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i 

Abstract 1 

Objectives: This study used vocoder simulations with normal-hearing (NH) listeners to (a) 2 

measure their ability to integrate speech information from a NH ear and a simulated cochlear 3 

implant (CI); and (b) investigate whether binaural integration is disrupted by a mismatch in 4 

the delivery of spectral information between the ears arising from a misalignment in the 5 

mapping of frequency to place. 6 

Design: Eight NH volunteers participated in the study and listened to sentences embedded in 7 

background noise via headphones. Stimuli presented to the left ear were unprocessed. Stimuli 8 

presented to the right ear (referred to as the CI-simulation ear) were processed using an 8-9 

channel noise vocoder with one of three processing strategies. An Ideal strategy simulated a 10 

frequency-to-place map across all channels that matched the delivery of spectral information 11 

between the ears. A Realistic strategy created a misalignment in the mapping of frequency to 12 

place in the CI-simulation ear where the size of the mismatch between the ears varied across 13 

channels. Finally, a Shifted strategy imposed a similar degree of misalignment in all channels 14 

resulting in consistent mismatch between the ears across frequency. The ability to report key 15 

words in sentences was assessed under monaural and binaural listening conditions and at 16 

signal-to-noise ratios (SNRs) established by estimating speech-reception thresholds in each 17 

ear alone. The SNRs ensured that the monaural performance of the left ear never exceeded 18 

that of the CI-simulation ear. Binaural integration advantages were calculated by comparing 19 

binaural performance with monaural performance using the CI-simulation ear alone. Thus, 20 

these advantages reflected the additional use of the experimentally-constrained left ear and 21 

were not attributable to better-ear listening. 22 

Results: Binaural performance was as accurate as, or more accurate than, monaural 23 

performance with the CI-simulation ear alone. When both ears supported a similar level of 24 

monaural performance (50%), binaural integration advantages were found regardless of 25 
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whether a mismatch was simulated or not. When the CI-simulation ear supported a superior 26 

level of monaural performance (71%), evidence of binaural integration was absent when a 27 

mismatch was simulated using both the Realistic and Ideal processing strategies. This 28 

absence of integration could not be accounted for by ceiling effects or by changes in SNR. 29 

Conclusions: If generalizable to unilaterally-deaf CI users, the results of the current 30 

simulation study would suggest that benefits to speech perception in noise can be obtained by 31 

integrating information from an implanted ear and a normal-hearing ear. A mismatch in the 32 

delivery of spectral information between the ears due to a misalignment in the mapping of 33 

frequency to place may disrupt binaural integration in situations where both ears cannot 34 

support a similar level of monaural speech understanding. Previous studies which have 35 

measured the speech perception of unilaterally-deaf individuals after cochlear implantation 36 

but with non-individualized frequency-to-electrode allocations may therefore have 37 

underestimated the potential benefits of providing binaural hearing. However, it remains 38 

unclear whether the size and nature of the potential incremental benefits from individualized 39 

allocations are sufficient to justify the time and resources required to derive them based on 40 

cochlear imaging or pitch-matching tasks.41 



 

1 

Introduction 42 

Individuals with a single-sided deafness (SSD), who have severe-to-profound hearing loss in 43 

one ear and normal or near-normal hearing in the other ear, experience difficulty with 44 

understanding speech in background noise (McLeod et al. 2008). When speech and 45 

background noise are presented at the same level, individuals with SSD hear only about 30-46 

35% of the conversation (Christensen et al. 2010). Such difficulties may lead to significant 47 

communication handicaps that compromise the quality of life of these unilaterally hearing-48 

impaired individuals (Noble et al. 2004; Wie et al. 2010). Severe-to-profound unilateral 49 

hearing loss in children may present them with particular difficulties in general group 50 

activities, leading to delays in development of speech and language, and affecting their 51 

academic performance and educational progress (Bess et al. 1986; Tharpe et al. 2008). 52 

 53 

To date, individuals with permanent SSD have limited treatment options. A contralateral 54 

routing of signals hearing aid or a bone-conduction hearing aid can be used to route signals 55 

arriving at the deaf ear to the normal-hearing (NH) ear via air or bone conduction, 56 

respectively. These solutions improve access to sound by overcoming the acoustic shadow 57 

cast by the head that would otherwise attenuate sounds located on the deafened side (Pumford 58 

2005). A limitation of these systems is that they rely solely on the hearing ear and do not 59 

restore input to the deafened ear. As a consequence, these systems do not alleviate the many 60 

communication handicaps that individuals with SSD experience which relate to the fact that 61 

they are functioning with unilateral auditory input (Bishop et al. 2010). 62 

 63 

The provision of binaural hearing through cochlear implantation (CI) can improve speech 64 

perception in challenging listening conditions relative to monaural hearing alone (Kobler et 65 

al. 2002; Litovsky et al. 2009; Schleich et al. 2004). When speech and noise are spatially 66 
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separated, a binaural benefit can be achieved simply by listening to whichever ear has the 67 

more favourable signal-to-noise ratio (SNR) regardless of which side of the head the speech 68 

is located (‘better ear’ effect). In NH listeners, as well as in a subset of CI users, binaural 69 

benefit can also be gained by integrating the information received at the two ears. When 70 

speech and noise are spatially separated, access to a second ear with a less-favourable SNR 71 

can help distinguish speech from noise by providing additional (albeit degraded) information 72 

about the signal and also the noise (‘squelch’ effect). Binaural benefit may also be gained by 73 

exploiting redundancy in two similar copies of the original signals such as when speech and 74 

noise are spatially co-incident (‘summation’ effect).  75 

 76 

Cochlear implantation has been investigated as a potentially-effective method for providing 77 

binaural hearing in individuals with SSD (Arndt et al. 2011; Hassepass et al. 2013; Vermeire 78 

and Van de Heyning 2009) and those with highly-asymmetric hearing losses (Firszt, Holden, 79 

Reeder, Cowdrey, et al. 2012). The primary benefits to speech perception from using a CI 80 

reported by these studies relate to better ear effects rather than the binaural integration effects 81 

of summation and squelch. Vermeire and Van de Heyning (2009) compared speech reception 82 

thresholds (SRTs) in 9 patients with SSD one year after implantation with their implant 83 

turned on and off. SRTs were significantly lower (better) with the implant turned on when 84 

speech was presented on the side of the implant and noise was presented from the front, 85 

compatible with a better ear effect. However, when noise was presented on the implanted side 86 

and speech from in front, turning on the implant had no significant effect. A similar pattern of 87 

results was reported by Arndt et al. (2011) who measured SRTs in 11 SSD patients before 88 

and 6 months after implantation. SRTs improved significantly after implantation when speech 89 

was presented 45° degrees towards the CI and noise at 45° degrees towards the NH ear. 90 

However, SRTs did not change following implantation when noise was presented towards the 91 
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CI and speech towards normal ear. Taken together, the existing evidence suggests that 92 

individuals with SSD may derive benefit from a CI when listening to speech in noise by 93 

attending to whichever ear has the more favourable SNR rather than by integrating 94 

information from the two ears. 95 

 96 

The lack of evidence for binaural integration may be due in part to how SRTs have been 97 

measured. Previous studies have presented speech and noise from loudspeakers positioned on 98 

different sides of the head to create differences in SNR between the ears using the head’s 99 

acoustic shadow (Arndt et al. 2011; Hassepass et al. 2013; Vermeire and Van de Heyning 100 

2009). However, there are substantial differences in the capacities of an implanted ear and a 101 

non-implanted ear to support speech understanding in noise. On the same task, a NH ear can 102 

support accurate speech understanding even at negative SNRs whereas speech understanding 103 

with an implanted ear alone can degrade even at SNRs well above 0 dB (Donaldson et al. 104 

2009). Thus, a relatively large difference in SNR (>6 dB) can be necessary to achieve 105 

equivalent monaural performance levels in the implanted and non-implanted ears of the same 106 

individual (Firszt, Holden, Reeder, Waltzman, et al. 2012). As a result, many of the spatial 107 

configurations of speech and noise adopted in previous studies may have failed to overcome 108 

the large disparity in monaural performance between the ears such that listening to the NH 109 

ear alone was an effective and reliable strategy to maximise speech understanding. 110 

 111 

It is also possible that the integration of information from the implanted and the normal-112 

hearing ears of individuals with SSD is impaired by a mismatch in the delivery of spectral 113 

information between the ears. In an implanted ear, spectral information is unlikely to be 114 

delivered to the cochlear site with matching characteristic frequency as the frequency-to-115 

place mapping is rarely based on the known position of the electrode array (Vaerenberg et al. 116 
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2014). Yoon et al. (2013) examined the effects of inducing a spectral mismatch between two 117 

implanted ears on speech perception in noise. NH individuals were presented with 118 

simulations of listening with two CIs, one in each ear. The implants either had identical 119 

frequency-to-place mappings (matched) or different mappings (mismatched). The perceived 120 

locations of speech and noise stimuli were varied to measure the binaural effects of 121 

summation and squelch. With the matched simulations, a significant beneficial effect of 122 

squelch was found when listening binaurally compared to listening monaurally. However, 123 

performance was impaired significantly when listening binaurally to the mismatched 124 

simulations compared to listening monaurally. It is unclear whether the lack of evidence for 125 

the binaural integration in individuals with SSD may be due, at least in part, to the presence 126 

of a spectral mismatch between their implanted ear and their normal-hearing ear. 127 

 128 

The aims of the present study were to (a) measure the capacity of listeners to integrate speech 129 

information from a normal-hearing ear and a vocoder simulation of an implanted ear; and (b) 130 

to investigate the impact of a mismatch in the delivery of spectral information between the 131 

two ears on binaural integration when listening to speech in noise. Simulations of listening 132 

with a CI in one ear and a contralateral NH ear were constructed to vary the degree to which 133 

the delivery of spectral information differed between the ears. The SNRs at the two ears were 134 

controlled independently to avoid an over-dependence on the NH ear. Based on findings from 135 

CI users with limited residual hearing, it was expected that some evidence for the ability to 136 

integrate information between the two ears would be observed, but that introducing a 137 

mismatch between the ears would disrupt integration and impair speech understanding. 138 

 139 

Materials and Methods 140 

Power calculation 141 
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A pilot study was conducted to estimate the variability in performance that would be 142 

observed on the sentence test used throughout this study. The results suggested a within-143 

subject standard deviation of around 8 percentage points. The present study was powered to 144 

detect within-subject effects of at least this size; that is, effects of 1 standard deviation or 145 

larger. To achieve a one-tailed power of 0.8 at α=0.05 required at least 8 participants (Faul et 146 

al. 2007). 147 

 148 

Participants 149 

Eight NH paid volunteers (age range 20-26 years, 3 males) participated in the main 150 

experiment and twelve (age range 18-29 years, 4 males) participated in an additional 151 

experiment. All were native speakers of British English and reported no impairments in their 152 

hearing or general health. Participants gave written informed consent and the study was 153 

approved by the ethics committee of the School of Psychology, University of Nottingham. 154 

 155 

Stimuli 156 

Sentences were selected from a British English recording of the Coordinate Response 157 

Measure (CRM) corpus (Kitterick et al. 2010). CRM sentences consist of a call sign and a 158 

colour-number co-ordinate embedded within a carrier phrase (Moore 1981). An example 159 

sentence is “Ready BARON go to GREEN FIVE now”. The sentences were constructed from 160 

the factorial combination of eight call-signs (“Arrow”, “Baron”, “Charlie”, “Eagle”, 161 

“Hopper”, “Laker”, “Ringo”, “Tiger”), four colours (red, white, blue, green) and the numbers 162 

from 1 to 8 to create a corpus of 256 sentences. The sentences were spoken by a single male 163 

talker with an average duration of 2.6 s and were recorded at a sample rate of 44.1 kHz with 164 

16 bits of quantization. 165 

 166 
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A speech-shaped noise was derived from the long-term average spectrum of the 256 167 

sentences spoken by the same male talker. The average spectrum was estimated from the 168 

sentence materials using 4096-sample (93-ms) Hann windows with an overlap of 50%. The 169 

noise was generated by summing sine waves with random phase at 0.5-Hz intervals whose 170 

amplitude was determined from the estimated spectrum by linear interpretation. 171 

 172 

Signal Processing 173 

The signals presented to each ear were either unprocessed or processed to approximate the 174 

spectral and temporal information conveyed by a CI1. The processing scheme comprised 6 175 

steps: (1) The input signal was split into 8 adjacent spectral channels using zero-phase sixth-176 

order Elliptic band-pass filters (‘analysis’ filters); (2) The temporal envelope in each channel 177 

was extracted by half-wave rectification and low-pass filtering at 160 Hz using a zero-phase 178 

second-order Elliptic filter; (3) The temporal envelope in each channel was used to modulate 179 

an independent sample of white noise of identical length to the input signal; (4) The resulting 180 

modulated noise in each channel was band-pass filtered using a zero-phase sixth-order 181 

Elliptic filter (‘output’ filter); (5) The root-mean-square (RMS) of the modulated and filtered 182 

noise in each channel was adjusted to match the RMS of the input signal for that channel 183 

obtained from the band-pass filtering in step 1; (6) The 8 modulated noises were summed to 184 

create the processed stimulus. 185 

 186 

Table 1 lists the lower and upper edges of the analysis and output filters used to create the 187 

processed stimuli. The edge frequencies represent the 6-dB down points of each filter. The 188 

analysis filters were fixed regardless of the processing strategy and were selected to mimic 189 

                                                      
1 The simulation replaces informative temporal fine structure (TFS) (Moore 2008) with uninformative TFS 

while largely preserving the temporal envelope; i.e. the slow changes in a stimulus’ amplitude over time (Eaves 

et al. 2011). Additionally, the simulation also provides 8 channels of spectral information which represents the 

approximate number of functional channels provided by a cochlear implant (Niparko 2009). 
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the default analysis filters of the CI systems produced by Cochlear Ltd (Sydney, New South 190 

Wales, Australia). The output filters were varied to create three distinct processing strategies: 191 

Ideal, Realistic, and Shifted. 192 

 193 

For the Ideal strategy, the output filters were identical to the analysis filters. This strategy 194 

aligned the center frequency of each channel and the characteristic frequency of the place in 195 

the cochlea to which the channel information was delivered. It should be noted that the Ideal 196 

strategy as described here does not represent a strategy that is achievable in practice in CI 197 

users as it would require both a longer active electrode array length than is currently available 198 

and a deeper insertion than is typically desirable to avoid trauma to the cochlea. In the 199 

context of this study, Ideal refers to the theoretical ability to deliver spectral information over 200 

a wide range of frequencies to sites in the cochlea with similar characteristic frequencies. As 201 

such, the strategy ensured that the delivery of spectral information was matched between the 202 

NH and CI-simulation ears. 203 

 204 

For the Realistic processing strategy, the output filters were adjusted to simulate a degree of 205 

misalignment in the mapping of frequency to cochlear place that could be expected to arise 206 

through the implantation of a commercially-available electrode array. The length of the 207 

simulated electrode array2 was based on the 17-mm active length of the Nucleus CI24RE(ST) 208 

implant (Cochlear Ltd, New South Wales, Australia). The positions of the eight adjacent 209 

output filters were also chosen to simulate an insertion depth of 23 mm from the basal end, 210 

approximating the median depth reported by surgeons for Nucleus implant systems (Yukawa 211 

et al. 2004). It also corresponds to a basal shift of 3 mm from a position mid-way along a 212 

                                                      
2 The ‘length’ of the simulated array corresponded to the distance between the lower edge of the most apical 

filter and the upper edge of the most basal filter in millimetres on the basilar membrane according to 

Greenwood’s function (Greenwood 1990). 
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typical 35-mm basilar membrane which has been found to be sufficient to hinder binaural 213 

integration (Yoon et al. 2013). Thus, the Realistic strategy created a mismatch in the delivery 214 

of spectral information between the ears where the extent of the mismatch varied across 215 

frequency. 216 

 217 

The Realistic processing strategy has two notable features when compared the Ideal strategy. 218 

First, the active length of the simulated array corresponds to a shorter (17 mm vs 23.1 mm) 219 

and more basal portion of the basilar membrane, effectively compressing and reducing the 220 

resolution of the available spectral information3. Second, the center frequencies of the 221 

analysis filters do not match those of the output filters, resulting in a misalignment between 222 

the frequency of the incoming information and the characteristic frequency of the cochlear 223 

place to which it is delivered. Any differences in performance observed between conditions 224 

using the Realistic and Ideal processing strategies could be attributed to either one or both of 225 

these differences. A third processing strategy was therefore included (Shifted) that introduced 226 

a consistent misalignment in the mapping of frequency to place on the basilar membrane (3 227 

mm) across all channels but which preserved the active length of the simulated electrode 228 

array compared to the Ideal condition. As a result, the Shifted strategy created a mismatch in 229 

the delivery of spectral information between the ears where the extent of the mismatch was 230 

similar across frequencies. The center frequencies and boundaries of the output filters for the 231 

three processing strategies are displayed in Figure 1. 232 

 233 

Procedure 234 

                                                      
3 Imposing a constant basal shift of 3 mm on all channels has the effect of presenting spectral information to 

sites in the cochlea with a higher corresponding characteristic frequency and broader auditory filter width while 

maintaining the channel separation. As a result, spectral information which may have previously fallen into 

separate auditory filters may now fall within a single auditory filter, effectively reducing spectral resolution. 
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Stimuli were generated digitally using MATLAB (Mathworks, NA, USA) and transmitted via 235 

a digital sound card (M-Audio, Rhode Island, USA) to a custom 24-bit digital-to-analog 236 

converter and headphone amplifier. Stimuli were presented over HD 600 headphones 237 

(Sennheiser, Wedemark, Germany). The digital levels of the sentences and the speech-shaped 238 

noise were calibrated to achieve a presentation level at the ear of 65 dB A-weighted Sound 239 

Pressure Level (SPL) when either was presented in isolation. Calibration was performed 240 

using an artificial ear (Brüel & Kjær Type 4153) fitted with a flat-plate adaptor and a 0.5-in 241 

pressure field microphone (Brüel & Kjær Type 4192) connected to a sound level meter (Brüel 242 

& Kjær Type 2260). 243 

 244 

On each trial, a CRM sentence was selected randomly from the corpus of 256 sentences. A 245 

segment of speech-shaped noise was generated so that its onset preceded that of the sentence 246 

by 1.25 s and continued for 0.25 s after the sentence had finished. The onset and offset of the 247 

noise were shaped in using 0.25-s raised cosine amplitude transitions. The levels of the 248 

sentence and the noise were then adjusted to achieve the desired signal-to-noise ratio (SNR); 249 

the noise was attenuated to achieve positive SNRs and the speech was attenuated to achieve 250 

negative SNRs. Using this approach, the overall level of the combined stimulus was 251 

constrained to vary between 65–67 dB(A) SPL. Any further processing of the stimulus was 252 

dictated by the ear to which it was to be presented. Stimuli presented to the left ear of 253 

participants received no further processing. We will refer to the left ear as the NH ear. Stimuli 254 

presented to the right ear of participants were processed to simulate the information provided 255 

by a CI using one of the three processing strategies. We will refer to the right ear as the CI-256 

simulation ear. 257 

 258 
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Stimuli were presented while participants were seated in a double-walled sound-isolated 259 

booth. Their task was to report the call-sign, colour, and number key words in each sentence. 260 

The eight call-signs, four colours, and eight numbers were presented on a computer-261 

controlled visual display. Participants indicated their response by selecting a single key word 262 

from each category using a computer mouse. A response was considered correct only when 263 

all three categories of key words were reported accurately. 264 

 265 

In order to assess the extent to which listeners could integrate information from the two ears, 266 

it was first necessary to establish SNRs that produced known monaural performance levels 267 

for the NH and CI-simulation ears alone. These SNRs were established by estimating the 268 

monaural speech-reception thresholds (SRTs) in each ear using an adaptive procedure (Levitt 269 

1971). The SNR on the first trial of each procedure was set to a value which pilot testing 270 

indicated was likely to produce an incorrect response (-14 dB for the NH ear; -10 dB for the 271 

CI-simulation ear). The same sentence was then presented repeatedly while the SNR was 272 

increased in 2-dB steps until all three key words were identified correctly. A further 24 273 

sentences were presented with the SNR on each trial determined by the accuracy of the 274 

previous response: the SNR was decreased by 2 dB following a correct response and 275 

increased by 2 dB following an incorrect response. The SRT was estimated by calculating the 276 

average of all SNRs at which the direction of change in SNR was reversed. The SRT was 277 

measured twice for each ear and the average was used to determine the SNR at which a 278 

participant could accurately report all three key words in 50% of sentences using the NH ear 279 

or the CI-simulation ear alone. We will refer to these SNRs as NH50 and CI50, respectively. 280 

 281 

The SNR at which a participant could accurately report all three key words in 71% of 282 

sentences using the CI-simulation ear alone was also estimated. The adaptive procedure was 283 
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similar to that described previously except that correct responses were required on two 284 

sequential trials to reduce the SNR by 2dB. We will refer to the SNR corresponding to 71% 285 

correct as CI71. These monaural SNRs were subsequently used to control the level of 286 

accuracy attainable on a fixed-SNR version of the sentence test when using either ear alone. 287 

 288 

The listening tests were administered across two sessions that were completed on different 289 

days. In the first session, stimuli presented to the CI-simulation ear were processed according 290 

to the Ideal strategy. In the second session, participants completed the same set of monaural 291 

and binaural conditions but when stimuli in the CI-simulation ear were processed according 292 

to the Realistic strategy (main experiment) or the Shifted strategy (additional experiment). 293 

Monaural SRTs were measured at the start of each session and were used to determine the 294 

SNRs with which to construct the monaural and binaural fixed-SNR test conditions that 295 

followed. Monaural test conditions were included for two reasons: (1) to confirm that 296 

monaural performance was close to the level pre-determined by the SRT, e.g. stimuli 297 

presented to the NH ear at NH50 were expected to produce an accuracy of 50% correct on 298 

average; (2) to provide monaural comparators to the binaural test conditions which were 299 

measured under the same experimental conditions. In the binaural test conditions, the SNR at 300 

the NH ear was fixed at NH50 while the SNR at the CI-simulation ear either supported 301 

superior monaural performance compared to the NH ear (CI71) or supported similar 302 

performance (CI50). 303 

 304 

A total of 50 trials were presented in each monaural and binaural condition. Pilot testing 305 

suggested that presenting trials in blocks of 10 trials or fewer minimized differential learning 306 

effects across the conditions. Accordingly, the 50 trials in each condition were presented in 5 307 

blocks of 10 trials. The order of blocks was randomized with the constraint that two blocks 308 
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from the same condition could not be presented sequentially. Performance in each individual 309 

condition was measured as the percentage of trials on which all three key words were 310 

reported correctly. 311 

 312 

Binaural integration advantages were calculated as the difference in performance between 313 

binaural conditions and those monaural conditions in which listeners only had access to the 314 

CI-simulation ear. When measured in this way, an improvement in performance under 315 

binaural conditions represented a benefit from the addition of the NH ear. Any such 316 

improvements were therefore attributed to integration rather than better-ear listening as the 317 

NH ear was constrained experimentally to provide levels of monaural performance that did 318 

not exceed the CI-simulation ear and provided a copy of the speech information at a less 319 

favourable SNR. Thus, binaural integration advantages represented benefits that were not 320 

achievable simply by listening using the better ear only, whether defined based on monaural 321 

performance or SNR. 322 

 323 

Training 324 

Before estimating the SRT in the NH ear, participants completed a block of 15 trials at an 325 

SNR of 3 dB and a block of 15 trials at an SNR of -6 dB. Before estimating SRTs in the CI-326 

simulation ear, three training blocks of 15 trials were completed in which the SNR was 327 

progressively made more adverse (speech-alone, 9 dB SNR, 0 dB SNR). Before completing 328 

the monaural and binaural conditions, participants completed a block of 15 trials in each 329 

binaural condition. 330 

 331 

Results 332 

Speech-Reception Thresholds 333 
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Figure 2 shows the mean and individual SRTs measured in the NH ear and in the CI-334 

simulation ear for the Ideal and Realistic processing strategies in the main experiment. With 335 

the NH ear alone, participants achieved an accuracy of 50% correct at an SNR of -10.1 dB 336 

(95% confidence interval -10.8 to -9.3). The mean threshold for the NH ear alone was 337 

significantly lower (better) than the lowest CI-simulation ear SRT (CI50 Ideal, mean 338 

difference 5.5 dB, 95% conf. int. 4.6 to 6.5) [t(7)=13.8, p<.001]. This disparity between the 339 

NH and CI-simulation ears reflected the limitations of the CI simulations in conveying useful 340 

aspects of signals that aid the perception of speech in noise such as temporal fine structure 341 

(Moore 2008) and high-rate modulations in the temporal envelope (Stone et al. 2008). 342 

 343 

With the CI-simulation ear alone, SRTs appeared to vary as a function of both difficulty 344 

(50% vs 71%) and processing strategy. The SNR required to achieve an accuracy of 50% 345 

correct was similar for the Ideal (mean -4.6 dB, 95% conf. int. -5.7 to -3.4) and Realistic 346 

(mean -3.8 dB, 95% conf. int. -5.5 to -2.1) processing strategies. The SNR required to reach 347 

71% correct was numerically lower (better) for the Ideal strategy (mean -2.2 dB, 95% conf. 348 

int. -3.0 to -1.3) than for the Realistic strategy (mean -0.4 dB, 95% conf. int. -1.9 to 1.2). 349 

 350 

A repeated measures ANOVA on the CI-simulation ear SRTs confirmed a significant effect 351 

of accuracy level (50% vs 71%) [F(1,7)=164.1, p<.001] and a significant interaction between 352 

accuracy level and processing strategy (Ideal vs Realistic) [F(1,7)=6.4, p<.05]. The main 353 

effect of processing strategy was not significant [F(1,7)=4.5, p=.07]. Post-hoc comparisons 354 

on the interaction confirmed that strategy affected CI71 SRTs [t(7)=2.8, p<.05] but not CI50 355 

SRTs [t(7)=1.2, p>.05]. Participants therefore appeared to be less tolerant of noise when 356 

listening to the Realistic simulation compared to the Ideal simulation when also required to 357 

report what was said to a high degree of accuracy. This suggestion was supported by the 358 
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presence of a steeper underlying psychometric function for the Realistic strategy (7.7% 359 

correct per dB SNR) compared to the Ideal strategy (4.1% correct per dB SNR) estimated by 360 

fitting a 3-parameter sigmoidal function to the data extracted from the CI71 adaptive runs 361 

(Figure 3). 362 

 363 

The SRTs corresponding to 50% correct in the additional experiment were similar to those 364 

from the main experiment in both the NH ear (mean -9.5 dB, 95% conf. int. -10.6 to -8.4) and 365 

in the CI-simulation ear (Ideal mean -3.9 dB, 95% conf. int. -5.6 to -2.1; Shifted mean -4.2, 366 

95% conf. int. -6.2 to -2.2). Unlike the main experiment, however, 71% SRTs were similar 367 

for both processing strategies (Ideal mean -1.1 dB, 95% conf. int. -2.8 to 0.7; Shifted mean -368 

1.0, 95% conf. int. -2.7 to 0.8) and were not influenced by processing strategy [t(11)=-0.13, 369 

p>.05]. 370 

 371 

Monaural Performance 372 

Monaural performance was measured as the percentage of sentences on which all three key 373 

words were reported correctly and is listed in the left panel of Table 2. Performance levels 374 

with the NH ear at NH50 and with the CI-simulation ear at CI50 were numerically close to 375 

and not significantly different from an accuracy of 50% correct in both sessions and across 376 

both experiments. This finding also held for performance with the CI-simulation ear at CI71 377 

which was numerically close to and not significantly different from the estimated level of 378 

71%. As expected, performance levels were close to but not numerically identical to the 379 

levels estimated by the adaptive procedures but left room for improvement in the binaural 380 

conditions. 381 

 382 

Binaural Performance 383 
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Performance in the binaural conditions is listed in the right panel of Table 2. Binaural 384 

performance levels were always similar to or significantly better than the associated monaural 385 

conditions using either the NH or the CI-simulation ear. Binaural integration advantages are 386 

listed in Table 3 and shown in Figure 4, and were assessed relative to the CI-simulation ear 387 

alone in the CI50 and CI71 conditions. Advantages calculated in this way reflected the 388 

benefits arising from the additional use of the NH ear that always had a more adverse SNR 389 

and whose monaural performance was constrained not to exceed that of the CI-simulation 390 

ear. Evidence of a significant binaural integration advantage was found when the CI-391 

simulation ear supported a similar level of performance (CI50) for both the Ideal strategy 392 

[t(7)=3.4, p<.05] and the Realistic strategy [t(7)=4.1, p<.01]. However, when the CI-393 

simulation ear supported a superior level of performance (CI71) a binaural integration 394 

advantage was apparent only for the Ideal strategy [t(7)=3.1, p<.05] and not for the Realistic 395 

strategy [t(7)=1.0, p=.34]. 396 

 397 

The additional experiment examined whether this difference between Realistic and Ideal 398 

strategies was a particular result of combining frequency shifting and compression rather than 399 

of either effect alone by shifting the center frequency of each Ideal output filter basally by 3 400 

mm (Shifted processing). The evidence for binaural integration advantages was similar to the 401 

main experiment (Table 3 and Figure 4). Significant binaural integration advantages were 402 

observed when the CI-simulation ear supported a similar level of monaural performance 403 

(CI50) both for the Ideal [t(11)=7.4, p<.001] and Shifted [t(11)=4.5, p<.001] processing 404 

strategies. When the CI-simulation ear supported a superior level of monaural performance 405 

(CI71), the pattern of results was similar to the main experiment in that binaural integration 406 

was apparent when the delivery of spectral information was matched between the ears [Ideal 407 
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strategy, t(11)=5.1, p<.001] but not when a mismatch between the ears was introduced 408 

[Shifted strategy, t(11)=1.8, p>.05]. 409 

 410 

To confirm that listeners could engage in better-ear listening and to assess whether better-ear 411 

benefits were also disrupted by a mismatch between the ears, binaural performance was also 412 

compared to monaural performance levels when using the NH ear alone. Measured in this 413 

way, any advantage derived from the additional use of the CI-simulation ear could be 414 

attributable to the fact that the second ear always provided a copy of the speech at a more 415 

favourable SNR and therefore were interpreted not as evidence for better-ear effects rather 416 

than integration. These ‘better-ear advantages’ were found for both the Ideal and Realistic 417 

strategies when the CI-simulation ear supported a similar level of monaural performance 418 

(CI50) and a superior level of monaural performance (CI71) compared to the NH ear (Table 4 419 

and Figure 5). 420 

 421 

A repeated measures ANOVA on the better-ear advantages in the main experiment confirmed 422 

a main effect of CI-simulation ear SNR (CI50 vs CI71) [F(1,7)=13.5, p<.01] but found no 423 

effect of strategy (Ideal vs Realistic) [F(1,7)=.08, p=.79] and no interaction [F(1,7)=1.4, 424 

p=.23]. A similar result was found in the additional experiment with a significant main effect 425 

of CI-simulation ear SNR [F(1,11)=17.6, p<.001] but not effect of strategy [F(1,11)=2.9, 426 

p=.12] and no interaction [F(1,11)=.24, p=.64]. Thus, the additional use of the CI-simulation 427 

ear improved speech perception by providing access to a copy of the speech signal at a more 428 

favourable SNR than in the NH ear, and these better-ear effects did not appear to be disrupted 429 

by a mismatch in the delivery of spectral information between the two ears. 430 

 431 

Discussion 432 



17 

This study measured the capacity of listeners to integrate information from a NH ear with 433 

information from the contralateral ear that had been degraded spectrally and temporally to 434 

simulate a CI. The study also assessed whether this binaural integration may be disrupted by 435 

a mismatch in the delivery of spectral information between the ears arising from a 436 

misalignment in the mapping of frequency to place in the CI-simulation ear. The results 437 

suggested that in the absence of a mismatch, benefits to speech understanding in noise from 438 

binaural integration could be achieved both when two ears supported a similar level of 439 

monaural performance (NH50-CI50) and when the CI-simulation ear supported a superior 440 

level of monaural performance (NH50-CI71). A mismatch in the delivery of spectral 441 

information between the ears only appeared to disrupt binaural integration in the latter 442 

situation; i.e. when the CI-simulation ear supported a superior level of performance on its 443 

own compared to the NH ear. 444 

 445 

Performance across the binaural conditions was found to be either as accurate as or 446 

significantly more accurate than performance when using either the CI-simulation ear or the 447 

NH ear alone. This observation has also been made previously in evaluations of patients with 448 

a unilateral deafness following implantation. Aside from providing benefit by overcoming the 449 

head-shadow effect, Arndt et al. (2011) found that using the CI ear did not impair SRTs even 450 

when the SNR was less-favourable at the implanted ear. Although the results of that study did 451 

not provide direct evidence for binaural integration, use of the CI did reduce self-reported 452 

listening difficulty in many everyday situations. Other studies have noted a numerical 453 

improvement (Jacob et al. 2011) or degradation (Vermeire and Van de Heyning 2009) in 454 

SRTs associated with CI use when the SNR is similar or worse than that at the NH ear but 455 

none has reported a significant change in either direction under such listening conditions. The 456 

evidence from those early observational studies and from the present experiments therefore 457 
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suggests that the provision of two-eared hearing in unilateral deafness can be beneficial to 458 

speech perception in noise and does not appear to interfere with speech perception even if 459 

signals from the two ears cannot be integrated. 460 

 461 

Evidence of binaural integration was observed when the two ears supported a similar level of 462 

performance (NH50-CI50). Benefit from integration persisted under these conditions even 463 

when a mismatch was induced using either the Realistic or Shifted processing strategies, 464 

unlike the integration benefit observed in the NH50-CI71 condition. The magnitude of the 465 

average binaural integration benefit appeared to be larger when the difference in monaural 466 

performance was smaller (compare CI50 and CI71 in Figure 4) despite the absence of ceiling 467 

effects (Table 2). A relationship between binaural benefit and inter-aural functional 468 

asymmetry has been observed in CI users with limited residual hearing in whom greater 469 

benefit from listening binaurally was associated with a smaller difference between the 470 

monaural speech perception of their implanted and non-implanted ears (Yoon et al. 2015). 471 

While the size of the average binaural integration benefit in the current study was numerically 472 

larger in the NH50-CI50 condition compared to the NH50-CI71 condition, the difference was 473 

not statistically significant both in the main experiment [F(1,7)=3.6, p>.05] and the additional 474 

experiment [F(1,11)=4.1, p>.05]. A post-hoc power calculation4 suggested that both 475 

experiments in the current study had sufficient power to detect effects of this size (main 476 

experiment: partial 2=.34, achieved power 93%; additional experiment: partial 2=.27, 477 

achieved power 97%). Therefore, if generalizable to unilaterally-deaf CI users, the results of 478 

the current study would suggest that the size of the benefit from binaural integration does not 479 

                                                      
4 The post-hoc power calculations determined whether the two experiments had sufficient power to detect a 

difference in the size of the binaural integration benefit between the NH50-CI50 and NH50-CI71 conditions. To 

determine the effect size, the binaural integration advantages (see Figure 4) were subjected to an ANOVA with 

within-subject factors of condition (NH50-CI50 vs NH50-CI71) and processing strategy (main experiment: 

Ideal vs Realistic; additional experiment: Ideal vs Shifted). The post-hoc power calculation was based on the 

observed size of the main effect of condition and performed using the G*Power software (Faul et al. 2007).” 
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depend on the degree of asymmetry in the monaural function of their two ears. However, the 480 

differential effects of introducing a mismatch in the NH50-CI50 and NH50-CI71 conditions 481 

suggests that integration may be more robust and less sensitive to a mismatch where the 482 

monaural performance of the two ears is similar. 483 

 484 

One possible explanation for the lack of binaural integration in the NH50-CI71 condition 485 

when a mismatch between the ears was introduced is that integration was limited by ceiling 486 

effects. However, monaural performance in the CI-simulation ear at this SNR (CI71) was 487 

similar with and without a mismatch (Table 2, CI71), and binaural integration was observed 488 

when a mismatch was not present (Table 3, CI71 Ideal). Alternatively, it may be argued that 489 

binaural integration is not possible when information is spectrally misaligned between the 490 

ears. However, evidence for binaural integration was observed in the presence of a mismatch 491 

in the NH50-CI50 condition despite the available information in the CI-simulation ear being 492 

more degraded (i.e. presented at a less-favourable SNR) compared to the NH50-CI71 493 

condition. 494 

 495 

Another possible explanation for the absence of evidence for integration in the NH50-CI71 496 

condition when a mismatch was present is simply that there was an additional cost, perhaps in 497 

terms of processing load or perceived effort, in integrating spectrally-mismatched 498 

information binaurally. Listeners may therefore have adopted a ‘better ear’ listening strategy 499 

in the NH50-CI71 condition as, unlike the NH50-CI50 condition, an improvement in 500 

performance over the NH ear alone could be achieved by simply attending to the CI-501 

simulation ear, which supported more accurate performance when listening monaurally. 502 

 503 
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If the lack of binaural integration advantage in the mismatched NH50-CI71 condition 504 

reflected an inability to integrate, that effect could be attributed to one of two features of the 505 

Realistic processing strategy which gave rise to the mismatch, namely: (1) the delivery of 506 

spectral information to sites in the cochlea with a higher characteristic frequency resulting 507 

from the simulation of a plausible insertion depth (frequency shift); and (2) the delivery of a 508 

wide range of spectral information to a neural population with a smaller frequency range 509 

reflecting both the active length of contemporary CI electrode arrays and the wide input 510 

frequency range of speech processors applied by default (frequency compression). The 511 

additional experiment which induced a mismatch between the ears by misaligning the input 512 

and output filters in the CI-simulation ear while maintaining the simulated active length 513 

(Shifted processing, Table 1) produced a similar pattern of effects (Tables 2 and 3, Figure 4) 514 

and confirmed that binaural integration can also be disrupted through a mismatch induced 515 

through frequency shifts in the absence of frequency compression. If the results of these 516 

simulations can be extrapolated to CI users, they would suggest that even if the input 517 

frequency range of a CI is adjusted to approximate the extent of characteristic frequencies 518 

within the nerve population being stimulated, difficulties with binaural integration may still 519 

persist unless each electrode delivers information at or close to the characteristic frequencies 520 

of the nerves it stimulates. 521 

 522 

While the present methodology controlled for monaural performance when assessing binaural 523 

benefit in different processing conditions, the SNR that was necessary to achieve the 524 

specified monaural performance level was free to vary with processing strategy. Listeners 525 

required a more-favourable SNR to reach 71% correct using the CI-simulation ear alone with 526 

the Realistic strategy than with the Ideal strategy (right-hand side of Figure 2). The selective 527 

disruption of binaural integration in the NH50-CI71 condition when a mismatch was 528 
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introduced could therefore be attributed to a change in SNR in the CI-simulation ear rather 529 

than to an effect of processing strategy. However, the results of the additional experiment did 530 

not support this hypothesis. Speech reception thresholds for the monaural CI71 condition 531 

were similar regardless of processing strategy (Shifted mean -1.0 dB, 95% conf. int. -2.7 to 532 

0.8; Ideal mean -1.1, 95% conf. int. -2.8 to 0.7), but binaural integration was still observed to 533 

be disrupted selectively by the presence of a mismatch in the NH50-CI71 condition (right-534 

hand side of Figure 4). Taken as a whole, the results suggest that the disruption of binaural 535 

integration in both experiments may have been driven by the introduction of a mismatch in 536 

the delivery of spectral information between the ears rather than from any changes in SNR. 537 

 538 

A limitation of the current study is that it used vocoder processing to simulate the information 539 

conveyed through a CI. Simulations allow for characteristics such as the depth of insertion or 540 

frequency-to-place mapping to be manipulated experimentally in a controlled and consistent 541 

manner across participants. Vocoder simulations, such as those employed here, typically use 542 

broad analysis and output filters to approximate the fact that many implant users have poor 543 

frequency resolution equivalent to about eight channels of spectral information (Niparko 544 

2009). However, vocoder simulations are still presented to NH ears and therefore do not 545 

accurately simulate features of electrical stimulation such as a wide spread of excitation or 546 

the stimulation of cochlear sites located on the opposite side of the modiolus (‘cross-turn’ 547 

stimulation) (Cohen et al. 2003). 548 

 549 

A further limitation of using vocoder simulations is that, even after extensive training, NH 550 

listeners are unlikely to achieve the level of adaptation and learning exhibited by CI users 551 

after months and years of implant use. For example, unilaterally-deaf CI users may be able to 552 

gradually adapt to timing differences between electric and acoustic information that can 553 
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otherwise inhibit binaural fusion (Aronoff et al. 2015). Long-term follow up of unilaterally-554 

deaf CI users have also demonstrated that the head shadow effect and the binaural benefits of 555 

summation and squelch continue to increase in size 12 and 18 months after implantation 556 

(Gartrell et al. 2014). If the results of the current simulation study can be generalized to CI 557 

users, it is likely that they may therefore underestimate the capacity of unilaterally-deaf CI 558 

users to integrate speech information binaurally. 559 

 560 

It is also possible that the current results overstate the effects of a mismatch in the delivery of 561 

spectral information between the ears on binaural integration. While studies have found that 562 

normal hearing listeners do adapt to spectrally-shifted speech after relatively short-term 563 

exposure (Fu et al. 2005; Rosen et al. 1999), studies using pitch-matching techniques with CI 564 

users suggest that adaptation to misalignments between frequency and cochlear place may 565 

take an extended period of time and reflect considerable plasticity in the cortical processing 566 

of electric information (Reiss et al. 2008). Studies of unilaterally-deaf CI users also suggest 567 

that the nature and degree of the frequency-to-place misalignment that gives rise to the 568 

mismatch between the ears can be difficult to predict based on cochlear place alone, as 569 

assumed in the current study. While some studies have observed pitch percepts that are 570 

compatible with cochlear place maps (Carlyon et al. 2010), others have observed pitches that 571 

were lower than predicted (Dorman et al. 2007). The degree of adaptation over time may also 572 

depend on the size of the misalignment. Vermeire et al. (2015) examined changes in the 573 

acoustically-matched pitch of electrodes over time in five unilaterally-deaf CI users. 574 

Numerical changes in the perceived pitch of electrodes were observed 12 months after 575 

implantation but were not statistically significant. The authors suggested that this apparent 576 

lack of adaptation may be attributable to the fact that misalignment was minimised initially 577 

due to the use of longer electrode arrays. The limited number of studies that have 578 
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characterised the perceived pitch of electrodes in unilaterally-deaf CI users means that it is 579 

difficult to make assumptions about the size and time-course of any changes in the perceived 580 

pitch of electrical stimulation, or what their effect may be on electro-acoustic integration. 581 

 582 

If a mismatch in the delivery of spectral information between the ears does disrupt binaural 583 

integration in these patients, it is unclear whether it would be feasible and practical to allocate 584 

frequencies in the CI to reduce mismatch and aid binaural integration. The depth to which 585 

electrode arrays are inserted varies considerably across patients (Finley et al. 2008) and has 586 

been found to vary across cohorts of patients recruited at different implant centers even when 587 

the same electrode array had been used (Landsberger et al. 2015). As a result, a frequency-to-588 

place misalignment would be expected to occur in many patients if a non-individualized 589 

frequency-to-electrode allocation is used. Those CI users with deeper insertions and for 590 

which there is likely to be a larger misalignment have been found to have poorer outcomes, 591 

particularly when measured as the ability to understand sentences in noise (Yukawa et al. 592 

2004). The likelihood of creating a misalignment could be reduced, at least in part, from the 593 

pre-operative selection of electrode array length based on cochlear imaging (Venail et al. 594 

2015). Post-operatively, individualized frequency-to-electrode allocations could possibly be 595 

derived from computerized tomography imaging (Noble et al. 2014) and informed by pitch 596 

matching tasks (Carlyon et al. 2010; Schatzer et al. 2014; Vermeire et al. 2015). However, it 597 

is as yet unclear whether these modifications to clinical practice would yield sufficient 598 

benefits to justify the additional time and resources required to implement them. 599 

 600 

In summary, the present experiments with NH listeners suggest that unilaterally-deaf 601 

individuals who use a CI may have the capacity to integrate information from their implanted 602 

and normal-hearing ears, but that such binaural integration may be disrupted by a mismatch 603 
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in the delivery of spectral information between the ears arising from a frequency-to-place 604 

misalignment in their implanted ear. The lack of integration benefits observed in previous 605 

clinical studies may therefore be explained in part by the fact that the process of mapping 606 

input frequencies to electrodes in those studies did not account for the position of the 607 

electrode array within the cochlea. Perhaps encouragingly, the present simulation 608 

experiments suggest that integration may not be disrupted by a mismatch in all 609 

circumstances. Integration was found to be resistant to disruption when the SNR at the two 610 

ears differed by approximately 5-6 dB (NH50-CI50 condition). An inter-aural difference of 611 

this magnitude can plausibly be created in everyday situations by the acoustic shadow cast by 612 

the head across a wide range of frequencies (Moore 2003). 613 

 614 

Integration benefits in unilaterally deaf CI users can be difficult to measure using free-field 615 

presentation due to the large difference in the working SNR of their normal-hearing and 616 

implanted ears. The present experimental paradigm, which controls for individual differences 617 

in monaural speech understanding in each ear, could be a useful tool for assessing binaural 618 

integration in future studies that seek to evaluate outcomes in unilaterally-deaf patients 619 

following implantation. 620 
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Figure Captions 749 

Figure 1: Graphical representation of the center frequencies (horizontal lines) and extent 750 

(vertical lines) of the output filters for the three processing strategies in terms of characteristic 751 

frequency (left panel) and insertion depth measured relative to the basal end of the basilar 752 

membrane (right panel). 753 

Figure 2: Mean (bars) and individual (symbols) speech-reception thresholds for the NH ear 754 

alone at 50% correct (NH50), the CI-simulation ear alone at 50% correct (CI50), and the CI-755 

simulation ear alone at 71% correct (CI71) in the main experiment. Thresholds for the CI-756 

simulation ear alone are shown for the Ideal (light grey bars) and Realistic (white bars) 757 

processing strategies. Error bars indicate 95% confidence intervals and standard deviations 758 

are shown above the graph. 759 

Figure 3: Psychometric functions showing the percentage of sentences for which all three 760 

key words were reported correctly as a function of SNR for the Ideal (solid grey line) and 761 

Realistic (solid black line) processing strategies. Data are extracted from the adaptive runs in 762 

the main experiment that estimated the Ideal (grey symbols) and Realistic (white symbols) 763 

CI71 thresholds. 764 

Figure 4: Mean binaural integration advantages for the Ideal (grey bars), Realistic (white 765 

bars), and Shifted (striped bars) processing strategies in the main experiment (left panel) and 766 

in the additional experiment (right panel). Binaural integration advantages were calculated as 767 

the change in the percentage of sentences recalled correctly when listening binaurally relative 768 

to listening monaurally using the CI-simulation ear alone (right panel). Error bars indicate 769 

95% confidence intervals. 770 

Figure 5: Mean better-ear advantages for the Ideal (grey bars), Realistic (white bars), and 771 

Shifted (striped bars) processing strategies in the main experiment (left panel) and additional 772 

experiment (right panel). Better-ear advantages were calculated as the change in the 773 
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percentage of sentences recalled correctly when listening binaurally relative to listening 774 

monaurally using the NH ear alone. Error bars indicate 95% confidence intervals. 775 
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Table 1: Lower and upper edge frequencies in Hz and in millimetres of insertion depth for the eight analysis and output filters used to construct 

the processing strategies that were applied to stimuli presented to the CI-simulation ear. Insertion depth is measured relative to the basal end of 

the basilar membrane. The analysis filters were identical across all conditions. The output filters were configured to either have centre 

frequencies that were identical to the analysis filters (Ideal) or centre frequencies which reflected a plausible positioning of a physical electrode 

array in the cochlea (Realistic). A third processing strategy (Shifted) was included in an additional experiment to isolate the effect of shifting 

information to higher-frequency region of the cochlea. 

  Channel  

   1 2 3 4 5 6 7 8  

Analysis  187.5 437.5 687.5 1062.5 1562.5 2312.5 3437.5 5187.5 7937.5 

Output           

Ideal Hz 187.5 437.5 687.5 1062.5 1562.5 2312.5 3437.5 5187.5 7937.5 

 mm 29.9 25.9 23.3 20.6 18.1 15.5 12.7 9.9 6.8 

Realistic Hz 722.5 1018.7 1415.9 1948.7 2663.3 3621.8 4907.3 6631.4 8943.9 

 mm 23.0 20.9 18.7 16.6 14.5 12.4 10.2 8.1 6.0 

Shifted Hz 358.5 736.9 1115.3 1682.9 2439.7 3574.9 5277.6 7926.3 12088.6 

 mm 26.9 22.9 20.3 17.6 15.1 12.5 9.7 6.9 3.8 

Tables 1-4



Table 2: Summary of performance levels in the monaural and binaural listening conditions constructed using pre-determined signal-to-noise 

ratios (SNRs) administered across the two sessions of the main experiment (sessions 1 and 2) and of the additional experiment (sessions 3 and 

4). A single processing strategy for stimuli presented to the CI ear was used within each session. Performance is expressed in terms of the 

percentage of sentences for which all three key words were correctly reported. Group means are reported with 95% confidence intervals 

specified in parentheses. NH50: SNR at which performance is 50% correct using NH ear alone; CI50: SNR at which performance is 50% correct 

using CI ear alone; CI71: SNR at which performance is 71% correct using CI ear alone. 

 Monaural conditions Binaural conditions 

NH ear NH50 – – NH50 NH50 

CI ear – CI50 CI71 CI50 CI71 

Session 1 (Ideal) 54.0 

(46.7 to 51.3) 

51.3 

(42.6 to 59.9) 

64.3 

(56.0 to 72.5) 

65.8 

(56.7 to 74.8) 

76.8 

(66.1 to 87.4) 

Session 2 (Realistic) 51.3 

(43.2 to 59.3) 

48.3 

(40.2 to 56.3) 

68.3 

(62.6 to 73.9) 

63.5 

(59.0 to 68.0) 

71.0 

(63.5 to 78.5) 

Session 3 (Ideal) 48.3 

(42.7 to 54.0) 

45.3 

(40.7 to 50.0) 

63.5 

(54.9 to 72.1) 

63.5 

(58.2 to 68.8) 

74.5 

(68.0 to 81.1) 

Session 4 (Shifted) 53.2 

(45.7 to 60.6) 

45.2 

(35.7 to 54.7) 

65.3 

(58.6 to 72.0) 

59.2 

(49.9 to 68.4) 

72.3 

(64.8 to 79.9) 



 

Table 3: Summary of the binaural integration advantages observed across the different 

processing strategies in both the main experiment (top two rows) and the additional 

experiment (bottom two rows). Binaural integration advantages compare performance under 

binaural conditions to monaural performance using the CI-simulation ear alone (left panel). 

Positive values therefore represent benefits from access to a second ear that could only 

support similar or worse levels of monaural performance at less favourable SNRs. Integration 

advantages are significant where the 95% confidence intervals for the difference (specified in 

parentheses) do not include zero. 

 SNR at CI-simulation ear 

CI ear CI50 CI71 

Ideal 14.5 

(4.5 to 24.5) 

12.5 

(3.0 to 22.0) 

Realistic 15.3 

(6.4 to 24.1) 

2.8 

(-3.6 to 9.1) 

Ideal 18.2 

(12.8 to 23.5) 

11.0 

(6.3 to 15.7) 

Shifted 14.0 

(7.1 to 20.9) 

7.0 

(-1.5 to 15.5) 

  



 

Table 4: Summary of the better-ear advantages observed across the different processing 

strategies in both the main experiment (top two rows) and the additional experiment (bottom 

two rows). Binaural advantages compare binaural performance to monaural performance 

using the NH-ear alone and therefore represent benefits attributable to better ear effects rather 

than true integration. Advantages are significant where the 95% confidence intervals for the 

difference (specified in parentheses) do not include zero. 

 SNR at CI-simulation ear 

CI ear CI50 CI71 

Ideal 11.8 

(3.2 to 20.3) 

22.8 

(13.0 to 32.5) 

Realistic 12.3 

(4.1 to 20.4) 

19.8 

(9.2 to 30.3) 

Ideal 15.2 

(9.7 to 20.6) 

26.2 

(17.9 to 34.4) 

Shifted 6.0 

(-5.7 to 17.7) 

19.2 

(6.7 to 31.7) 

 

 


