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Abstract

Background—With improved surgical techniques and electrode design, an increasing number of 

cochlear implant (CI) recipients have preserved acoustic hearing in the implanted ear, thereby 

resulting in bilateral acoustic hearing. There are currently no guidelines, however, for clinicians 

with respect to audio-metric criteria and the recommendation of amplification in the implanted 

ear. The acoustic bandwidth necessary to obtain speech perception benefit from acoustic hearing 

in the implanted ear is unknown. Additionally, it is important to determine if, and in which 

listening environments, acoustic hearing in both ears provides more benefit than hearing in just 

one ear, even with limited residual hearing.

Purpose—The purposes of this study were to (1) determine whether acoustic hearing in an ear 

with a CI provides as much speech perception benefit as an equivalent bandwidth of acoustic 

hearing in the non-implanted ear, and (2) determine whether acoustic hearing in both ears provides 

more benefit than hearing in just one ear.

Research Design—A repeated-measures, within-participant design was used to compare 

performance across listening conditions.

Study Sample—Seven adults with CIs and bilateral residual acoustic hearing (hearing 

preservation) were recruited for the study.

Data Collection and Analysis—Consonant-nucleus-consonant word recognition was tested in 

four conditions: CI alone, CI + acoustic hearing in the nonimplanted ear, CI + acoustic hearing in 

the implanted ear, and CI + bilateral acoustic hearing. A series of low-pass filters were used to 

examine the effects of acoustic bandwidth through an insert earphone with amplification. Benefit 

was defined as the difference among conditions. The benefit of bilateral acoustic hearing was 

tested in both diffuse and single-source background noise. Results were analyzed using repeated-

measures analysis of variance.

Results—Similar benefit was obtained for equivalent acoustic frequency bandwidth in either ear. 

Acoustic hearing in the nonimplanted ear provided more benefit than the implanted ear only in the 

wideband condition, most likely because of better audiometric thresholds (>500 Hz) in the 

nonimplanted ear. Bilateral acoustic hearing provided more benefit than unilateral hearing in 

either ear alone, but only in diffuse background noise.
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Conclusions—Results support use of amplification in the implanted ear if residual hearing is 

present. The benefit of bilateral acoustic hearing (hearing preservation) should not be tested in 

quiet or with spatially coincident speech and noise, but rather in spatially separated speech and 

noise (e.g., diffuse background noise).
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Introduction

Anotable byproduct of expanded cochlear implant (CI) indications is that 80% of CI 

candidates now have bilateral low-frequency residual hearing before surgery (Balkany et al, 

2006; Gifford et al, 2007; Dorman and Gifford, 2010). Improved surgical techniques and 

electrode design have also made it possible to preserve acoustic hearing in the implanted ear 

with both long electrode arrays (16–30 mm) (e.g., Gstoettner et al, 2008; Lenarz et al, 2009; 

Skarzynski et al, 2012) and short electrode arrays (6–10 mm) (e.g., Gantz et al, 2009). Thus, 

it is becoming increasingly possible for CI recipients to make use of a hearing aid and a CI 

in the same ear. Speech perception benefit has been demonstrated with the addition of a 

hearing aid to the CI regardless of whether the hearing aid is in the implanted or the 

nonimplanted ear (Gifford et al, 2007; Brown and Bacon, 2009; Dorman and Gifford, 2010; 

Dunn et al, 2010; Gifford et al, 2013; Rader et al, 2013). The degree of speech perception 

benefit varies greatly, however, across CI recipients.

CI recipients with preserved hearing have the option of wearing a hearing aid in addition to 

their CI in either or both ears. Between 70 and 100% of participants have better speech 

perception performance with a hearing aid in the implanted or nonimplanted ear (e.g., 

Brown and Bacon, 2009). That benefit or improvement in performance with the addition of 

the hearing aid in either ear varies between 5 and 65 percentage points across studies (Dunn 

et al, 2005; Mok et al, 2006; Gifford et al, 2007; Brown and Bacon, 2009; Visram et al, 

2012). Some studies have found correlations between the degree of hearing loss and the 

benefit obtained from the addition of a hearing aid (Mok et al, 2010; Sheffield and Zeng, 

2012; Yoon et al, 2012). The degree of hearing loss varies greatly among CI recipients, both 

in the degree of audibility as well as useable frequency bandwidth (Gifford et al, 2007; 

Gifford et al, 2014). Additionally, as a result of surgical-induced trauma in the implanted ear

—and the fact that the poorer hearing ear is generally implanted— hearing in the 

nonimplanted ear is often better. The only study to examine the benefit of a hearing aid in 

implanted and nonimplanted ears separately found similar benefit from either ear when the 

degree of hearing loss was roughly symmetrical (Brown and Bacon, 2009). In summary, 

most CI recipients with residual acoustic hearing in either ear gain some speech perception 

benefit with the addition of a hearing aid in either ear, and there is no evidence of any 

difference in benefit between the ears.

In addition to the degree of hearing loss, the benefit of acoustic hearing has been shown to 

vary with acoustic bandwidth. Use of earphones to provide amplification and low-pass 

filters to adjust available acoustic bandwidth, a frequency bandwidth of <125 Hz for male 
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speakers or <250 Hz for female speakers in the nonimplanted ear, is sufficient to provide 

speech perception benefit in a bimodal hearing configuration; however, bimodal benefit 

(bimodal performance – CI only performance) does generally increase with increasing 

bandwidth (Zhang, Dorman, et al, 2010; Sheffield and Gifford, 2014). Specifically, studies 

have shown that individual bimodal benefit varies between 0–30 percentage points for <125 

or 150 Hz, 0–35 percentage points for <250 Hz, 0–40 percentage points for <500 Hz, 0–50 

percentage points for <750 Hz, and 10–60 percentage points with no low-pass filter or all 

available acoustic hearing (Cullington and Zeng, 2010; Zhang, Dorman, et al, 2010; 

Sheffield and Gifford, 2014). Mean bimodal benefit values across word and sentence 

recognition in quiet and in noise are between 15 and 30 percentage points for <250 Hz 

bandwidth in the nonimplanted ear. Thus, CI recipients will gain between a 15 and 30 

percentage point benefit in speech perception if they have aidable hearing at frequencies 

≤250 Hz in the nonimplanted ear and wear a hearing aid. Importantly, the effect of 

frequency bandwidth in the implanted ear on speech perception benefit is unknown. 

Consequently, audiologists have no guidelines that specifically outline audiometric criteria 

for recommending amplification in the implanted ear.

We suggest two plausible hypotheses for differences in bandwidth effects on speech 

perception benefit between the ears. The first hypothesis is that equal benefit will be 

obtained with equivalent acoustic bandwidth regardless of the origin. In other words, the 

same acoustic cues are present in each ear, and listeners can equally integrate acoustic 

hearing in either ear with the CI signal. The second hypothesis is that information in the 

acoustic portion of the signal can be better integrated with the CI signal when it originates 

from the same ear.

The first hypothesis is consistent with results from Brown and Bacon (2009), showing 

benefit from acoustic hearing in either ear and consistent with the glimpsing theory 

described by Li and Loizou (2008). The glimpsing theory states that the speech perception 

benefit is obtained by “glimpsing” temporal low-frequency peaks of the signal over troughs 

of the noise. This theory suggests that equal speech perception benefit will be obtained when 

glimpsing the peaks of the signal, no matter which ear is used.

On the other hand, the second hypothesis is consistent with the segregation theory and 

integration of acoustic and CI signals. The segregation theory states that speech cues are 

contrasted or integrated across the two signals: acoustic and CI (Qin and Oxenham, 2006). 

Cue integration could be very different when it occurs in the same ear rather than across 

different ears. One distinction made in the combination of acoustic signal information with 

CI information is adopted from multi-sensory integration: extraction and integration (Kong 

and Braida, 2011; Yang and Zeng, 2013). Extraction is use of the cues available in each of 

the signals, but not necessarily integration of the information. Integration, on the other hand, 

requires the combination of cues across signals to affect performance. Extraction would only 

be consistent with the first hypothesis in that extraction of the cues from either ear provides 

equal benefit. We suggest that the second hypothesis would support better true integration of 

the two signals within the same ear rather than across ears.
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For CI recipients with hearing preservation, it is reasonable to assume that acoustic hearing 

in both ears will provide more benefit than acoustic hearing in just one ear. However, 

significant additional benefit of bilateral acoustic hearing (hearing aids) has only been found 

in some listening conditions such as diffuse background noise (Dunn et al, 2010; Gifford et 

al, 2013; Rader et al, 2013). The additional benefit of hearing aids in both ears versus a 

hearing aid in one ear also varies across individuals. Between 45–80% of participants gained 

more benefit with both hearing aids than either hearing aid alone with an average difference 

of ∼2 dB SNR or 6– 10 percentage points (Dunn et al, 2010; Gifford et al, 2013). 

Additionally, Gifford et al (2013) found no difference in average consonant-nucleus-

consonant (CNC) word recognition in quiet between the combined condition with both 

hearing aids and the bimodal condition with just the hearing aid in the nonimplanted ear 

(77% versus 79%). The current study examined whether additional CNC word recognition 

benefit in quiet and in noise is obtained with bilateral acoustic hearing (the addition of the 

implanted ear) compared with unilateral acoustic hearing (the nonimplanted or implanted ear 

alone). Acoustic bandwidth in the implanted ear was controlled using an insert earphone and 

low-pass filters to determine the minimal hearing necessary to benefit from the addition of a 

hearing aid in the implanted ear.

We tested unilateral CI recipients with bilateral low-frequency acoustic hearing to examine 

the effects of frequency bandwidth on speech perception benefit. The two purposes of this 

study were to (a) determine whether acoustic hearing in an ear with a CI provides as much 

speech perception benefit as the same bandwidth of acoustic hearing in the nonimplanted 

ear, and (b) determine whether acoustic hearing in both ears provides more benefit than 

hearing in just one ear (i.e., if additional benefit is gained from the acoustic hearing in the 

implanted ear). We predicted that (a) the implanted and nonimplanted ears would provide 

equal speech perception benefit given equivalent audibility, and (b) acoustic hearing in both 

ears would provide more benefit than unilateral acoustic hearing.

Methods

Participants

Seven adult unilateral CI recipients with bilateral low-frequency acoustic hearing 

participated in this study in accordance with Vanderbilt University Institutional Review 

Board approval. Each of the participants had at least 15 mo (mean = 46.8 mo) of listening 

experience with their CI and bilateral hearing aids. Each participant also had pure-tone 

thresholds of 80 dB HL or better at 500 Hz in both ears. We chose these criteria to ensure 

that each listener had aidable hearing below 500 Hz based on the half-gain rule and 

availability of power hearing aids in providing low-frequency gain. Mean audiometric 

thresholds for the implanted and nonimplanted ears are displayed in Figure 1. Demographic 

information for each CI listener is presented in Table 1. All of the participants used Cochlear 

Corporation Nucleus implants. Participants 1–5 had hybrid speech processors with a built-in 

acoustic component for amplification in the implanted ear. The participants with hybrid 

speech processors used S8 (P3), S12 (P5), or L24 (P1–2, P4) electrode arrays. The two other 

participants had CP810 speech processors with full-length electrode arrays and a personal 

hearing aid device.
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Speech Stimuli and Test Conditions

We assessed speech recognition using CNC monosyllabic words (Peterson and Lehiste, 

1962). The CNC stimuli consist of 10 phonemically balanced lists of 50 monosyllabic words 

recorded by a single male speaker. The mean F0 of the CNC words is 123 Hz with a 

standard deviation of 17 Hz (Zhang, Dorman, et al, 2010). Performance was scored as the 

percentage of words correctly repeated by the participant.

The recognition of CNC words was assessed in quiet and in a 20-talker babble at a +10 

signal-to-noise ratio (SNR). Testing in both quiet and multitalker babble was completed 

because of differences found in the bandwidth of acoustic hearing necessary to obtain 

benefit in performance from the addition of the acoustic hearing (Zhang, Dorman, et al, 

2010; Sheffield and Gifford, 2014).

Each participant was tested in quiet and in multi-talker babble in four different listening 

conditions: (1) CI alone, (2) CI + implanted ear acoustic hearing (ipsi-lateral electric and 

acoustic stimulation [ipsiEAS]), (3) CI + nonimplanted ear acoustic hearing (bimodal), and 

(4) CI + bilateral acoustic hearing (EASall). The full-frequency bandwidth (188–7938 Hz) 

was delivered across all active electrodes for all conditions, with the exception of P3 and P5. 

For P3 and P5, who were both recipients of a Hybrid 10-mm electrode, the starting 

frequency for the CI in their everyday listening condition was 563 Hz and 813 Hz, 

respectively. For the remaining five recipients, the full-frequency bandwidth for the CI was 

programmed based on patient preference, as participants reported that the full spectrum 

delivered to the CI yielded the most “natural” sound quality even in the presence of acoustic 

hearing (Zhang, Spahr, et al, 2010).

To simulate differences in bandwidth of useable hearing, we applied a series of low-pass 

filters to the acoustic signals. The acoustic signal for the ipsiEAS and bimodal conditions 

was presented in an unprocessed (wideband) condition as well as in the following low-pass 

filter conditions: <125 Hz, <250 Hz, <500 Hz, and <750 Hz. These filter bands were chosen 

to include only the fundamental frequency (<125 Hz) and then increasing speech energy and 

cues as well as to replicate the study by Zhang, Dorman, et al, (2010). The purpose of testing 

in the EASall condition was to examine any additional benefit afforded by preserved hearing 

in the implanted ear and how much preserved hearing is necessary. Thus, in the EASall 

condition, the acoustic bandwidth in the nonimplanted ear that provided the best 

performance for each participant (P1–P4 and P6: wideband; P5: <750 Hz; and P7: <500 Hz) 

was used, and all four filtered bands as well as the wideband condition were tested in the 

implanted ear.

The orders of testing for listening condition and acoustic bandwidth within each condition 

were counterbalanced across listeners using a modified Latin square technique. Each listener 

was tested in a total of 15 condition/bandwidth combinations in quiet and in multi-talker 

babble. The 10 CNC word lists were randomly selected across condition/bandwidth 

combinations. Because there are only 10 CNC word lists and 32 total condition/bandwidth 

combinations, each list was used three or four times for each participant. This practice is not 

uncommon in speech recognition research with CI recipients (e.g., Balkany et al, 2007; 
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Gantz et al, 2009), particularly given that learning effects are minimal for monosyllabic 

words (Wilson et al, 2003).

Presentation of Speech Stimuli

Signals were presented to the CI via direct audio input to the speech processor in each 

participant's “everyday” listening program. CI volume level was adjusted to a comfortable 

listening level for each listener. Acoustic signals were presented to each ear using Etymotic 

Research 3A insert earphones at 60 dBA in quiet and 65 dBA in multitalker babble as 

measured when presented via the insert earphones in a Knowles Electronic Manikin for 

Acoustical Research.

The acoustic stimuli were filtered using MATLAB version 11.0 software with a finite 

impulse response filter with a 90 dB per octave roll-off in each band. After filtering, the 

acoustic stimuli were amplified linearly according to the frequency-gain prescription for a 

60 dB SPL input dictated by National Acoustic Laboratories' nonlinear fitting procedure, 

version 1 (NAL-NL1; Byrne et al, 2001) to ensure audibility in each ear. The outputs of the 

acoustic stimuli were verified to match NAL-NL1 targets for a 60 dB SPL input, measured 

with probe microphone measurements in the Knowles Electronic Manikin for Acoustical 

Research with the insert earphones, in order to verify audibility of the stimuli for each 

frequency band.

Analysis

Two participants (P4 and P6) were not tested in multitalker babble because of floor effects. 

Therefore, analyses for testing in multitalker babble were made on the basis of data obtained 

from five participants. We completed analyses using repeated-measures analysis of variance 

(ANOVA) statistics. For all analyses using benefit of acoustic hearing, it was defined as the 

percentage-point difference between the specific acoustic filter scores in the bimodal, 

ipsiEAS, and EASall conditions and the CI-alone score. The additional benefit of hearing 

preservation in the implanted ear over the bimodal condition was defined as the scores in the 

EASall bandwidth conditions minus the best bimodal performance. The Fisher least 

significant difference test was used for post hoc testing. Least significant difference testing 

does not correct for multiple comparisons but was used to maximize power because of the 

small sample size.

Results

Figure 2A shows average performance in the ipsiEAS and bimodal conditions for each of 

the filter bands in quiet. CI-alone performance is plotted as a horizontal, solid-black line at 

36.6%. Figure 2B shows individual and average benefit, percentage point improvement 

(e.g., bimodal – CI-alone), for each filter band in the ipsiEAS and bimodal conditions in 

quiet. Participants obtained similar benefit from the acoustic hearing in each ear across the 

filter bands, except for the wideband signal for which bimodal exceeded ipsiEAS. A two-

factor (filter band, acoustic ear: bimodal or ipsiEAS) repeated-measures ANOVA on the 

acoustic benefit values supported similar benefit across ears with a significant main effect of 

filter band [F(4,24) = 12.05, p < 0.0001], indicating acoustic benefit but no main effect of the 
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acoustic ear [F(1,24) = 0.05, p < 0.829]. There was also a significant interaction between the 

acoustic ear and filter band [F(4,24) = 7.75, p < 0.0004]. This interaction seems to be driven 

by the difference in acoustic benefit for the wideband acoustic signal between ears or the 

growth pattern of acoustic benefit from the <500 Hz filter band to the wideband. Post hoc 

analyses of the interaction effect between the acoustic ear and filter band indicated that the 

increase in benefit from the <500 and <750 Hz bands to the wideband signals is significantly 

more for the bimodal condition than the ipsiEAS condition [t(6) = 3.93, p < 0.008; t(6) = 

3.35, p < 0.016]. In other words, acoustic benefit continued to increase with energy above 

500 Hz in the bimodal condition, but not in the ipsiEAS condition. No other post hoc 

analyses with respect to the interaction were significant.

Figure 2C shows average performance in the bimodal and ipsiEAS conditions for each of 

the filter bands in multitalker babble. CI-alone performance is again plotted as a solid-black 

line at 28.4%. The CI-alone performance in multitalker babble is <10 percentage points 

poorer than the CI-alone performance in quiet. This is because the two participants who did 

not complete testing in multitalker babble had poor performance in quiet, lowering the 

mean. The mean CI-alone performance in quiet of the five participants who completed 

testing in both quiet and noise was 43.2%. Figure 2D shows the same individual and average 

benefit scores for each filter band in the ipsiEAS and bimodal conditions as in Figure 2B but 

in multitalker babble. Similar to the results in quiet, participants obtained comparable 

benefit from the acoustic hearing in each ear. Unlike the quiet results, however, the benefit 

obtained from the wideband acoustic signal was similar for each ear. A two-factor (filter 

band, acoustic ear: bimodal or ipsiEAS) repeated-measures ANOVA confirmed similar 

acoustic benefit across ears with a significant effect of filter band [F(4,16) = 9.41, p < 0.0005] 

but no significant effect of acoustic ear [F(1,4) = 0.62, p < 0.477] and no significant 

interaction between acoustic ear and filter band [F(4,16) = 1.37, p < 0.288]. In summary, 

results in multitalker babble indicate increasing acoustic benefit as filter bandwidth increases 

and no difference in acoustic benefit across ears.

Two participants in quiet (P6, P7) and one in multitalker babble (P7) gained limited to no 

benefit from the acoustic hearing in the implanted ear, regardless of filter band. Removal of 

their data from the analyses made no difference in the results; therefore, their data were 

retained in the analyses.

Although the acoustic hearing in each ear provides benefit in speech recognition, it is 

important to determine if acoustic hearing in both ears provides more benefit than acoustic 

hearing in just one ear. Figure 3A shows average performance for the EASall condition with 

each filter band in both quiet and multitalker babble. Mean bimodal performances 

(wideband acoustic) in quiet (65.4%) and in multitalker babble (59.2%) are plotted as a 

dotted-black line and a solid-gray line, respectively. Figure 3B shows individual and average 

acoustic benefit, percentage-point difference (EASall – bimodal), for each filter band in the 

implanted ear in quiet and in multitalker babble. The variability is large, and no individual 

benefit value from the addition of the implanted ear was >10 percentage points for any filter 

band in quiet or in multitalker babble, indicating limited to no additional benefit. In some 

cases (e.g., <125 Hz filter band), some participants appear to have experienced a decrement 

in performance. Statistically, however, single-factor (filter band) repeated-measures 
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ANOVAs of the additional benefit of the acoustic hearing in the implanted ear (EASall – 

bimodal) revealed no significant effect of filter band in quiet nor in multitalker babble [F(1,6) 

= 1.17, p < 0.347; F(1,6) = 1.40, p < 0.267; respectively]. In other words, acoustic benefit 

and performance in the EASall condition did not increase with increasing acoustic energy in 

the implanted ear.

Figure 4 shows individual and average acoustic benefit in the ipsiEAS, bimodal, and EASall 

conditions, all with wideband acoustic signals, compared with the CI-alone performance in 

both quiet and multitalker babble. There was no significant difference between acoustic 

benefit in the bimodal and EASall conditions in quiet [t(6) = 0.88, p < 0.410], but acoustic 

benefit in the EASall condition was significantly greater than benefit in the ipsiEAS 

condition in quiet [t(6) = 2.79, p < 0.032]. There was no significant difference between the 

acoustic benefit in EASall and bimodal or ipsiEAS in multi-talker babble [t(4) = 0.65, p < 

0.550; t(4) = 0.20, p < 0.851; respectively]. At first sight, it appears that acoustic benefit was 

larger in multitalker babble than in quiet. When removing the two participants who only 

participated in quiet, however, we observed no difference between acoustic benefit in quiet 

and multitalker babble. In summary, these results indicate limited to no additional benefit 

from acoustic hearing in the implanted ear when added to the bimodal condition in quiet and 

in multitalker babble originating from a single loudspeaker.

Discussion

Does Acoustic Hearing in the CI Ear Provide as Much Benefit as an Equivalent Acoustic 
Band in the Nonimplanted Ear?

Based on the results of testing in quiet and in multitalker babble, the same speech perception 

benefit can be obtained with equivalent acoustic hearing bands in either ear. In other words, 

if a CI recipient has aidable hearing (≤80 dB HL) up to 500 Hz in both ears, he or she should 

obtain equal speech perception benefit via acoustic amplification in either ear. The only 

exception to equal benefit from each ear is the wideband condition in the nonimplanted ear 

(bimodal) providing more benefit than the implanted ear in quiet. Statistically, the difference 

in acoustic benefit between the wideband conditions of ipsiEAS and bimodal approached 

significance in quiet [t(6) = 2.20, p < 0.071]. The most likely reason for this difference is 

related to audibility. Mean pure-tone thresholds at 750 and 1000 Hz in the nonimplanted ear 

were aidable (≤80 dB HL), whereas they were not in the implanted ear as can be seen in 

Figure 1.

Additionally, examination of individual data revealed that each participant obtained similar 

benefit from the acoustic hearing in each of the ears except for P7, who received much more 

benefit from the nonimplanted ear. However, P7 had the largest asymmetry in low-

frequency pure-tone thresholds. This finding is not unexpected, as previous research has 

shown correlations between pure-tone thresholds and acoustic benefit (Mok et al, 2010; 

Sheffield and Zeng, 2012; Yoon et al, 2012; Yang and Zeng, 2013). Additionally, two 

participants in quiet (P6, P7) and one in multitalker babble (P7) gained no benefit from the 

acoustic hearing in the implanted ear (<6 percentage points). This finding is consistent with 

results in the literature showing that up to 55% of participants gain no speech perception 

benefit from acoustic hearing. As stated in the Introduction, we anticipated two likely 
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outcomes when comparing acoustic benefit obtained between ears. The first was that similar 

benefit would be obtained for equivalent acoustic bands in each ear. The second was that 

more benefit would be obtained from acoustic hearing in the implanted ear because 

integration of cues across the CI and acoustic signals would be easier in the same ear. The 

current results support the first hypothesis or outcome that equal benefit can be obtained 

from each ear so far as residual hearing is fairly symmetrical. It is possible that this result 

occurred because participants are only extracting the cues from the different signals or 

glimpsing them but not integrating cues between the two signals. Further research is 

necessary to determine the contributions of extraction and integration of speech cues across 

the CI and acoustic signals in CI recipients with hearing preservation.

Another consideration in the interpretation of the current dataset is that no attempts were 

made to manipulate the degree of electric and acoustic overlap. That is, all electrodes were 

left active with full-frequency allocation from 188–7938 Hz for five of the seven 

participants and P3 and P5 programmed with their everyday CI starting frequencies of 563 

and 813 Hz, respectively. This decision was made based on what the patient was most 

accustomed to for the everyday program with respect to the degree of electric and acoustic 

overlap. This degree of overlap, however, may not have yielded the greatest degree of EAS 

benefit in the implanted ear based on conflicting results in the literature (Vermeire et al, 

2008; Zhang, Spahr, et al, 2010; Karsten et al, 2013). Thus, further research is needed to 

determine the optimal degree of acoustic and electric overlap for maximal performance in 

the implanted ear.

Does Acoustic Hearing in Both Ears Provide More Benefit than Hearing in Just One Ear?

The current results indicate no additional speech perception benefit from acoustic hearing in 

the implanted ear, hearing preservation, when added to the bimodal condition. Previous 

research, however, has found significant additional speech perception benefit from the 

acoustic hearing in the implanted ear (Dunn et al, 2010; Rader et al, 2013; Gifford et al, 

2014). The speech perception benefit was found when tested in semidiffuse noise 

environments with speech at 0° azimuth. Thus, it is possible that the additional benefit from 

the residual acoustic hearing in the implanted ear is obtained only in an environment with 

semidiffuse noise or separation of the signal and the noise and not when the signal and noise 

are spatially coincidental, as is the case in this study. Examining the results of the 

participants of the current study in semidiffuse noise could provide strong evidence that the 

additional benefit requires spatial separation of signal and noise.

Figure 5 shows individual and mean AzBio sentence recognition performance in the EASall 

and bimodal conditions for six of the participants in semidiffuse restaurant noise at a +5 dB 

SNR. Participant 5 did not complete this testing because of floor effects. Five of the six 

participants performed better in the EASall condition than in the bimodal condition, and the 

mean difference was 8.8 percentage points, similar to the additional benefit reported for the 

larger sample in Gifford et al (2013). The additional benefit was significant in the larger 

sample in Gifford et al (2013). Given the small sample size and the fact that these data were 

included in the Gifford et al (2013) study, statistical analyses were not completed.
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In summary, the additional benefit of bilateral acoustic hearing obtained with semidiffuse 

background noise in the literature was not found with spatially coincidental signal and noise. 

It is perhaps not surprising that no additional benefit from bilateral acoustic hearing versus 

acoustic hearing in the nonimplanted ear alone is obtained with spatially coincident signal 

and noise, as the same acoustic speech features are likely present in the acoustic hearing in 

each ear, as long as hearing is roughly symmetrical. Thus, the benefit of the addition of the 

acoustic hearing in the implanted ear is likely obtained through binaural cues. Dunn et al 

(2010) suggested that bilateral low-frequency acoustic hearing might allow for better use of 

interaural time difference (ITD) and interaural level difference cues to squelch the spatially 

separated signal and noise. Gifford et al (2013) found evidence to support this method by 

showing that the difference between EASall performance and bimodal performance in 

semidiffuse noise correlated with individual ITD thresholds.

Study Limitations

Some limitations in this study should be noted, including the small sample size. Because of 

the small sample size, it is difficult to generalize the data and conclusions to all CI 

recipients. However, none of the seven participants gained more than 10 percentage points 

of benefit from the addition of the acoustic hearing in the implanted ear to the bimodal 

configuration in any condition (EASall – bimodal). Additionally, previous research has 

found no additional benefit from a hearing aid in the implanted ear for CNC word 

recognition in quiet (Gifford et al, 2013). Thus, it is unlikely that a large portion of CI 

recipients will gain additional benefit for CNC word recognition in quiet from a hearing aid 

in the implanted ear.

It is also important to note that speech perception benefit was only assessed with use of 

monosyllabic words. It is possible that speech tests with more or less context (sentence 

recognition or phoneme recognition, respectively) would reveal different results. 

Additionally, the CNC words have not previously been shown to be equivalent in 

multitalker babble. Because the CNC lists are designed with equal proportions of phonemes 

across lists, it is possible that they are more equivalent in noise than other monosyllabic 

word tests (Skinner et al, 2006). Additionally, we tested the equivalency of the 10 CNC 

word lists in six adults with normal hearing, with three tested at +10 dB SNR—as used in 

this study—and three at 0 dB SNR. Results revealed similar equivalency to that reported in 

CI recipients in quiet and 92% of all scores being within test-retest variability for 50-word 

monosyllabic lists (Thornton and Raffin, 1978; Skinner et al, 2006).

Conclusions

In conclusion, residual acoustic hearing in the implanted or nonimplanted ear provides equal 

speech perception benefit, provided that aided audibility is achievable. Acoustic hearing in 

the nonimplanted ear provided more benefit in quiet than the implanted ear in the wideband 

filter band in this study, but that was most likely because of better thresholds >500 Hz in the 

nonimplanted ears than the implanted ears. From a practical standpoint, if a unilateral CI 

recipient can wear only one hearing aid, the ear with the better residual acoustic hearing 

should be amplified. However, on the basis of previous research showing significant benefit 
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with bilateral acoustic hearing and a CI (also see Figure 5), efforts should be made to 

provide acoustic amplification to both ears for frequencies with thresholds up to 80 dB HL. 

Also important to consider is that when testing for speech perception benefit of the addition 

of the implanted ear acoustic hearing (hearing preservation) to the bimodal condition 

(EASall – bimodal), the testing environment should include spatially separated signal and 

noise to allow use of ITD cues, as single-loudspeaker testing will not reveal the benefits 

associated with hearing preservation cochlear implantation. Finally, further research of 

electric and acoustic hearing is warranted to thoroughly investigate this hearing 

configuration and to develop clinical recommendations for EAS fittings.
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Abbreviations

bimodal condition CI + nonimplanted ear acoustic hearing

CI cochlear implant

CNC consonant-nucleus-consonant

EASall CI + bilateral acoustic hearing

ipsiEAS ipsilateral electric and acoustic stimulation

ITD interaural time difference

NAL-NL1 National Acoustic Laboratories' nonlinear fitting procedure, version 

1

SNR signal-to-noise ratio
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Figure 1. 
Implanted and nonimplanted ear pure-tone thresholds. Error bars represent 1 standard error 

of the mean.
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Figure 2. 
Mean unilateral acoustic benefit inquiet (A) and in multitalker babble (C). Mean CI-alone 

performance is represented by solid-black line (A and C). IpsiEAS is represented in unfilled 

bars and bimodal in gray-filled bars in all subfigures. Error bars represent 1 standard error of 

the mean (A and C). Individual and mean acoustic benefit (percentage-point difference, e.g., 

bimodal – CI alone) in quiet (B) and in multitalker babble (D). Box plots in B and D include 

horizontal lines at the median values and “+” signs at the mean values, with the whiskers 

representing the minimal and maximal benefit values. Horizontal dotted lines in B and D 

represent no benefit or change in performance with added acoustic hearing. N = 7 in quiet 

and N = 5 in multitalker babble.
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Figure 3. 
Mean EASall performance with each filter band is displayed for quiet and multitalker babble 

as unfilled and gray-filled bars, respectively (A). Mean bimodal performances in quiet and 

in noise are represented by the dotted-black and solid-gray lines, respectively. Error bars 

represent 1 standard error of the mean. Individual and mean additional benefit of the 

acoustic hearing in the implanted ear (EASall – bimodal for each filter band in the implanted 

ear) are shown using unfilled and gray-filled box plots for quiet and multitalker babble, 

respectively (B). Box plots in B include horizontal lines at the median values and “+” signs 

at the mean values, with the whiskers representing the minimal and maximal benefit values. 

Horizontal dotted lines in B and D represent no benefit or change in performance with added 

acoustic hearing. N = 7 in quiet and N = 5 in multitalker babble.
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Figure 4. 
Individual and mean acoustic benefit for the wideband filters of IpsiEAS, bimodal, and 

EASall in unfilled box plots for testing in quiet and gray-filled box plots for testing in 

multitalker babble. Box plots include horizontal lines at the median values and “+” signs at 

the mean values, with the whiskers representing the minimal and maximal benefit values. N 

= 7 in quiet and N = 5 in multitalker babble.
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Figure 5. 
Individual participant and mean performance for AzBio sentence recognition in semidiffuse 

restaurant noise for the bimodal and EASall conditions. Error bars represent 1 standard error 

of the mean.
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