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Abstract

Objective—To assess improvements in sound source localization and speech understanding in
complex listening environments following unilateral cochlear implantation for single-sided
deafness (SSD).

Study Design—Non-randomized, open, prospective case series
Setting—Tertiary referral center

Patients—Nine subjects with a unilateral cochlear implant (CI) for SSD (SSD-CI) were tested.
Reference groups for the task of sound source localization included young (n=45) and older
(n=12) normal hearing (NH) subjects and 27 bilateral CI (BCI) subjects.

Intervention—Unilateral cochlear implantation

Main outcome measures—Sound source localization was tested with 13 loudspeakers in a
180 arc in front of the subject. Speech understanding was tested with the subject seated in an 8-
loudspeaker sound system arrayed in a 360-degree pattern. Directionally appropriate noise,
originally recorded in a restaurant, was played from each loudspeaker. Speech understanding in
noise was tested using the Azbio sentence test and sound source localization quantified using root
mean square error.

Results—All Cl subjects showed poorer-than-normal sound source localization. SSD-CI subjects
showed a bimodal distribution of scores - six subjects had scores near the mean of those obtained
by BCI subjects, while three had scores just outside the 95t percentile of NH listeners. Speech
understanding improved significantly in the restaurant environment when the signal was presented
to the side of the CI.

Corresponding author: Daniel M. Zeitler, M.D, Virginia Mason Medical Center, Department of Otolaryngology/Head & Neck
Surgery, 1201 Terry Avenue, Mailstop X10-ON, Seattle, WA 98101, daniel.zeitler@virginiamason.org.
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Conclusions—Caochlear implantation for SSD can offer improved speech understanding in
complex listening environments and improved sound source localization in both children and
adults. On tasks of sound source localization, SSD-CI patients typically perform as well as BCI
patients and, in some cases, achieve scores at the upper boundary of normal performance.

INTRODUCTION

In one of the newest applications of cochlear implants, single-sided deaf (SSD) patients, i.e.,
individuals with one normal hearing ear and one deafened ear, have been fit with a cochlear
implant (Cl). Following implantation, SSD-CI patients experience a reduction in tinnitus
strength, a large improvement in sound source localization and, in some test environments,
an improvement in speech understanding (1-6). These improvements, in combination with a
greatly expanded sense of auditory space, underlie an improved health-related quality of life
(1,7,8).

In a previous paper we described the results of an experiment using a small sample (n=4) in
which we probed the information that underlies sound source localization by SSD-CI
patients (9). Using high- and low-pass noise bands to restrict the patients’ access to
interaural level difference (ILD) cues and to interaural time difference (ITD) cues, we
inferred that sound source localization in SSD-CI patients is based primarily on ILD cues.
This is a reasonable outcome given that fine temporal information is not well transmitted by
cochlear implants (10).

We also reported that the sound source localization performance of SSD-CI patients, while
poorer than normal, was superior to that of bimodal CI patients, i.e., patients with a Cl in
one ear and a traditional hearing aid in the contralateral ear with low-frequency (under 500
Hz) residual hearing. We rationalized this outcome by noting that bimodal patients have
relatively good access to timing information from the ear with low-frequency acoustic
hearing and have relatively good access to signal level information from the ear fit with a
Cl. Neither timing nor level information is well represented at both ears. For that reason,
sound source localization is very poor.

Cochlear implant signal processing severely compresses signal level information due to the
automatic gain control (AGC) function at the front end of the signal processing chain and
the logarithmic compression of acoustic signals into the electric dynamic range at the back
end (10). For bilateral cochlear implant (BCI) patients, this signal level compression should
be reasonably symmetrical between ears given similar settings of the independent signal
processors for each ear. However, for SSD-CI patients the normal hearing ear will
experience relatively large signal levels while the ClI ear will experience much reduced
signal levels. The magnitude of the difference is shown in the following example [taken
from Dorman et al. (in press)]: for normal hearing listeners the ILD at 3 kHz for a sound
source at 45 degrees azimuth is approximately 10 dB; at 15 degrees azimuth, the ILD is
approximately 3dB. Following CI signal processing, at 45 degrees azimuth, the ILD is 1.6
dB and at 15 degrees it is 0.4 dB (9,11). Thus, SSD-CI patients should experience a distorted
representation of signal level as a function of signal azimuth when listening with one normal
hearing ear and one deaf ear fitted with a Cl. Based on the peripheral representation of
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signal amplitude, we should expect different levels of sound source localization for BCI and
SSD-CI patients.

As noted above, SSD-CI patients have been found to have improved speech understanding
but the magnitude of the improvement is critically contingent on the test environment. For
example, Arndt et al. reported no benefit in speech understanding in the normal-hearing ear
plus CI condition vs. the normal-hearing ear alone condition when both the signal and the
noise were presented from a single speaker at 0 degrees azimuth, i.e., in a standard
audiometric test environment. However, when the signal was at 45 degrees azimuth on the
side of the CI and the noise was at 45 degrees azimuth on the side of the normal hearing ear,
then a large improvement (approximately 28 percentage points) was observed in the normal-
hearing ear plus CI condition vs. the normal-hearing ear alone condition (1).

In this paper we compare the sound source localization performance of SSD-CI patients to
that of BCI patients. The relative performance of the SSD-CI and BCI patients is of interest
because both groups rely on ILDs for sound source localization. However, in
contradistinction to the BCI group that receives reasonably symmetrical signal levels at the
two ears, the SSD-CI group does not. Furthermore, we expand the environments in which
SSD-CI patients have been tested and ask whether the benefit to speech understanding
extends to a situation in which directionally appropriate restaurant noise is presented from
an array of 8 loudspeakers surrounding the listener. In our simulated restaurant test
environment, the target sentences were presented on the side of the CI in two conditions,
normal-hearing ear only and normal-hearing ear plus CI.

METHODS

Forty-five young NH listeners, 12 older NH listeners, 27 BCI patients, and 9 SSD-CI
patients who underwent unilateral CI for SSD from 2011 to 2014 served as subjects. The
young NH listeners ranged in age from 21-40 years and were recruited from the
undergraduate and graduate student populations at Arizona State University. All had pure
tone thresholds of 20 dB or less at octave frequencies from .125 to 4 kHz (12). The older
NH listeners ranged in age from 51 to 70 years. All but one had pure tone thresholds of 20
dB or less through 2 kHz. One had a 30 dB threshold at 2 kHz. The BCI sample consisted of
16 subjects fit with Med EIl implants (as described in Dorman et al., 2014) and 11 subjects fit
with Cochlear Corporation devices (11). These patients ranged in age from 32 to 79 years.
For the SSD-CI population, all subjects had a pure tone average (0.5, 1, 2, and 4 kHz) in the
normal range in the contralateral, normal-hearing ear, but one of the nine subjects (S5) had a
mild-to-moderate neurosensory loss at 4, 6, and 8 kHz. The patients ranged in age from 12
to 63 years. All subjects received full consent of the study procedures. This project was
reviewed and approved by Arizona State University’s Institutional Review Board.

Surgery was carried out in all cases using a standard transmastoid, facial recess approach.
All electrode arrays were implanted either through a round window or cochleostomy
approach depending on the intraoperative anatomy encountered.
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Sound source localization testing

Test signal—The stimulus was a wideband (WB) noise signal band-pass filtered between
125 and 6000 Hz. The filter roll-offs were 48-dB/octave. The overall signal level was 65
dBA.

Test environment—As described in previous publications (11,12), the stimuli were
presented from 11 of 13 loudspeakers arrayed within an arc of 180 degrees on the frontal
plane. The speakers were 15 degrees apart. An additional speaker was appended to each end
of the 11-loudspeaker array but was not used for signal delivery. The room was lined with
acoustic foam. Subjects sat in a chair at a distance of 1.67 m from the loudspeakers.
Loudspeakers were located at the height of the listeners’ pinna.

Test conditions—Stimulus presentation was controlled by Matlab. Each stimulus was
presented 4 times from each loudspeaker. The presentation level was 65 dBA with a 2-dB
rove in level. Level roving was used to reduce any cues that might be provided by the
acoustic characteristics of the loudspeakers. Subjects were instructed to look at the midline
(center loudspeaker) until a stimulus was presented. They entered the number of the
loudspeaker (1-13) on a keypad.

Speech understanding in noise testing

Speech understanding was tested in the R-Space ™ test environment (13). The listener was
seated in the middle of an 8-loudspeaker sound system arrayed in a 360-degree pattern
around the listener. Directionally appropriate noise, originally recorded in a restaurant, was
played from each loudspeaker. The test stimuli were sentences from the AzBio test corpus
(14). The sentences were always played from the loudspeaker at 0 degrees azimuth to the Cl,
i.e., from the loudspeaker closest to the Cl. There were two test conditions. In one, the ClI
was not activated. In this condition, the sentences were at 180 degrees to the normal hearing
ear. In this condition, for each patient, the signal-to-noise ratio (with the signal level fixed at
60 dB SPL) was adjusted to produce performance between 20 and 60 % correct. This signal-
to-noise ratio was then used for the second condition in which the CI was activated (in
addition to the normal hearing ear). Two lists of 20 sentences were used in each condition.
Performance was scored in terms of percent words correct. Six of the nine listeners tested in
the localization experiment were tested in this experiment.

RESULTS

Demographic data for the 9 SSD-CI listeners are shown in Table 1. The mean age of the
SSD-CI patients was 43 years (range, 12-63 yrs.). Four of the included subjects were
female. The patients had 1-6 years of severe-to-profound hearing loss prior to receiving the
Cl. The mean duration of CI experience at the time of testing was 8.6 months (range, 2-33
mo.). Eight patients received a Med-El Cochlear Implant System (Innsbruck, Austria) and
one received an Advanced Bionics Cochlear Implant System (Valencia, CA, USA). All
patients had a full insertion of the electrode array and there were no surgical complications.
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Localization accuracy was calculated in terms of root mean square (RMS) error using the D
statistic of Rakerd and Hartman (15). Chance performance, calculated using a Monte Carlo
method, was 73.5 degrees (SD, 3.2). Localization accuracy for all listeners is summarized in
Figure 1.

RMS error for the young NH group was 6.0 degrees (SD, 2.7); for the older NH group, 6.5
degrees (SD, 1.0), for the BCI group, 29.0 degrees (SD, 15) and for the SSD-CI group, 30.0
degrees (SD, 12). The distribution of scores for the SSD-CI patients was clearly bimodal
with a cluster of six scores between 33—-40 degrees RMS error and another cluster of three
scores between 11-16 degrees RMS error. There was no correlation between any of the
studied demographic variables and performance on the localization testing. There was also
no difference in RMS error based on the time between implantation and testing.

The results for speech understanding in noise in the combined normal-hearing-ear plus ClI
condition are summarized in Figure 2. All listeners showed a significant benefit in speech
understanding, i.e., for each patient scores in the combined condition were higher than the
95 percent critical difference scores for the AzBio sentences (14) in the normal-hearing ear
alone condition.

DISCUSSION

In the introduction we pointed out that the peripheral representation of ILDs should be very
different for NH listeners, BCI patients and SSD-CI patients. For any patient with a Cl,
signal levels at the ear with the CI will be compressed due to CI signal processing. We
suppose that for BCI patients the compression will be relatively symmetrical — at least to the
degree that the two independent signal processors are set in similar fashion. This symmetry
should be lost for SSD-CI patients for whom only one ear receives a compressed signal. As
a consequence we speculated that sound source localization based on ILD cues would likely
be poorer for SSD-CI patients than for bilateral CI patients.

Localization by normal-hearing listeners and bilateral ClI patients

The RMS error for the NH listeners as a whole in this study was 6.1 degrees with a standard
deviation of 2.5 degrees. Grantham et al. reported a mean error score for normal-hearing
listeners of 6.7 degrees with a standard deviation of 1.1 degrees (16). The mean error score
for our sample of BCI patients was 29 degrees with a standard deviation of 15 degrees.
Grantham et al. reported a mean score of 31 degrees with a standard deviation of 10 degrees
(16). The similarity of our data to that of Grantham et al. suggests that our data for normal-
hearing listeners and bilateral CI patients are a reasonable reference for the sound source
localization abilities of SSD-CI patients.

Localization accuracy was highly variable across the sample of bilateral Cl patients. One
account of the variability of scores revolves around deviations from bilateral matching in
electrode location (17) and a host of signal processor settings, e.g., (i) AGC settings; (ii)
frequency allocation tables; (iii) electrode pitch; (iv) numbers of activated electrodes, (v)
electrode dynamic ranges; (vi) output compression settings; and (vii) processor volumes
(11,18). It may be the case that the patients with the better localization scores are the ones
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for whom electrode locations across ears are well matched and the effective signal
compression of the two processors is well matched.

Localization by SSD-CI patients

The error scores for the SSD-CI patients were clearly bimodal. Six patients had scores that
were toward the upper end of the distribution for bilateral Cl patients and three had error
scores that were similar to the best scores from patients in the bilateral Cl group. Given the
different signal levels between ears for the SSD-CI group, the relatively poor scores for six
of the patients is not unexpected.

On the other hand, the outcome of three scores equal to that obtained by the best BCI
patients and just above the upper end of the distribution of scores for NH listeners is
surprising — the more so because of the short interval between device turn-on and testing for
two of the three patients. One of these patients was tested at 2 months and obtained an error
score of 16 degrees. As we noted in Dorman et al. (in press), the patient with 11 degrees of
error when tested in our laboratory at 16 months after device turn-on, had been tested at
another laboratory at 1 month post Cl hookup and obtained an RMS error score of 13
degrees (9). Thus, one of the critical problems confronting SSD-CI patients in sound source
localization, a large asymmetry in signal level at the two ears, can be at least partially
resolved by central processing mechanisms very soon after device turn-on. Tavora-Vieira et
al., using a virtual loudspeaker array and a high frequency, narrow-band stimulus, also
report a small number SSD-CI patients with error scores that are at the upper edge of error
scores for normal hearing listeners. The listeners in that study, however, had more
experience with their Cls than the patients in our study (6).

Speech understanding by SSD-CI patients

As we noted in the Introduction, one of our aims was to assess the value of a Cl for SSD
patients when the listening environment simulated a ‘real world’ situation, i.e., listening in a
restaurant when the talker was on the side of the CI. In this environment each patient
exhibited a large and significant improvement in speech understanding. This outcome
documents a real-world environment in which a Cl significantly aids a listener who has
normal hearing in one ear. Although we did not evaluate alternatives to a Cl in our listening
environment, e.g., a CROS hearing aid, or a BAHA device, others, have shown much better
performance with a Cl than with a CROS aid or a BAHA in similar environments (1).

Conclusion

The provision of a Cl to the deaf ear of SSD patients allows for significant improvements in
sound source localization and speech understanding in complex listening environments.
However, there is a significant amount of variance between patients regarding their
performance on these tasks, and the variance does not appear to be predicated on any of the
studied demographic variables or length of CI usage. Future studies should further attempt
to account for this observed variance among individuals undergoing CI for SSD, as well as
to optimize CI signal processing to improve performance on these tasks.
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Figure 1.
RMS error for sound source localization to a wide band noise stimulus for young NH

listeners, older NH listeners, patients fit with bilateral Cls and SSD patients fit with a CI.
Each open circle indicates the performance of one listener. The light grey area indicates
chance performance. The dotted line indicates the 95t percentile for scores from the young
NH sample.
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Figure 2.
Percentage point change in performance in the NH ear plus Cl condition as a function of the

score (percent correct) for the NH ear alone. Each filled circle shows the performance of one
SSD-CI patient. The dotted line indicates the 95 percent critical difference scores for the test
material. The listening environment is illustrated at top right. Noise was presented from all
loudspeakers and speech was presented to the side of the CI.
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