this patient
population. Future studies should focus on the prospective
evaluation of sound quality and enjoyment pre- and post-
operatively, as well as the investigation of cognitive measures
as a predictor for these outcomes.

Conclusion
Older CI recipients and those who underwent implantation at

an older age reported poorer sound quality and enjoyment as
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well as a worsening sound quality and enjoyment over time,
indicating that age-related changes influence outcomes of
cochlear implantation. However, CI recipients with a longer
duration of CI experience had higher quality of sound percep-
tion, suggesting a degree of adaptation.
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