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Objective: Cochlear implant patients have difficulty in noisy environments, in 
part, because of channel interaction. Interleaving the signal by sending every 
other channel to the opposite ear has the potential to reduce channel inter-
action by increasing the space between channels in each ear. Interleaving 
still potentially provides the same amount of spectral information when the 
two ears are combined. Although this method has been successful in other 
populations such as hearing aid users, interleaving with cochlear implant 
patients has not yielded consistent benefits. This may be because perceptual 
misalignment between the two ears, and the spacing between stimulation 
locations must be taken into account before interleaving.

Design: Eight bilateral cochlear implant users were tested. After percep-
tually aligning the two ears, 12-channel maps were made that spanned 
the entire aligned portions of the array. Interleaved maps were created by 
removing every other channel from each ear. Participants’ spectral reso-
lution and localization abilities were measured with perceptually aligned 
processing strategies both with and without interleaving.

Results: There was a significant improvement in spectral resolution with 
interleaving. However, there was no significant effect of interleaving on 
localization abilities.

Conclusions: The results indicate that interleaving can improve cochlear 
implant users’ spectral resolution. However, it may be necessary to per-
ceptually align the two ears and/or use relatively large spacing between 
stimulation locations.

(Ear & Hearing 2016;37;e85–e90)

INTRODUCTION

Cochlear implant (CI) users have considerable difficulty in 
various tasks including understanding speech in noisy environ-
ments (Müller et al. 2002; van Hoesel & Tyler 2003; van Hoesel 
et al. 2008). This can result from a number of factors such as the 
lack of temporal fine structure information that results from cur-
rent speech processing techniques (e.g., Lorenzi et al. 2006) and 
channel interaction that occurs when adjacent channels stimu-
late overlapping neural populations (e.g., Fu & Nogaki 2005). 
For example, CI users are rarely able to benefit from more than 
eight channels at any given time (Friesen et al. 2001), likely 
because of channel interaction. Although this is a sufficient 
number of channels for understanding speech in quiet (Shannon 
et al. 1995), it is often insufficient for understanding speech in 
noisy environments (Fishman et al. 1997; Loizou et al. 1999; 
Friesen et al. 2001; Shannon et al. 2004), which requires bet-
ter spectral resolution than is possible with only eight channels.

One method that has been used with a number of populations 
to reduce within-ear masking either from channel interaction or 
from the spread of masking is to interleave the spectral informa-
tion across ears (Lunner et al. 1993; Loizou et al. 2003; Siciliano 
et al. 2010; Takagi et al. 2010; Tyler et al. 2010; Kulkarni et al. 
2012; Zhou & Pfingst 2012; Aronoff et al. 2014; Zhou & Xu, 
Reference Note 1). This means that the spectrum is divided into 
two interleaved groups. Half of the frequency bands are pre-
sented to one ear, and the other half are presented to the other 
ear. For diotic signals, if the left and right ear signals are sim-
ply combined centrally, this technique will provide essentially 
the same acoustic information as sending the output of all fre-
quency bands to both ears (diotic signal processing). However, 
because this technique results in greater spacing between stimu-
lation sites for each ear, there is less within-ear masking.

Interleaving the signal between the ears has been found to 
consistently improve performance with diotic signals for hearing-
impaired listeners with moderate to moderately severe bilateral 
sensorineural hearing loss (Lunner et al. 1993; Kulkarni et al. 
2012). This improvement occurs whether the stimuli are amplified 
and presented over headphones (Kulkarni et al. 2012) or presented 
via modified hearing aids (Lunner et al. 1993). Similarly, improve-
ments with interleaving have been found for normal-hearing (NH) 
listeners when hearing loss is simulated by adding noise in propor-
tion to the short-time amplitude of the signal (Kulkarni et al. 2012).

In contrast, performance with CI patients has shown either 
no consistent benefit of interleaving (Tyler et al. 2010) or a sig-
nificantly detrimental effect of interleaving (Mani et al. 2004). 
One reason why this technique may have yielded poor or incon-
sistent effects with CI users is that, although the analysis filters 
were interleaved, the relative pitch places of the corresponding 
electrodes was not controlled because stimulation locations 
were chosen based only on electrode number.

Previous research (Lin et al. 2013; Aronoff et al. 2015) 
suggests that bilateral CI users experience place-dependent 
contralateral masking (e.g., an electrode on the left array may 
preferentially mask a specific electrode on the right array). As 
a result, interleaving channels based on electrode number may 
result in one ear partially masking or interfering with the other 
ear. It may also result in the percept being spectrally distorted 
when the signal from the left and right ear are combined cen-
trally. Simulations with NH listeners suggest that using mis-
matched arrays can prevent any benefit of interleaving. Siciliano 
et al. (2010) used six-channel vocoders with alternating chan-
nels presented to opposite ears. They compared performance 
on IEEE sentences and vowel identification with this inter-
leaved condition to performance with six interleaved channels 
with one ear spectrally shifted, resulting in a mismatch or with 
only the three shifted or unshifted channels presented to one 
ear. The best performance was found with the interleaved (but 
unshifted) condition. Not only was the interleaved unilaterally 

Interleaved Processors Improve Cochlear Implant 
Patients’ Spectral Resolution

Justin M. Aronoff,1,2,3 Julia Stelmach,1 Monica Padilla,3,4 and David M. Landsberger3,4

1Department of Speech and Hearing Science, University of Illinois at Urbana-
Champaign, Champaign, Illinois, USA; 2Department of Otolaryngology – 
Head and Neck Surgery, University of Illinois at Chicago, Chicago, Illinois, 
USA; 3Communication and Neuroscience Division, House Ear Institute, 
Los Angeles, California, USA; and 4Department of Otolaryngology, New 
York University, New York, New York, USA.
Supplemental digital content is available for this article. Direct URL cita-
tions appear in the printed text and are provided in the HTML and text of 
this article on the journal’s Web site (www.ear-hearing.com).

http://www.ear-hearing.com


Copyright © 2015 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

e86  ARONOFF ET AL. / EAR & HEARING, VOL. 37, NO. 2, e85–e90

shifted condition worse, but performance on that condition was 
comparable or worse than performance on the three unshifted 
channels condition, even after 10 hr of training.

An alternative explanation for the lack of a consistent benefit 
with interleaving is that, given the broad current spread for CI 
patients, disabling every other electrode in a given ear may not 
result in sufficient spacing between stimulation sites to yield a ben-
efit for interleaving. It may be the case that channel interaction for 
nearby but not adjacent electrodes is still too large. In both the Tyler 
et al. (2010) and the Mani et al. (2004) study, stimulation sites for 
the interleaved condition were separated by only one electrode.

Optimal benefits for interleaved signal processing with CI 
listeners likely require that the interleaved stimulation sites on 
the left and right array lead to nonoverlapping pitch percepts 
and are sufficiently spaced. The goal of this study was to deter-
mine whether implementing interleaved processors with pitch-
matched stimulation sites separated by more than one electrode 
will yield a substantial and consistent benefit for CI patients.

Although interleaved processors may improve patients’ abili-
ties to listen in noisy environments, they may also distort the 
binaural cues that patients rely on for tasks such as localizing 
sounds and understanding speech that is spatially separated from 
the background noise. Interleaving has been shown to reduce 
localization performance for NH listeners (Aronoff et al. 2014). 
Although this detrimental effect was largest when localization 
was based on interaural time differences, CI listeners are gen-
erally not able to make use of interaural time differences when 
using clinical processors (Aronoff et al. 2010, 2012). However, 
in Aronoff et al. (2014), there was also a significant decrease 
in interleaved performance when localizing based on interaural 
level difference (ILD) cues. It is likely that this decrease in per-
formance results, in part, from ILD cues being distributed across 
unmatched frequency regions in the two ears (Francart & Wouters 
2007). However, CI patients’ ILD sensitivity may be less affected 
by perceptually misaligned arrays, given that current spread spec-
trally smears the signal, functionally reducing the perceptual mis-
alignment (Kan et al. 2013). As such, CI patients’ localization 
abilities with and without interleaving were also investigated.

MATERIALS AND METHODS

Subjects
Eight bilateral CI subjects participated in this study. All par-

ticipants had Advanced Bionics CII or HiRes 90K implants in 
each ear. Subject details are provided in Table 1.

Apparatus
Loudness balancing and pitch matching were conducted using 

either Bionic Ear Data Collection System (BEDCS version 1.17) 
for both ears or BEDCS for one ear and HR Stream (version 
1.0.2) for the other ear. Both systems allow equivalent control 
over stimulation parameters. BEDCS and HR Stream were con-
trolled with custom Matlab-based software. Interleaved and non-
interleaved maps were created using the Bionic Ear Programming 
System (version 1.6) and research Harmony processors.

Electric Stimulation
Stimulation consisted of biphasic monopolar pulses. These 

pulses had a phase duration of approximately 32 μsec and a 
pulse rate of approximately 976 pulses per second.

Current Steering
Current steering was used to obtain more precise pitch 

matches between the two ears. Current steering describes stim-
ulation where current is presented in-phase on two adjacent 
electrodes such that the electric fields from the two electrodes 
interact and create a peak of stimulation between the two elec-
trodes. The position of the peak of stimulation between the two 
electrodes is determined by the relative current amplitudes pre-
sented on each electrode. The coefficient α is used to describe 
the proportion of the total current presented to the most basal 
of the two electrodes. The current steered electric stimulation 
pattern is known as a “virtual channel.” Previous research has 
demonstrated that subjects with Advanced Bionics implants can 
distinguish places of stimulation differing by 20% (i.e., α dif-
ferences of 0.2) of the distance between electrodes (e.g., Lands-
berger & Srinivasan 2009). The pitch of a virtual channel is 
perceived to be between the pitches typically provided by each 
of the two component electrodes. The pitch can effectively be 
“steered” anywhere between the two component electrodes by 
adjusting the relative amplitudes of each of the component elec-
trodes (e.g., Donaldson et al. 2005; Firszt et al. 2007). Steering 
virtual channels between two electrodes is perceived to cause 
a continuous change in pitch (Luo et al. 2010, 2012). Further-
more, the spread of excitation of a virtual channel is the same 
as the spread of excitation from one physical electrode (Busby  
et al. 2008; Saoji et al. 2009). Steering between two adjacent 
electrodes produces no change in loudness (Donaldson et al. 
2005). Therefore, by using virtual channels, place stimula-
tion is not limited to the physical electrodes but instead can be 
provided as if there were a physical electrode at any location 
between the most apical and most basal electrode on the array. 
In the present experiment, current steering was used to increase 
the spectral resolution of the pitch matching task.

Loudness Balancing
For each array, the electrodes were loudness balanced by 

stimulating four adjacent electrodes in sequence, presenting 
each for 500 msec with a 1-sec interstimulus interval. Electrode 
1 was the reference electrode for the first group, and stimulation 
on that electrode was presented at the most comfortable level. 
The stimulation level was adjusted for any electrode that was 
louder or softer than the first electrode. After all electrodes in 
that group were loudness balanced, a new group of four adja-
cent electrodes were chosen with the first electrode from the new 
group being the same as the last electrode from the previous 
group (i.e., group 1: electrodes 1 to 4; group 2: electrodes 4 to 7).

When loudness balancing across arrays, stimulation con-
sisted of 500-msec pulse trains with an interstimulus period of 
approximately 500 msec. Stimulation alternated between the 
left and the right ear. Loudness balancing was conducted by 
either having the subjects use a mouse to increase or decrease 
the stimulation level of the target by 0.5, 1, or 1.5 dB or by 
having the experimenter adjust the target loudness based on the 
subjects’ report of the loudness of the target stimulation com-
pared with that of the reference. The reference stimulus was set 
at the most comfortable level. Loudness balancing across arrays 
was conducted for reference electrode 10, and the stimulation 
levels for all electrodes were subsequently globally adjusted 
by shifting the stimulation level by the same percentage of the 
dynamic range for all electrodes.



Copyright © 2015 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

 ARONOFF ET AL. / EAR & HEARING, VOL. 37, NO. 2, e85–e90 e87

Pitch Matching
The reference and target stimuli were pulse trains of 500 

msec of duration, with stimulation alternating between the 
left and the right ear. The interstimulus interval was approxi-
mately 500 msec. Stimuli were presented at the most com-
fortable level with 0.5 dB level roving to minimize potential 
loudness cues. The reference ear was usually the left ear. 
Place of stimulation could be adjusted in the target ear in 
0.1 electrode steps (using current steering) by turning a 
knob (PowerMate, Griffin Technology) or clicking using the 
mouse. This process of stimulus presentation followed by 
a subject-directed change in the place of stimulation con-
tinued until the left and right ear stimulation was perceived 
as the same pitch. Pitch matches were obtained for at least  
22 unique reference locations. Only a small subset of refer-
ence locations (six or fewer) were used more than once for 
each subject. The pitch matching data were fit with a least 
trimmed squares regression, with all participants having a 
slope that was significantly greater than zero.

Interleaved and Noninterleaved Maps
Twelve-channel interleaved and noninterleaved maps were 

created using Bionic Ear Programming System. For both the 
interleaved and noninterleaved maps, the pitch matching data 
were first used to select 12 bilaterally pitch-matched pairs 
of stimulation sites. This was done by selecting 12 equally 
spaced stimulation sites across the left array and the pitch-
matched pairs on the right array based on a linear fit of the 
pitch matching data. For participant I02, the 12 stimula-
tion sites were limited to electrodes 1 to 10 on the right ear 
and their pitch-matched pairs because the perceived pitches 
increased when going from stimulating electrodes 1 to 10 (as 
is typical) but then changed nonmonotonically when stimulat-
ing electrodes 10 to 16. All other participants used the full 
range of pitch-matched pairs. Twelve bilateral pairs of pitch-
matched stimulation sites were selected for all participants 
and used to generate 12-channel maps. For these maps, the 
left and right channel in each pair was assigned the same 
frequency band, with the 12 bands spanning 374 to 4996 Hz 

(see Table 2). Typically, the upper frequency band extends as 
high as approximately 8 kHz. This is normally implemented 
by having the highest frequency band span approximately 
4 kHz. Because such a disproportionately large allocation in 
one frequency band would likely be detrimental with inter-
leaving, and given the small amount of speech information 
above 5 kHz, a relatively modest frequency upper limit was 
used in this study.

The interleaved maps were derived from the pitch-
matched, noninterleaved maps by setting M levels to  
0 (preventing a change to the frequency allocation) for even 
numbered channels on one ear and odd-numbered channels 
on the other ear. Because the channels were based on pitch-
matched pairs, this meant that only one member of each 
pitch-matched pair was used.

Training and Adaptation
Some participants indicated that the maps initially sounded 

unnatural and had difficulty understanding speech. To provide 
listening experience to acutely adapt to the new maps, partici-
pants received structured vowel and consonant training using 
Angel Sound (angelsound.tigerspeech.com) with each map. 
This consisted of vowel recognition training (two blocks of  
25 stimuli) and consonant recognition training (also two blocks 
of 25 stimuli). Participants were presented a word (or for one 
block of consonant recognition training, a nonword) and asked 
to select between two choices that differ in terms of one pho-
neme. If the participant was incorrect, both choices were pre-
sented and an indication of the correct choice. Because the goal 
of this training was to provide structured experience, no accu-
racy criteria was used for completing training, but the major-
ity of participants performed well, accurately identifying the 
majority of the stimuli. Training was completed either in the 
sound field or by sending the signal directly to the auxiliary 
input on the processor. Training was self-paced and consisted of 
approximately 10 to 20 minutes of training per map. Pilot data 
indicated that this was sufficient to allow the maps to sound rela-
tively natural and for speech to sound relatively understandable, 
although speech performance would likely greatly improve with 
extended experience.

TABLE 1. Participant characteristics

Subject Age Sex
Hearing  

Loss Onset Cause
Implant  

Experience

C3 57 Female 29 yrs old Hereditary 7 yrs (L)
4 yrs (R)

C14 48 Male 4.5 mos Maternal Rubella 4 yrs (L)
8 yrs (R)

C20 75 Female 7 yrs old Red Measles High 
Fever

12 yrs (L)
4 yrs (R)

C21 59 Male 18 yrs old Ear infection Noise 
exposure

1.5 yr (L)
1 yr (R)

I01 62 Female At birth Unknown 8 yrs (L)
5 yrs (R)

I02 60 Female 2 yrs old Meningitis 2 yrs (L)
5 yrs (R)

I03 70 Female Birth Unknown 12 yrs (L)
7 yrs (R)

I05 56 Male 5 yrs old Unknown (Injury or 
Genetic)

12 yrs (L)
12 yrs (R)
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Spectral Resolution
Spectral resolution was measured with a modified version 

of the spectral ripple test (Henry & Turner 2003; Won et al. 
2007) referred to as the spectral-temporally modulated ripple 
test (SMRT; Aronoff & Landsberger 2013). Subjects were pre-
sented with three stimuli with amplitude modulation in the fre-
quency domain (i.e., ripples) that varied as a function of time 
using a three-interval forced-choice task. Each of the two refer-
ence stimuli had a ripple density of 20 ripples per octave (RPO). 
Both reference stimuli were uniquely generated and thus were 
not spectrally identical. The target stimulus had a ripple density 
that was varied using a 1 up/1 down adaptive procedure, with 
a starting point of 0.5 RPO and a step size of 0.2 RPO. Sub-
jects were asked to choose the stimulus that differed from the 
other two. The test was completed after 10 reversals. Thresholds 
were calculated based on the average of the last six reversals. 
The stimuli were presented at a comfortable loudness via direct 
connect. This task is sensitive to changes in spectral resolution 
(see Aronoff & Landsberger 2013), but because it does not rely 
on speech stimuli that require a learned relationship between a 
spectral pattern and meaning, it can provide an acute measure 
of spectral resolution. Most participants completed three SMRT 
tests with both maps, with the exception of C20 who completed 
two and C21 who completed four. Test–retest reliability (i.e., 1 
SD) was 0.7 RPO.

Localization
Testing followed the same procedure as in Aronoff et al. 

(2012). Virtual locations were created using a head-related 
transfer function specific to the Harmony processor’s micro-
phones (Aronoff et al. 2011). Subjects were asked to locate the 
stimulus presented from 1 of the 12 virtual locations in the rear 
field, where the sensitivity to auditory spatial cues is most criti-
cal. The locations were spaced 15° apart, ranging from 97.5° 
to 262.5°. All locations were 1 m away from the subject. The 
locations were numbered from 1 to 12, with number 1 located 
at 97.5° (right) and number 12 located at 262.5° (left). Subjects 
were provided with a sheet that showed each location and its 
corresponding number. The subject’s task was to identify the 
location from which the stimulus originated, verbally indicating 
the number corresponding to the perceived location.

Before testing in each condition, subjects were familiarized 
with the stimulus locations by listening to the stimulus pre-
sented at each of the 12 locations, once in ascending and once 

in descending order. The location of each stimulus was indicated 
to the subject. A reference stimulus was presented immediately 
before each target stimulus. This reference was located at 90° when 
familiarizing in the ascending order and at 270° when familiariz-
ing in the descending order. After familiarization, subjects were 
presented with a practice test that included each location presented 
in a random order. After completing the practice test, subjects pro-
ceeded to the test session. Neither the practice nor the test sessions 
contained reference stimuli, and no feedback was provided. For 
the practice and test sessions, the target was presented twice at a 
given location before the subject indicating the perceived location 
of the stimulus. Patients were allowed to repeat a stimulus before 
responding, although this rarely occurred.

For each test, participants were presented with a block of 
24 stimuli. The final test score was determined by calculating 
the RMS localization error, in degrees, based on all responses. 
Test–retest reliability (i.e., 1 SD) was 4°. Most participants 
completed two localization tests for each map. C21 completed 
three localization tests for the noninterleaved map.

The procedures were approved by the St. Vincent Medical 
Center institutional review board (affiliated with the House Ear 
Institute) and the institutional review board for the University of 
Illinois at Urbana-Champaign.

RESULTS

Robust statistical techniques were adopted to minimize the 
potential effects of outliers and non-normality (see Appendix, 
Supplemental Digital Content 1, http://links.lww.com/EANDH/
A226). These included bootstrap analyses, which avoid assump-
tions of normality by using distributions based on the original 
data rather than an assumed normal distribution. These also 
included trimmed means, a cross between means and medians.

To determine whether using interleaved processors improved 
spectral resolution, a percentile bootstrap pairwise comparisons 
with 20% trimmed means was conducted comparing the SMRT 
scores for the two strategies. The results indicated that perfor-
mance on SMRT was significantly better with the interleaved 
processors (p < 0.05; 20% trimmed mean of the difference 
between the two processors: 1 RPO, greater than the measure-
ment error; see Fig. 1 and Table 3).

To determine whether using interleaved processors det-
rimentally affected localization performance, a percentile 
bootstrap pairwise comparison with 20% trimmed means was 
conducted comparing localization performance with the two 
strategies. The results indicated that there was no significant 
difference between localizing with the interleaved and noninter-
leaved strategies (p = 0.36; 20% trimmed mean of the difference 
between the two processors: 2°; see Fig. 2 and Table 3).

DISCUSSION

Interleaved processors were found to improve the spectral 
resolution of CI patients by 1 RPO, which vocoder simulations 
suggest corresponds to the addition of four channels (Aronoff & 
Landsberger 2013). Although binaural cues may potentially be 
distorted by interleaving, there was no significant effect of inter-
leaving on localization abilities. This may have resulted from 
the limited frequency range used in the present study.

All but one participant (C20) had better spectral resolu-
tion with the interleaved processors. It is worth noting that in 

TABLE 2. Frequency allocation table used for the study

Channel Lower Bound (Hz) Upper Bound (Hz)

1 374 510
2 510 646
3 646 714
4 714 918
5 918 1121
6 1121 1393
7 1393 1733
8 1733 2141
9 2141 2617
10 2617 3229
11 3229 4044
12 4044 4996

http://links.lww.com/EANDH/A226
http://links.lww.com/EANDH/A226
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a previous study (Aronoff et al. 2015) it was shown that C20 
also had greater masking with a contralateral masker than with 
an ipsilateral masker for a portion of their array. This increased 
contralateral masking may indicate that interleaved maps create 
more rather than less binaural interference for this participant.

These results suggest that interleaving may be clinically 
beneficial for CI patients, although further studies are needed 
to determine the generalizability of the results. These results 
also parallel the observed benefits of interleaving for other hear-
ing-impaired populations (e.g., Lunner et al. 1993; Kulkarni  
et al. 2012). However, these results are in direct contrast to the 
results found by Tyler et al. (2010) and Mani et al. (2004), who 
found no consistent effect or a negative effect of interleaved 
processors for CI users. The difference between the results from 
Tyler et al. (2010) and Mani et al. (2004) and the results from 
the present study may reflect the necessity of first using pitch 
matching to align the two arrays. Given that stimulation in the 
left and right ear is likely perceptually misaligned, this may be 
a critical prerequisite for interleaving with this patient popula-
tion. The importance of pitch matching the arrays is consistent 
with results from simulations of interleaved processors with NH 
listeners, where the benefits of interleaved processors depended 
on starting with perceptually aligned channels (Siciliano et 
al. 2010). Although interleaved processors aligned based on 

electrode number have been shown to yield improvements when 
combined with the removal of suboptimal channels based on 
modulation detection (Zhou & Pfingst 2012), that improvement 
may reflect the removal of the suboptimal channels rather than 
the use of interleaving.

It may also be the case that the spacing between stimulation 
locations plays a key role in yielding a benefit with interleaving. 
In Tyler et al. (2010) and Mani et al. (2004), stimulation sites 
were separated by one electrode, typically with more closely 
spaced cochlear arrays, whereas the stimulation sites were 
typically separated by a greater amount with Advanced Bionics 
arrays in the present study. Given the large current spread typi-
cal with CIs, using every other electrode may not sufficiently 
reduce channel interaction.

The absence of a significant detrimental effect on localization 
performance is also in contrast to the results from Tyler et al. 
(2010) and Aronoff et al. (2014), where participants’ localiza-
tion performance was consistently adversely affected by the use 
of interleaved processors. One possible explanation for this dis-
crepancy could be the relatively low upper limit on the frequency 
allocation table used in the present study. The magnitude of the 
head shadow effect responsible for creating ILDs increases as 
frequency increases. With interleaving, one ear will be missing 
input from the highest frequency region (i.e., from the region 
with the largest ILD). This effectively artificially increases the 
ILD for sounds coming from sources near the ear with the high-
est frequency region and decreases the ILD for sounds coming 
from sources near the opposite ear, thus distorting the spatial 
map. The higher the frequency range, the larger the effect of this 
distortion is on ILDs. As such, having a low upper limit on the 
frequency range may have reduced the potentially detrimental 
effects of interleaving on ILD-based localization.

In addition to improving spectral resolution, interleaved 
processors have the potential to dramatically improve battery 
life. Because interleaving requires only half of the stimulation 
sites in each ear, it has the potential to nearly double the battery 
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Fig. 1. Spectral resolution was significantly better with interleaved proces-
sors. Each data point indicates results for one subject, labeled by the sub-
jects’ ID. Points above the diagonal line indicate that performance is better 
with the interleaved processors. Points below the diagonal line indicate that 
performance is better with the noninterleaved processors.

TABLE 3. Difference between interleaved and noninterleaved 
conditions (positive scores indicate a benefit with interleaving).

Subject ID
SMRT  

(Ripples per Octave)
Localization  

RMS Error (Degrees)

C3 0.9 −7
C14 2.9 −6
C20 −1.3 3
C21 0.3 1
I01 3.9 6
I02 1.4 −6
I03 0.7 −1
I05 0.3 −4.5

SMRT, spectral-temporally modulated ripple test.
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Fig. 2. There was no significant difference between localization perfor-
mance with interleaved and noninterleaved processors. Each data point 
indicates results for one subject, labeled by the subjects’ ID. Points above 
the diagonal line indicate that performance is better with the interleaved 
processors. Points below the diagonal line indicate that performance is bet-
ter with the noninterleaved processors.
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life of the processors. This may also allow for the use of more 
power-demanding stimulation modes such as tripolar and quad-
rupolar stimulation, which may further improve spectral resolu-
tion (e.g., Srinivasan et al. 2012, 2013).

The results from this study demonstrate that, as with hearing 
aid users, CI patients can benefit from interleaved processors, 
although it may be necessary to first perceptually align the two 
ears and/or increase the spacing between stimulation locations. 
This study suggests that it may be clinically beneficial to imple-
ment interleaved processors for bilateral CI patients.
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