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Objective: Children with high-frequency severe-to-profound hear-
ing loss and low-frequency residual hearing who do not derive signif-
icant benefit from hearing aids are now being considered for cochlear
implantation. Previous research shows that hearing preservation is
possible and may be desirable for the use of electroacoustic stimula-
tion (EAS) in adults, but this topic remains underexplored in chil-
dren. The goal of this study was to explore factors relating to hearing
preservation, acceptance, and benefits of EAS for children.

Study Design: Retrospective review.

Setting: Tertiary academic medical center.

Patients: Forty children (48 ears) with preoperative low-frequency
pure-tone averages of 75 dB HL or less at 250 and 500 Hz (n = 48).
Intervention: All patients underwent cochlear implantation with a
standard-length electrode.

Main Outcome Measure: Low-frequency audiometric thresh-
olds, speech perception, and EAS usage were measured at initial

stimulation, and 3 and 12 months postoperatively. Outcomes were
compared between children with and without hearing preserva-
tion, and between EAS users and nonusers.

Results: Hearing was preserved at similar rates as adults but worse
for children with an enlarged vestibular aqueduct. Fewer than half
of children who qualified to use EAS chose to do so, citing a vari-
ety of audiologic and nonaudiologic reasons. No differences were
detected in speech perception scores across the groups for words,
sentences, or sentences in noise tests.

Conclusions: Neither hearing preservation nor EAS use resulted
in superior speech perception in children with preoperative resid-
ual hearing; rather, all children performed well after implantation.
Key Words: Children—Cochlear implantation—Electroacoustic
stimulation—Speech perception.

Otol Neurotol 44:453-461, 2023.

INTRODUCTION

Cochlear implants (Cls) are remarkably successful at
improving speech perception for adults and children with
severe-to-profound hearing loss. This has resulted in the
expansion of candidacy criteria to include patients with
better hearing thresholds who do not receive significant
benefit from hearing aids. Research with adults has demon-
strated that preserving residual hearing using either shorter
or standard-length electrodes and select surgical techniques
is possible, which allows for combined electroacoustic stim-
ulation (EAS). Although some studies of adults using EAS
demonstrated benefit over traditional electric-only stimu-
lation for tasks such as speech perception in noise, locali-
zation, or music appreciation (1-5), other studies failed to
detect these differences (6-8). In addition, despite proper
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fitting and counseling, not all adults select an EAS system
over an electric-only configuration for a variety of audio-
logic and nonaudiologic reasons (9).

Far less is known about hearing preservation, EAS bene-
fits, and EAS acceptance in children. Recent evidence sug-
gested that hearing preservation in children is possible using
the same techniques as those used for adults (10—-12) and that
preservation rates may even be superior in children (13,14).
Given that current Food and Drug Administration criteria
for CI in children stipulate severe to profound hearing loss,
available studies report on subjects with a minimal degree of
functional residual acoustic hearing preoperatively (11,12,15),
which limits their potential for using EAS postoperatively
(16). Other studies have attempted to assess factors associated
with successful hearing preservation in children. Selleck et al.
(17) found that preoperative low-frequency pure-tone average
(LFPTA) and electrode type were associated with hearing
preservation. Unlike in the adult population, the use of shorter
electrodes has been minimally explored in children and ad-
olescents (18-20), because of the expected instability in
residual hearing over time. In general, standard-length elec-
trodes are preferred in children, given the significant nega-
tive impact that a loss of residual hearing can incur (21).
When residual hearing is preserved, there is mixed evi-
dence on the benefit of EAS. One study found an improve-
ment in speech perception (22), whereas others have found
no significant difference as compared with electric-only
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stimulation (12,23,24). Despite the potential benefits of
EAS, little is known about the acceptance of EAS in chil-
dren. Some children were noted to reject EAS because of
discomfort associated with the receiver (22) or a perception
that the sound was “strange” (12).

Overall, there is a gap in the current literature surround-
ing hearing preservation, as well as benefit and acceptance
of EAS among children. Thus, the current study sought to
1) assess the rates of hearing preservation in children with
sufficient preoperative residual low-frequency hearing to
be potential EAS users, 2) assess the benefit from EAS,
and 3) assess acceptance of EAS in this group.

METHODS

The protocol was approved by the NYU Institutional
Review Board (119-01188). Data were collected from a ret-
rospective chart review of children aged 0 to 18 years im-
planted at our Center between the years of 2011 and 2021
(n = 889). One child who was first implanted in 2007 was
also included because their contralateral ear was im-
planted in 2014. Inclusion criteria were those younger
than 18 years at the time of surgery who were implanted
with a standard-length CI array, and had preoperative
LFPTA at 250 and 500 Hz of 75 dB HL or better. This cri-
terion was chosen to match Spitzer et al. (9) and to reflect
CI manufacturer guidelines for adults, which recommend
providing information acoustically at frequencies where
thresholds are better than 65 to 80 dB HL, although
these vary by manufacturer. Cochlear Corp. (Lane Cove,
New South Wales, Australia) currently recommends thresh-
olds of 80 dB HL or better be amplified acoustically (N7
Hybrid Fitting Guide), the default setting for Advanced
Bionics (Sylmar, CA) is 70 dB HL (Marvel Acoustic Pro-
gramming Guide), and MED-EL (Innsbruck, Austria)
recommends thresholds of 65 dB HL or better (Maestro 9
Fitting Guide). Exclusion criteria were lack of follow-up
(i.e., did not complete at least one postoperative audio-
gram), non-English speaking, and inconsistent or nonuse
of the implant. Forty children with a total of 48 implanted
ears met these criteria and were included in the study.
Table 1 provides additional demographic details.

Charts were reviewed for demographic data, including
etiology of hearing loss, duration of severe-profound deaf-
ness, and age at implantation. Audiometric thresholds were
collected at four time points: preoperatively, initial activa-
tion, 3 months postoperatively, and 12 months postopera-
tively. Hearing preservation was calculated both as an abso-
lute change in audiometric thresholds and as a percentage
of preoperative hearing (25). Speech perception scores for
the implanted ear were collected at all time points except
initial activation. Scores were obtained using recorded
materials presented at 60 dBA via loudspeaker in a
sound-attenuated booth. Age-appropriate materials were
used: Multi-syllabic Lexical Neighborhood Test (26), Lex-
ical Neighborhood Test (26), Phonetically Balanced Kin-
dergarten words (27), and Consonant Nucleus Consonant
words (CNC) (28) for word recognition, and Common Phrases
Test (29), Hearing in Noise Test for Children (30), Pediatric
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TABLE 1. Patient demographics
Demographic Value

Age at onset of HL, yr

Duration of deafness, yr 7.89 (SD, 3.97)

Age at implantation, yr 10.36 (SD, 3.81)

Sex 56% F, 44% M

Manufacturer 6 AB, 1 MED-EL, 41 Cochlear

Advanced Bionics HiRes Ultra 3D/HiFocus Mid Scala (2)

HiRes Ultra/HiFocus Mid Scala (2)

HiRes 90K Advantage/HiFocus Mid
Scala (2)

Synchrony Flex 28 (1)

CI632 (7)

C1612 (1)

CIS532 (16)

CI5S12 (1)

C422 (4)

CI24RE CA (12)

Side 52% 1L, 48% R

Etiology Unknown (44%)

EVA (21%)

Genetic (13%)

Ototoxicity (8%)

Other (14%)

Congenital (25%)

Progressive (73%)

Sudden (2%)

Cochlear implant (31%)

Hearing aid (67%)

Unaided (2%)

28.1% (SD, 19.25)

2.47 (SD, 2.88)

MED-EL
Cochlear

Time course

Contralateral ear, preoperatively

Preoperative word recognition

AB, indicates Advanced Bionics; EVA enlarged vestibular aqueduct; F,
female; HL, hearing loss; M, male; SD, standard deviation; yr, year.

AzBio (31), Hearing in Noise Test (32), and AzBio Sentences
(33) for sentence recognition. To assess sentence recognition
in noise, the same tests were presented at a +10 dB SNR with
the talker and masker (10-talker babble for AzBio tests, white
noise for all other tests) co-located in front of the child. Be-
cause the use of different speech tests limits the interpretability
of our results, we performed a secondary analysis using only
scores from children who completed the CNC test for word
recognition and the Pediatric AzBio test for sentences in quiet
and noise. Children were tested in their everyday listening
condition; thus, scores for EAS users are in the EAS condi-
tion and scores for EAS nonusers were completed using an
electric-only map. For children with significant residual
hearing in the contralateral ear, the contralateral ear was
plugged and muffed during testing. Because of the pres-
ence of ceiling effects, scores were converted to rational-
ized arcsine units (RAU) before statistical analysis (34).
Charts were reviewed for information regarding EAS us-
age. For children who met the audiometric criteria but were
not EAS users, audiology notes were reviewed and queried
for an explanation. In cases where there was not a clear
written narrative, the patient's audiologist was contacted
to provide a reason for use or non-use.

RESULTS

Audiometric Thresholds
Median audiometric thresholds for low-frequency
pure tones (125, 250, and 500 Hz) at each time point

Copyright © 2023 Otology & Neurotology, Inc. Unauthorized reproduction of this article is prohibited.
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TABLE 2. Audiometric thresholds

Audiometric  Median 125-Hz Threshold =~ Median 250-Hz Threshold =~ Median 500-Hz Threshold =~ No Measurable Hearing
Time Point Data (n) in dB HL (Range) in dB HL (Range) in dB HL (Range) (% of Sample)
Preoperatively 48 45 (10-75) 50 (10-85) 60 (25-90) 0
Initial activation 28 52.5 (20-NR) 70 (15-NR) 87.5 (25-NR) 2(7.1)
3 mo 39 60 (25-NR) 80 (15-NR) 95 (25-NR) 5(12.8)
12 mo 29 60 (20-NR) 75 (20-NR) 92.5 (20-NR) 8 (27.6)

mo, months; NR, no response.

(preoperatively, initial activation, 3 and 12 months postop-
eratively) are shown in Table 2. Medians were used over
means to allow for the inclusion of patients who lost all
residual hearing. As expected, median hearing thresholds
dropped 7.5, 20, and 27.5 dB at 125, 250, and 500 Hz, re-
spectively, at initial stimulation. Thresholds declined
slightly at 3 months (8—10 dB) for all frequencies but re-
mained stable between 3 and 12 months. The number of
patients who lost all measureable hearing also increased
slightly at each time point. No significant correlations were
detected between preoperative LFPTA (250 and 500 Hz
only) and age at surgery (r = —0.08, n = 48, p = 0.58),
age at onset of HL (r=—0.07, n =48, p = 0.62), or duration
of deafness before implantation (» = —0.03, n = 48§,
p = 0.87). A multiple linear regression model was used to
determine which (if any) demographic (age at surgery, sex,
presence/absence of inner ear malformations including en-
larged vestibular aqueduct [EVA], progressive versus con-
genital hearing loss) or surgical variables (perimodiolar ver-
sus straight electrode, use of perioperative steroids) related to
successful hearing preservation (change in LFPTA from pre-
operative to first measured postoperative audiogram). The
model was significant on the whole (adjusted R* = 0.20,
Fea1=2.94, p = 0.02). However, only the presence or ab-
sence of EVA significantly contributed to the model; thus,
the analysis was rerun as an independent ¢ test. The pres-
ence of EVA was significantly associated with worse hear-
ing preservation, calculated as either an absolute threshold
shift (95% confidence interval, 38.78—12.42 dB; t46 = 3.90,
p =0.0004) or as the percentage preserved (95% confidence
interval, 20.42-59.68%; 46 =4.11, p = 0.0002). Figure 1
shows audiograms for patients at each time point. Frequen-
cies for which no response was obtained at the output limits
of the audiometer were coded as 125 dB HL.

EAS Use

At our center, children must have thresholds of 75 dB
HL or better at 125 and 250 Hz to be considered eligible
for EAS. These levels were chosen based on those used
for adults at our center (9), as well as current CI manufac-
turer guidelines. Figure 2 shows the relative proportion of
children who used EAS (“EAS users”) out of the total pro-
portion of children who were eligible for EAS at each postop-
erative time point. At initial stimulation, 51.7% of children
were eligible for EAS, of those 53.3% became EAS users.
At 3 months postoperatively, 40.5% were eligible, 35.3%
of those children were users; at 12 months, 40.5% were el-
igible, 33.3% of those children were users. At 2 years after
implantation, 27% of children (9 of 33) continued to have

hearing preservation at levels “qualifying” for EAS usage,
with 44.4% of them (4 of 9) using EAS. Two children (both
implanted with Cochlear Contour Advance electrodes) con-
tinued to have hearing preservation at levels qualifying for
EAS 8 years after cochlear implantation, although neither
is an EAS user. The longest duration for EAS usage in this
data set is for a child implanted with a Cochlear 532 electrode
at 5 years after implantation. Reasons for EAS nonusage are
shown in Figure 3. We further investigated demographic fac-
tors that may have explained nonusage of EAS. Between EAS
users and nonusers, no differences in LFPTA at any time
point were detected (preoperative: 3 = 1.46, p = 0.17,
3 months: #;5 = 1.09, p = 0.30; or 12 months: ¢, = 1.61,
p =0.13). No differences were detected between EAS users
and nonusers at 3 months postoperatively for age at implan-
tation (15 = 0.08, p = 0.94), duration of deafness (#;5 =
0.36, p = 0.73), or sex (Fisher exact test, p = 0.16). The
3-month time point was used for these analyses because it
had the most number of data points.

Speech Perception

Speech perception scores (converted to RAU) at the 3- and
12-month postoperative time points are shown in Figure 4.
Scores are organized based on whether or not the child
was eligible for EAS. Using independent ¢ tests, no signif-
icant difference was detected for word, sentence, or sen-
tence in noise recognition between the groups at either
time point (Appendix 1, http://links.lww.com/MAO/
B606). In Figure 5, children who were eligible for EAS
are divided into two groups based on whether or not they
were EAS users. At 3 months postoperatively, no differ-
ences in speech perception scores were detected between
the groups for any measure (Appendix 1, http://links.
Iww.com/MAO/B606). After type I error correction using
Rom's method (35), no significant differences in word
(t12 = —2.46, p = 0.02), sentences (to = 0.27, p = 0.79), or
sentences in noise (¢;o = —0.22, p = 0.83) scores were de-
tected at 12 months postoperatively. The same analyses
were run again using only data points from children who
had a CNC score for word recognition or a Pediatric AzBio
score for sentence recognition (in both quiet and noise). As
shown in Appendix 2, http://links.lww.com/MAO/B607,
results were similar to the analyses using the whole group.

DISCUSSION

Because more children with significant residual hearing
present for cochlear implantation (36), it is important to un-
derstand both the potential for hearing preservation and the
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FIG.1. Audiograms at the four time points: preoperatively, initial stimulation, 3 months postoperatively, and 12 months postoperatively. Individ-
ual audiograms of patients who qualified for EAS are shown in solid gray (mean audiogram: thick black line). Patients who did not qualify for EAS
are shown in dotted light blue (mean audiogram: thick teal line). EAS indicates electroacoustic stimulation; NR, no response at any frequency.

corresponding range of possible speech understanding out-
comes. Low-frequency hearing preservation may be espe-
cially beneficial for children, both for potential short-term
benefits (i.e., speech perception) and for long-term benefits
(i.e., structure preservation for future treatments). In the
present study, hearing preservation outcomes were gener-
ally good. Eight children had no measurable hearing at
12 months. Mean LFPTA was 53.6 dB HL preoperatively,
68.30 dB HL at initial stimulation, 78.75 dB HL at 3 months
postoperatively, and 73.86 dB HL at 12 months postopera-
tively. Thus, mean LFPTA decreases were 14.74, 25.19,
and 20.3 dB HL at each time point, respectively. These re-
sults are similar to published data on children with compa-
rable preoperative hearing thresholds that demonstrate
worsening of mean LFPTAs by 10 to 25 dB HL, depend-
ing on which low frequencies are included in the PTA
and what time point the audiogram is measured. For ex-
ample, Carlson et al. (13) reported that children implanted

Otology & Neurotology, Vol. 44, No. 5, 2023

primarily with the CI422 and CI24RE electrodes had a
mean LFPTA (250-500 Hz) of 54.2 dB HL preoperatively;
this worsened by 25 dB at the first postoperative audio-
gram. Selleck et al. (17) calculated LFPTA using 125,
250, and 500 Hz and found an increase of 10 dB postop-
eratively (4656 dB HL) for their population of children.
Other studies using children with worse preoperative
LFPTAs showed similar results (12,37).

It is unclear what patient or surgical factors may have
contributed to hearing preservation. In our study, the only
factor associated with poorer rates of hearing preservation
was the presence of an EVA. Roh et al. (38) examined a
small cohort of eight children with SCL26A4 mutations
and EVA and found that hearing preservation was achieved
in five of eight patients. Although not limited to children,
Causon et al. (39) found that individuals with stable hearing
loss (as opposed to progressive loss) had a tendency toward
higher rates of hearing preservation, which may in part

Copyright © 2023 Otology & Neurotology, Inc. Unauthorized reproduction of this article is prohibited.
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FIG. 2. Stacked bar chart showing the proportion of children who qualified for EAS at each time point postoperatively. Gray bars show the pro-
portion of qualifying children who were EAS nonusers; black bars show the proportion who were EAS users. EAS indicates electroacoustic
stimulation.
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explain the worse outcomes in children with EVA in our co-
hort, because EVA is typically associated with progressive
loss. On the contrary, Selleck et al. (17) did not find that
progressive hearing loss was predictive of the ability to
preserve hearing. Overall, although rates of hearing pres-
ervation may be less predictable than for idiopathic hear-
ing loss, the current evidence suggests that hearing pres-
ervation is certainly a possibility in children with EVA,
even in cases where a perilymphatic gusher is encoun-
tered (38). It is unknown how stable this hearing preser-
vation is over time.

Using our criteria of 125- and 250-Hz thresholds of
75 dB HL or less postoperatively, 51.7% of children quali-
fied to use EAS at initial stimulation. This percentage is
less than the 64.5% of adults who qualified in the previous
study, which used the same criteria (9). Children in the
present study also showed a continued progression in hear-
ing loss over time that was not seen in the adult population
(9), although the reason why is unclear. Hearing preservation
at initial stimulation may be reflective of initial structural
preservation, whereas continued progression of hearing loss
likely reflects additional inflammation and fibrosis (40). Pro-
gressive etiologies in children may argue against use of short
nonstandard length electrodes given concerns about the du-
rability of this hearing.

We did not detect significant differences in speech percep-
tion scores between children who qualified for EAS and those
who did not on any measure (words, sentences, or sentences
in noise) or at either time point (3 or 12 months). This find-
ing suggests that eligibility for EAS, at least as defined in
this study, does not lead to improved performance for speech
recognition tasks. Rather, children with and without hearing
preservation performed well, even in noise (88.8% versus
89.3% correct). Furthermore, we found no significant cor-
relations with LFPTA and speech perception scores, sug-
gesting that changing the threshold for EAS eligibility
would have little effect on differences between the groups.
It is worth noting that, although the presence of any preop-
erative residual hearing is associated with good speech and
language outcomes after implantation (41), several studies
have failed to find a relation between the degree of preop-
erative residual hearing and various speech and language
outcome measures postoperatively (42,43). This suggests
that having some acoustic hearing before implantation
may be indicative of a healthier auditory system. Whether
or not this acoustic hearing is retained (and to what degree)
may be less relevant to achieving good outcomes. The dis-
tinction may be important for parents or clinicians who are
unsure about risking the loss of residual hearing for poten-
tial benefit from a CI. Our findings in children match the
results from several studies with adults, which find no dif-
ference in postoperative speech perception outcomes based
on hearing preservation status when implanted with a stan-
dard length electrode (9,44-47).

Of children who qualified to use EAS, approximately
half were fit with it at initial stimulation. This rate dropped
to roughly a third of qualifying children at 3 and 12 months
postoperatively. Reasons for EAS nonuse varied but in-
cluded both audiological and nonaudiological reasons.

There are several factors related to EAS fitting for children
that may have influenced the rates of acceptance. First, the
design of the acoustic component (receiver-in-canal for 47
of 48 patients) may be too large for the smallest of ears and
is easily breakable, susceptible to damage from moisture,
and expensive to replace. Second, it is possible that EAS
programming for children is suboptimal. Although the cli-
nicians in our study followed current best practices for
fitting acoustic components in children (e.g., measured
real-ear to coupler differences and real-ear verification of
the acoustic component), this area is evolving and there
are no universal guidelines to creating EAS maps for
adults, let alone for children. Some children, especially
the youngest, may have had difficulty providing adequate
feedback on sound quality and loudness, which may have
compounded the problem. Finally, children in this study
may have had fluctuating loss from EVA or a long history
of using frequency compressing hearing aids. It is un-
known how these experiences affect a child's willingness
to accept EAS.

Among children who did accept EAS, we saw a trend
toward better speech perception for words at 12 months
compared with children who also qualified for EAS but
did not use it. This suggests that there may be a small po-
tential benefit for EAS use in children, similar to adults
(9). The result was unexplained by any demographic or
preoperative hearing measure. Because children or their
parents made the choice whether or not to use EAS, it is
unknown if the same result would be seen if EAS use
was randomly assigned. We did not see any effect of
EAS use on sentences in noise, as has often been reported
in the adult literature (1,22). This could be due to ceiling
effects in our speech perception results (even when con-
verted to RAU), which are especially apparent when com-
paring EAS users and nonusers scores for sentences in
quiet and in noise at the 3-month time point (Fig. 5, top
panel). Increasing the difficulty of the task by using an
adaptive noise level or spatially separated noise may have
allowed us to see differences between the groups. The
null finding may also be due to a small number of sub-
jects who both were EAS eligible and had speech percep-
tion scores recorded.

One limitation of this study is the retrospective nature
of the data. Several children were implanted before EAS
was commonly offered to adults, let alone children. It is
difficult to know if these children would have been EAS
users had it been offered to them. Another limitation is
the use of different speech recognition materials for dif-
ferent children. Even though this is necessary for compar-
ing children of different ages, children may have scored
differently if offered a different test. We ran secondary
analyses to explore whether differences in speech percep-
tion scores existed among children who completed the
same tests. Results were very similar to the analyses using
all data points (Appendix 2, http:/links.lww.com/MAO/
B607). Although it is encouraging that differences be-
tween groups were not detected for a subset of data points
when they were not found using all data points, failing to
detect such differences does not mean they do not exist.
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Conclusions

This study represents one of the largest cohorts of pe-
diatric CI users with residual hearing and the first in the
English literature to directly report on children's accep-
tance of EAS. We found the following: 1) hearing pre-
servation with standard length, primarily perimodiolar
electrodes, was successful and, in some cases, stable for
many years. Children with inner ear malformations in-
cluding EVA showed worse rates of hearing preservation.
2) One year postoperatively, 40% of patients were eligi-
ble to use EAS, but there were no significant differences
in speech perception scores based on EAS eligibility. 3)
At 12 months postoperatively, one-third of EAS-eligible
children were EAS users. Reasons for nonuse included
lack of perceived benefit and nonauditory reasons. EAS
users trended toward better scores for word recognition
than nonusers, despite no differences in demographic or
audiometric variables between the groups.
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