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Abstract

OBJECTIVE—There is currently no accepted method of mapping bilateral cochlear-implant
(BICl) users to maximize binaural performance, but the current approach of mapping one ear at a
time could produce spatial perceptions that are not consistent with a sound’s physical location in
space. The goal of this study was to investigate the perceived intracranial lateralization of
bilaterally synchronized electrical stimulation with a range of interaural level differences (ILDs)
and to determine a method to produce relatively more centered auditory images when provided
multi-electrode stimulation.

DESIGN—Using direct stimulation, lateralization curves were measured in nine BiCl listeners
using 1000-pps, 500-ms, constant-amplitude pulse trains with ILDs that ranged from —20 to +20
clinical current units (CUs). The stimuli were presented bilaterally at 70-80% of the dynamic
range (%DR) on single- or multiple-electrode pairs. For the multi-electrode pairs, the ILD was
applied consistently across all the pairs. The lateralization response range and the bias magnitude
at 0-CU ILD (i.e., the number of CUs needed to produce a centered auditory image) were
computed. Then the levels that elicit a centered auditory image with single-electrode stimulation
were used with multi-electrode stimulation to determine if this produced fewer significant biases at
0-CU ILD. Lastly, a multi-channel ILD processing model was used to predict lateralization for the
multi-electrode stimulation from the single-electrode stimulation.

RESULTS—BICI listeners often perceived both single- and multi-electrode stimulation at 0-CU
ILD as not intracranially centered. For single-electrode stimulation, 44% of the lateralization
curves had relatively large (=5 CU) bias magnitudes. For the multi-electrode stimulation, 25% of
the lateralization curves had large bias magnitudes. After centering the single-electrode pairs, the
percentage of multi-electrode combinations that produced large biases significantly decreased to
only 4% (p<0.001, McNemar’s test). The lateralization with multi-electrode stimulation was well
predicted by a model that used an unweighted or weighted average single-electrode lateralization
percepts across electrode pairs (87 or 90%, respectively).
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CONCLUSION—Current BiCl mapping procedures can produce an inconsistent association
between a physical ILD and the perceived location across electrodes for both single- and multi-
electrode stimulation. Explicit centering of individual electrode pairs using the perceived centered
intracranial location almost entirely corrects this problem and such an approach is supported by
our understanding and model of across-frequency ILD processing. Such adjustments might be
achieved by clinicians using single-electrode binaural comparisons. Binaural abilities, like sound
localization and understanding speech in noise, may be improved if these across-electrode
perceptual inconsistencies are removed.

Keywords
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INTRODUCTION

Sound localization is typically better in bilateral cochlear-implant (BiCl) users compared to
unilateral cochlear-implant (CI) users (Litovsky et al. 2009; Litovsky et al. 2004; Neuman et
al. 2007; Nopp et al. 2004; van Hoesel et al. 2003; Verschuur et al. 2005). However, BiCl
users have limited sound localization abilities compared to normal-hearing (NH) individuals
(Grantham et al. 2008; Grantham et al. 2007; Litovsky et al. 2012; Majdak et al. 2011). As
the number of individuals receiving BiCls continues to grow (Peters et al. 2010),
maximizing the advantages conveyed by BiCls should become an important objective for the
programming, fitting, or “mapping” of BiCls for an individual user.

According to the “duplex theory” (Rayleigh 1907), NH listeners primarily utilize ITDs for
localization of low-frequency sounds (<1500 Hz) and ILDs for high-frequency sounds
(>1500 Hz). Given access to both ITD and ILD cues, NH listeners demonstrate a low-
frequency ITD dominance in the sound localization of complex broadband stimuli
(Macpherson et al. 2002; Wightman et al. 1992). In contrast, BiCl listeners demonstrate an
ILD dominance in the sound localization of complex broadband stimuli (Grantham et al.
2008; Seeber et al. 2008). Along these lines, Aronoff et al. (2010) independently
manipulated the ITDs and ILDs using non-individualized head-related transfer functions
applied to broadband sounds. They presented the virtually spatialized sounds to the
unsynchronized clinical processors of the BiCl listeners via the direct audio inputs. They
showed that there was no difference in localization performance for BiCl listeners between
the “ILD-only condition” (when ILDs were allowed to vary and ITDs were held constant at
zero) and the “ILD+ITD condition” (when both ILDs and ITDs were allowed to naturally
vary), with the mean root-mean-square (RMS) error of about 25° for both conditions. In
contrast, a significantly larger mean RMS error of 58° was found for the “ITD-only
condition,” suggesting that the localization performance was greatly diminished when ILDs
were held constant and the stimuli contained only varying ITDs. In fact, it is possible that
BiCl users may show an ILD dominance even in cases where there is bilateral low-
frequency hearing preservation (Dorman et al. 2013).
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One explanation for the suboptimal localization performance of BiCl users compared to NH
listeners is the degradation and interaural decorrelation (i.e., across ear dissimilarity of the
signals) of the localization cues after the electrical stimuli are independently processed and
presented to each ear. The lack of synchronization between BiCl sound processors may
distort ITDs and ILDs. The fine structure of the stimulus (i.e., the rapid temporal changes in
the acoustic signal, the carrier information) is removed in most sound processing strategies,
and the low-frequency fine structure is the major contributor to the low-frequency ITD
dominance for sound localization in NH listeners (Bernstein et al. 1985; Macpherson and
Middlebrooks 2002; Wightman and Kistler 1992). Therefore, ILDs appear to be the only
salient azimuthal localization cue available to BiCl users using clinical sound processors
(Aronoff et al. 2010) and this highlights the importance of ensuring the availability and
accuracy of ILDs to this population.

The conventional Cl mapping procedure is to treat the two sound processors independently,
which potentially undermines a consistent relationship between the ILDs and location
perception. At a clinical appointment for a Cl user, mapping involves determining proper
comfortable (C), and threshold (T), current levels on each electrode. This is done
independently for each ear, with little emphasis on single-electrode bilateral loudness
balancing with sequential bilateral stimulation or verification of location percepts with
simultaneous bilateral stimulation. Significant ear- and electrode-specific differences in
effective electrical current that reaches the auditory nerve are quite common, which is
affected by the proximity of the electrode to modiolus, survival of the local spiral ganglion
cells, and/or growth of the connective tissue around the electrode (Bierer et al. 2014;
Kawano et al. 1998). Further adjustments of C and T levels are often dictated by speech
perception and sound quality, often performed globally (i.e., all electrodes in one ear have
the levels increased or decreased). However, such global adjustments may also adversely
affect the ILDs and perceived spatial locations in BiCl users.

There is increasing evidence that even under highly-controlled experimental conditions the
intracranial lateralization perception (i.e., how left or right auditory sound image is heard in
the head) of ILDs can show variable response ranges and overall response biases across BiCl
listeners. Many studies have tested lateralization abilities in BiCl listeners using bilaterally
synchronized research processors that replace the clinical sound processors (i.e., direct
stimulation) and stimulate single-electrode pairs to ensure high levels of control over ILDs
and ITDs. For example, van Hoesel and Tyler (2003) studied lateralization with single-
electrode direct stimulation of 50-pps constant-amplitude pulse trains in five BiCl listeners.
They showed that ILD lateralization ranges varied across listeners from 55 to 100% of the
available response range when the ITD was held constant at zero. Goupell, Kan, et al. (2013)
and Kan et al. (2013) showed a significant variability in BiCl listeners’ ILD lateralization
range and variable substantial biases towards an individual ear with single-electrode direct
stimulation of 100- and 1000-pps constant-amplitude pulse trains. Kan et al. (2013) also
showed that interaural place-of-stimulation mismatch resulted in a lateralization bias toward
the ear with more basal stimulation. Lateralization biases can vary with the presentation
level on an individual electrode (Goupell, Kan, et al. 2013). Taken together, such
inconsistencies of perceived location across and within electrodes could be problematic for
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encoding the spatial location of a modulated signal like speech as different spectral-temporal
portions of the signal might be perceived at different locations.

It is important to note that all of the previously mentioned ILD-based lateralization
experiments in BiCl listeners presented the stimuli with single-electrode pair direct
stimulation. While such an approach affords the highest level of control (arguably an
experimental approach that is the closest to presenting tones to NH listeners over
headphones), sounds that a BiCl user would need to localize in everyday situations would be
broadband stimuli that activate multiple electrode sites simultaneously. There has been only
one direct stimulation study where the perception of ILDs presented on multiple electrodes
was investigated in BiCl listeners (Best et al. 2011). They presented 100-pps pulse trains on
two electrodes, which were located at opposite ends of the arrays, thus limiting effects of
channel interactions. On one electrode, a non-zero ILD was applied (the target); on the other
electrode, zero ILD was applied (the interferer). Five of six BiCl listeners demonstrated
shallower lateralization slopes in the presence of the spectrally remote interferer, suggesting
a central computation or combination of the ILDs across frequency (i.e., binaural
interference; McFadden et al. 1976). Therefore, it is possible that inconsistent ILDs across
channels may lead to a decrease in performance on multi-electrode ILD processing in BiCl
listeners, which could in turn be a limiting factor for other binaural tasks, such as sound
localization and binaural unmasking of speech using clinical sound processors. However, it
is difficult to extrapolate the results of Best et al. (2011) to conditions with more active
electrodes, with electrodes that are more closely spaced, and with non-zero ILDs applied to
all of the electrode pairs. In other words, it is still unclear how BiCl users combine ILD
information across several electrode sites. Such information is important to understand
because the aforementioned problems of relating the physical interaural cues to perception
likely become compounded when using realistic broadband sounds that stimulate multiple
electrodes because the electrical fields from neighboring electrodes could interact to change
the effective ILDs.

The purpose of this work was to advance our knowledge of binaural processing in BiCl
users beyond single-electrode stimulation, with the goal to eventually improve the ability of
BiCl users to better localize complex sound sources with ILDs. First, we investigated if
multi-electrode stimulation produced a change in binaural performance as compared to
single-electrode stimulation. Then, we investigated if the multi-electrode stimulation could
be better controlled. We hypothesized that centering individual electrode pairs would reduce
the number of lateralization biases in multi-electrode stimulation. More broadly, the results
of this study describe the extent of the incongruence between the intended delivery and
perception of ILDs provided to BiCl users. Finally, we also present control data on
lateralization of multi-frequency stimuli in NH listeners and discuss the differences in
lateralization ranges and lateralization biases in NH and BiCl listeners.

MATERIALS AND METHODS

NH listeners—Eight NH listeners, who ranged in age from 19 to 38 years (2 males, 6
females), were tested in this study as a control group. All NH listeners had hearing
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thresholds within 20 dB hearing level (HL) at octave frequencies measured between 250 and
8000 Hz, with no more than a 10-dB difference in thresholds between the ears at any tested
frequency. The invitation to participate in the study was distributed among students at the
University of Maryland, College Park. The first eight listeners who responded to the
invitation and met the selection requirements for NH group were included in the study and
most of the listeners were paid an hourly wage.

BiCl listeners—Nine BiCl listeners with C124 and C1512 family of implants (Cochlear
Ltd., Sydney, Australia) were tested in this study. The BiCl listeners ranged in age from 45
to 74 years (2 males, 7 females). Eight BiCl listeners were postlingually deafened and
received the second CI within 1-10 years from the implantation of the first CI. One listener
(CAW) had a congenital hearing loss and was implanted at the age of 47 years. Table 1
shows the hearing history and etiology of hearing loss in the BiCl listeners. Most of the BiCl
listeners were paid a stipend for their participation. Note that the age ranges of the NH and
BiCl listeners were non-overlapping.

Equipment and Stimuli

NH listeners—For the NH listeners, testing was conducted in a double-walled sound-proof
booth (IAC, New York). A Tucker-Davis Technologies System 3 (RP2.1, PA5, and HB7,
Alachua, FL, USA) was used to deliver the stimuli to insert earphones (ER2, Etymotic,
Illinois). Stimuli were generated on a personal computer using Matlab software (version
7.12.0, Mathworks, Natick, MA).

The acoustic stimuli were narrow-band noises with a bandwidth of 10 Hz and center
frequencies of 500, 750, or 1000 Hz. A complex stimulus combining all three narrow-band
noises was used for a multi-band stimulus. The acoustic stimuli were 500 ms in duration and
were temporally shaped by Tukey window with a 10-ms rise/fall time. Each narrow-band
noise had a 65 dB-A level, as measured on a sound level meter (Briel & Kjeer Sound &
Vibration Measurement A/S, Naerum, Denmark). For the multi-band stimulus, each
individual noise band was presented at 65 dB-A. The stimuli had the following ILDs
applied: 0, £3, 6, £9, £12, or 18 dB. Positive ILDs are defined as having a larger level in
the right ear. The ILDs were applied by increasing the level in one ear by ILD/2 and
reducing the level in the other ear by ILD/2. For the multi-band stimulus, the ILDs were
applied consistently across all three noise bands.

BiCl listeners—Stimuli for these experiments were generated on a personal computer
using Matlab software (version 7.12.0, Mathworks, Natick, MA). The Nucleus Implant
Communicator software (NIC2, Cochlear Ltd., Macquarie University, Sydney, Australia)
and L34 research sound processors were used to deliver bilaterally synchronized electrical
pulse trains to the BiCls. The stimuli were constant-amplitude, 500-ms pulse trains, where
the pulses were presented at a rate of 1000 pulses per second (pps). The pulses were biphasic
with a 25-us phase duration and an 8-ps phase gap, and were delivered via monopolar
stimulation mode. The stimuli were presented at 80% of the dynamic range (DR), which was
defined as the difference between the T (threshold) and C (the loud, but comfortable level)
for the listenersl. The stimulation levels in CU for each electrode can be calculated by

Ear Hear. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stakhovskaya and Goupell Page 6

Procedure

finding 20% of the DR in CU and subtracting this value from the C level. This method
allowed us to lower the levels for multi-electrode stimulation for the same proportion of the
DR for all listeners to avoid uncomfortably loud stimuli. The stimuli had the following ILDs
applied: 0, £2, £5, £10, or £20 CUs. ILDs were applied by reducing the level on an
electrode (e.g., a +20-CU ILD reduced the level from 80%DR in the left ear while the level
in the right ear remained unchanged). In cases where the DR of the ear was less than 20
CUs, additional current was applied to the other ear (Goupell, Kan, et al. 2013). Positive
ILDs were defined as a relatively higher current in %DR in the right ear (i.e., the current in
the left ear was reduced) and negative ILDs were defined as a relatively higher current in
%DR in the left ear. ILDs were applied in CUs because it is the most clinically relevant unit
(clinicians adjust levels in CUs), it afforded the most controlled changes in levels (round off
error from using %DR could be problematic for small DR electrodes and small ILDs), and
CUs can be converted to %DR during the data analysis. The largest ILDs that were used
(%20 CUs) corresponded to 53%DR on average, with a range from 24 to 182%DR
depending on the electrode and listener, which can be seen in Table 2.

Five electrode pairs were chosen for single- and multi-electrode stimulation: 4, 8, 12, 16,
and 20, where electrode 4 was located in the relatively basal part of the cochlea and
electrode 20 was located in the relatively apical part, therefore stimulating higher and lower
places, respectively. The electrode pairs were number-matched (as is typically done in the
clinic), not pitch-matched (as is typically done in BiCl research). Since mismatches >3 mm
have shown to significantly change lateralization and fusion percepts in BiCl listeners
(Goupell 2015; Goupell, Stoelb, et al. 2013; Kan et al. 2015; Kan et al. 2013), we verified
that none of the BiCl listeners in this study had pitch mismatch magnitudes >3 mm in
separate pitch-matching experiments. By using number-matched electrode pairs we also kept
the spacing between electrodes constant and thus better controlled the amount of channel
interactions between electrode pairs.

The methods and procedures were approved by the University of Maryland Institutional
Review Board. Each listener received a uniform set of instructions briefly describing the
task. Before the beginning of the experiment, the listeners were familiarized with the
experimental screen, which included an image of a face with a transparent horizontal bar.
The bar was positioned across the middle of the face and extended from one ear to another.
The listeners initiated each trial by pressing a button and were allowed to repeat the stimulus
as many times as necessary. The listeners reported the lateralization of the auditory image by
adjusting a cursor on the horizontal bar on the screen until it matched the intracranial
position of the image. The bar had a linear scale with values that ranged from -10
(completely in the left ear) to O (centered in the head) to +10 (completely in the right ear),
although the numerical value of scale was not disclosed to the listeners. If multiple auditory
images were perceived, the listeners also had the option to indicate the location of the
additional image(s) (up to three total). There was no “correct” answer in the subjective
lateralization task and therefore no response feedback was provided to the listeners.

1 istener CAQ could not tolerate the multi-electrode stimulation at 80%DR and therefore the stimuli were presented at 70%DR.
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NH listeners—Lateralization was measured in the NH listeners using four different stimuli
(four conditions). Three of them consisted of narrow-band noises with a center frequency of
500, 750, or 1000 Hz, and one was a multi-band stimulus, which combined all three
frequency bands. First, a familiarization block was administered, which consisted of five
trials per condition for the four conditions and 11 ILDs. After completion of the block, the
listeners reported that they fully understood the procedure and format of the test to an
experimenter. Then, listeners were presented blocks of four conditions. Each block consisted
of one to four conditions with 5-10 trials per condition, with no more than 600 trials per
block. The number of trials in a block was chosen by the listener depending on whether they
preferred shorter or longer experimental blocks. The order of the blocks and conditions
within each block were randomized. Each listener completed 20 trials per condition and
ILD.

BiCl listeners—To set the current levels for the experiment, mapping procedures for the
BiCl listeners followed those outlined in Litovsky et al. (2012) and generally followed
current clinical practice for mapping of BiCls. Briefly, T and C levels were obtained for each
of the five electrodes in each ear using a conventional mapping procedure. The T level was
defined as the threshold of audibility of electrical stimulation. The C level was the
stimulation level that was most comfortable and tolerable when listening to for long periods
of time. Then the C levels were loudness balanced within each ear by sequentially playing
500-ms pulse trains on each of the five electrodes tested with an inter-stimulus interval of
100 ms. Adjustments were made until the C levels at all five electrodes in this ear were
perceived as equally loud. Such unilateral loudness balancing adjustments never exceeded 5
CUs. Neither sequential nor simultaneous bilateral loudness balancing was performed
because it does not occur during a clinical mapping appointment.

Lateralization was measured in the BiCl listeners using 21 different stimuli. There were five
one-electrode conditions (electrode pairs 4,8,12,16, and 20) and eight multi-electrode
conditions [five two-electrode (pairs 8-12, 12-16, 4-12, 12-20, and 4-20), two three-
electrode (pairs 4-12-20 and 8-12-16), and one five-electrode (pairs 4-8-12-16-20)]. In
addition, for the multi-electrode conditions, the current levels on each individual electrode
pair were either unadjusted (called “uncentered”) or adjusted using the single-electrode
lateralization data so that the 0-CU ILD point was perceived as centered in the head (called
“centered”).

Then a familiarization block was administered, which consisted of five trials per condition
for the five single-electrode conditions and 11 ILDs per condition. After completion of the
familiarization block, the listeners reported that they fully understood the procedure and
format of the test to an experimenter. Second, all five single-electrode conditions were
presented in a randomized order. There were four blocks with five trials per condition and
ILD, resulting in 20 trials per condition and ILD. Third, eight multi-electrode conditions
(two-, three-, and five-electrodes) were presented in a randomized order. Blocks of the multi-
electrode conditions consisted of two trials per condition and ILD. The multi-electrode
condition blocks consisted of either “uncentered” or “centered” current levels. The order of
blocks with uncentered and centered conditions was counterbalanced across listeners. In all
conditions, 20 trials were collected for each ILD in each condition. The randomization of
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conditions and counterbalancing of the pre- and post-centering multi-electrode conditions
were done to avoid possible order effects (e.g., changes in responses due to fatigue).

The rationale for presenting single-electrode conditions before the multi-electrode
conditions was that the centering procedure for the multi-electrode conditions required a
complete set of single-electrode lateralization data. Therefore, randomizing single-electrode
conditions and centered multi-electrode conditions was not possible. It would have been
possible to randomize the single- and uncentered multi-electrode conditions. However, the
most clinically relevant question is the effectiveness of the centering procedure, and
therefore it was more desirable to counterbalance the uncentered and centered multi-
electrode conditions.

Data Analyses

Lateralization responses in NH and BiCl listeners—The lateralization response
patterns were compared within subjects, within subject groups, and across subject groups.
Lateralization responses for the first response for each condition in NH and BiCl listeners
were fit using a least-square regression assuming a four-parameter cumulative Gaussian
function. In the cases where the subject responded with multiple auditory images, the other
responses were ignored. Specifically, the function was of the form

y=A {Herf <x;5_; )} AN

where xis the ILD, erf is the error function, and A, o, ty, and uy are the four free
parameters used to optimized to fit the data (Goupell, Kan, et al. 2013). In the NH listeners,
the lateralization responses to single- and multi-electrode stimulation were compared using a
two-way repeated-measures analysis of variance (ANOVA) with factors frequency band
(500, 750, 1000 Hz, and multi) and ILD. In the BiCl listeners, the data showed substantial
inter-subject variability and therefore inferential statistics were not performed because they
were not particularly informative or elucidating.

Lateralization ranges in NH and BiCl listeners—The extents of laterality were
compared across our groups of listeners. The lateralization range for single and multi-band/
electrode conditions was defined as the difference between the left-most average response
and the right-most average response. Since the response bar had a linear scale from -10
(left-most edge) to +10 (right-most edge), the maximum possible lateralization range was
20. We presented a relatively large range of ILDs to both the NH (18 dB) and BiCl (x20
CUs) listeners, which produce lateralization ranges of about 15-20 (Litovsky et al. 2010;
Yost 1981).

To facilitate the comparison of the lateralization ranges of the NH and BiCl listeners, the
ILDs were expressed as %DR. Note that there is no direct way to compare electrical and
acoustical changes in level, and therefore such an approach should be viewed with an
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appropriate amount of skepticism. Nonetheless, such a comparison greatly facilitates
interpretation of the data, even if it is only a rough approximation.

The DR for NH listeners was conservatively assessed to be 70 dB calculated from a
threshold of 0-dB hearing level (HL; average threshold of hearing) to 70-dB HL, which is a
comfortably loud level for the narrow-band noises presented at frequencies 500, 750, or
1000 Hz, and thus comparable to a C level of BiCl listeners. An 18-dB ILD presented to NH
listeners in this study would utilize 26% of the DR of 70 dB in one ear and therefore 52% of
the DR for a full span of £18 dB for both ears (18 + 18 dB = 36 dB ILD range; 36 dB/70
dB=52%DR). Because the lateralization range was measured from the average left-most to
the average right-most response (from -10 to 10), we used a full span of ILDs (from -18 to
18 dB ILD in NH listeners and from —20 dB to +20 dB in BiCl listeners) to calculate the
%DR that was required to elicit the observed lateralization range in each listener.

The DR of BiCl listeners was measured as a range between T and C levels. The %DR was
measured separately in each ear and then summed because the DR was different across the
ears in many BiCl listeners. For multi-electrode conditions the %DR in each ear was
calculated based on the electrode pair with the largest DR. The ILD spans expressed as
%DR were used to better compare the lateralization ranges across the BiCl listeners. This
was done to test the possibility that a chosen span of ILDs in BiCl and NH listeners was not
optimal in producing the largest lateralization range in each listener, or the skewness in
lateralization range data in BiCl listeners could affect the interpretation of the results. On
average, +20 CUs was 53%DR (24%DR minimum; 182%DR maximum; see Table 2).

The lateralization range data from the BiCl listeners were not normally distributed and did
not meet the assumption of homogeneity. Therefore, the data for all comparison groups
(single- and multi-band/electrode conditions, NH and BiCl listeners) were analyzed using a
non-parametric Kruskal-Wallis test, followed by Mann-Whitney tests with Bonferroni
correction for between-group comparisons (based on p=0.05, six pairwise comparisons for
four groups yielded a corrected level of significance of 0.0083).

Auditory image bias values at 0-dB/CU ILD in NH and BiCl listeners—This
analysis sought to quantify the biases of stimuli that were intended to be centered in the
head, and compare this across groups. Auditory image 0-dB/CU ILD bias values were
estimated to determine if a 0-dB/CU ILD was perceived as located in the center of the head.
In NH listeners, the location of the intracranial auditory image is considered to be centered
in the head when the stimuli are presented at 0-dB ILD (Yost 1981), although small
deviations may result from headphone placement or perceptual biases (Mills 1960; Yost
1981). Headphone placement was likely not an issue in this study because the NH listeners
used insert earphones. In BiCl listeners, the location of the intracranial auditory image is not
centered in the head when the stimuli are presented at 0-CU ILD at a pair of electrodes
(Goupell, Kan, et al. 2013). Non-centered 0-CU ILD images seem to result from place of
stimulation mismatch (Kan et al. 2013), although differential neural survival across the ears
may explain such a phenomenon. Non-centered 0-CU ILD auditory images can occur even
when the levels are carefully sequentially loudness balanced (Fitzgerald et al. 2015).
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Bias magnitudes were calculated from the point at which the fit crossed the perceptual
intracranial lateralization midline, rounded to the nearest integer. Most of the time, this
corresponded to the free parameter yx in Eq. 1. The distributions of 0-dB/CU ILD bias
magnitudes were presented as histograms with a bin size of 2 dB/CU for single- and multi-
band/electrode conditions. The bias magnitudes from a 0-dB/CU ILD were measured in
dB/CU, as well as in %DR. For the BiCl listeners, since they had unequal DRs across the
ears, the bias calculation used the DR in the ear which corresponded to the direction of the
bias. For example, for a BiCl listener with a 40-CU DR in the left ear and a 25-CU DR in
the right ear, a 5-CU ILD bias toward the left ear would correspond to a -5-CU/40-CU = -
12.5%DR bias (biases toward the left ear are defined as negative and toward the right ear are
defined as positive, following the convention of the direction of the ILD).

Centering of auditory images in multi-electrode stimulation in BiCl listeners—
In an attempt to consistently produce a centered perception of the multi-electrode
stimulation in the BiCl listeners, current levels on individual electrode pairs were adjusting
based on the bias magnitudes estimated in single-electrode stimulation. For example, if the
bias magnitude on the single-electrode pair was —5-CU, suggesting a perceptual bias toward
the right ear, the current level in the right ear was reduced by 5 CUs. The adjustment was
always done by reducing the current in the ear with the same direction as the bias. The
amount of the required adjustment never exceeded the DR in the biased ear.

Two hypotheses were tested to assess the differences in 0-CU ILD bias magnitudes under
different conditions in the BiCl listeners. The first null hypothesis was that there was no
difference in 0-CU ILD bias magnitude distributions following single- vs multi-electrode
stimulation. The second null hypothesis was that there was no difference in 0-CU ILD bias
magnitude distributions following multi-electrode stimulation before vs after the centering
procedure. The differences in bias magnitude distributions were tested using a Kolmogorov-
Smirnov test. Finally, a McNemar’s test (a non-parametric paired version of the Xz test) with
Yates' continuity correction was used to assess the efficacy of the centering procedure by
reducing the number of significant bias magnitudes in multi-electrode stimulation.

Modeling of multi-electrode lateralization in BiCl listeners using response
average and variance—There is presently no formal model that predicts the across-
frequency processing of ILDs. Our data, with the potentially inconsistent lateralization
perception across different frequency regions in the BiCl listeners, could be used to
formulate such a model. Our model had two components. First, we wanted to account for the
possibility that some frequencies would contribute more to the lateralization percept than
others. This was realized by attempting to weight electrodes more heavily with more
consistent (i.e., lower variance) responses obtained from the perceptual experiment. Second,
there needed to be an across-frequency combination operation. We used the across-
frequency combination operations thought to be used in ITD processing, namely summation
or multiplication across frequency channels (Pena et al. 2000; Saberi et al. 1998; Shackleton
et al. 1992; Stern et al. 1988; Trahiotis et al. 1989).

Figure 1B shows an example of our modeling approach. First, we created Gaussian
distributions with unity area, where the mean and variance of the distribution was based on
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the observed mean and variance of the perceptual responses at each ILD in each listener. An
example set of two modeled distributions for the responses of two electrode pairs that would
comprise a two-pair combination is shown in Fig. 1B, where the distribution on the left
represents the modeled responses from electrode pair 20 at 0-CU ILD and the distribution on
the right represents the modeled responses from electrode pair 4 at 0-CU ILD for listener
CAL.

Then the distributions from the two or more pairs were then summed or multiplied, the
previous two-electrode example shown in Fig. 1C. The centroid of the combined distribution
and the maximum value of the resulting curve were used for predicting the extent of
laterality at each ILD in the multi-electrode lateralization. This resulted in four models: (1)
summation centroid, (2) summation maximum, (3) multiplication centroid, and (4)
multiplication maximum. For the example in Figs. 1B and 1C, the summation centroid
model essentially averages percepts across frequency. The predicted lateralization percept
from the combination of electrode 20 (lateralization = —5.18) and electrode 4 (lateralization
=+1.23) is a lateralization = —1.98. In contrast, the summation maximum model would
produce higher weighting in multi-electrode stimulation for electrode pairs with a smaller
response variability and thus predict a lateralization = 0.12.

The amount of variance accounted for each model was estimated using the equation
presented by Bernstein et al. (1994):

yZlOO * [1_Z(Oi_a)2/z(0i_0m)2] (2)

where O;and P;represent observed and predicted lateralization at each ILD, respectively,
and O, represents the mean of the observed values across ILDs.

Modeling of multi-electrode lateralization in BiCl listeners using weighed
response averages—A second approach to modeling the lateralization data was to
disregard the variance of the perceptual results and use only the average responses. Five free
parameters or weights were included to combine single-electrode responses to predict the
multi-electrode responses. This resulted in a matrix of eight equations for the uncentered
multi-electrode conditions. The weights were allowed to freely vary from 0 to 1 for each
individual listener with the constraint that the sum of the weights equaled 1. The set of
weights that maximized the percent variance in Eq. 2 was reported.

Although presented with an option to indicate a number of sound sources for the complex
stimulus (ranging from one to three), NH listeners always indicated that they heard a single
sound source and BiCl listeners indicated a single sound source in 98.7% of the trials.2
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Single- and multi-band lateralization in NH listeners

Figure 2 shows the average single- and multi-band lateralization responses for the NH
listeners, as well as fits to the data. The lateralization responses are similar across all three
single-band conditions and no significant change in performance when the multi-band noise
was used. A two-way repeated-measures ANOVA with factors band (500, 750, 1000 Hz, and
multi) and ILD showed no significant main effect of band [F 3 27)=1.32, p=0.29). There was
a significant main effect of ILD [F;9,79=263.0, p<0.001] and a significant band x ILD
interaction [F3,2109)=3.13, p<0.001], which occurred because the slope of the lateralization
function was shallower for the 750- and 1000-Hz single-band conditions compared to the
500-Hz single-band and multi-band conditions.

The lateralization range for the single-band stimuli was very similar across NH listeners and
on average was 17.1 (1.4, SD), ranging from 14.9 to 19.4 (74 to 97% of the maximum
possible range). The mean lateralization range for the multi-band stimuli was 17.6 (+1.6,
SD), ranging from 14.7 to 19.5 (73 to 98% of the maximum possible range), which was
essentially the same as the lateralization range for single-band stimuli.

Single- and multi-electrode lateralization in BiCl listeners

Figures 3, 4, and 5 show individual lateralization data obtained in 9 BiCl listeners for the
one-electrode pair conditions, two-electrode pair conditions, and three-/five-electrode pair
conditions, respectively. Each column in the figures shows the data from one listener and
each row describes the data for one single- or multi-electrode condition across all the
listeners. The average lateralization range across all the one-electrode pair conditions was
14.1 (£3.4, SD), ranging from 4.0 to 19.0 (20 to 95% of the maximum possible range). The
average lateralization range across all multi-electrode combinations was 14.7 (£2.8, SD),
ranging from 8.2 to 19.4 (41 to 97% of the maximum possible range). There was no
statistically significant difference for lateralization ranges in two-, three-, and five-electrode
combinations (Kruskal-Wallis test, p>0.05) and the data from these combinations were
grouped together as multi-electrode combinations for further analysis. The average
lateralization ranges, as well as average left- and rightmost responses in each BiCl listener
from single- and multi-electrode stimulation are presented in Table 3.

Comparison of lateralization ranges between NH and BiCl listeners

A Kruskal-Wallis analysis on the lateralization ranges in NH and BiCl listeners with single-
and multi-band/electrode stimuli showed that the difference in the median values among the
four groups studied was statistically significant (H=24.8, df=3, p<0.001). Subsequent Mann-
Whitney tests with Bonferroni correction for between-group comparisons were performed.
The median values of the lateralization ranges in the groups of BiCl listeners (both single-
and multi-stimulation) were significantly smaller as compared to the groups of NH listeners
(p<0.0083). Note that neither group utilized the full lateralization response range, and yet
there was a saturation in responses at the largest ILDs in both groups. There was no

2| istener CAG heard multiple sound sources in 11% of the trials, with 10% of them reported as two sources and 1% as three sources.
The majority of multi-source stimuli were heard in a three-electrode combination with widely spaced electrode pairs and in the
combination with five electrode pairs.
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significant difference in lateralization range between single- and multi-band/electrode
stimuli within each group (p>0.05 for both).

Lateralization range data from single-electrode conditions in BiCl listeners had an
asymmetrical distribution with a substantial negative skew (-1.03). Further analysis showed
that this asymmetry in the distribution could be attributed to the substantially smaller
lateralization ranges measured in three of the BiCl listeners. This difference was
independent of the intracochlear location of the stimulated electrode pair. Two of these three
listeners had a smaller than the group average lateralization range on all five single-electrode
pairs (CAE: average=11.8+1.0, SD; CAW: average=8.5+2.4, SD) and one listener had a
smaller range on four out of five electrode pairs (CAS: average=10.9+4.1, SD). These three
BiCl listeners generally had smaller %DRs tested with a £20-CU ILD span, which is shown
in Fig. 6. In other words, these three listeners had large dynamic ranges and 20-CU ILDs
were relatively small ILDs in terms of %DR.

On average, 20-CU ILD corresponded to 53% of the DR across the ears for the BiCl
listeners. To estimate the DR for a full span of ILD from —20 to +20 CUs (from the left to
the right ear), we added %DR for 20 CUs in the left and %DR for 20 CUs in the right ear,
which, on average, was 106% DR. In other words, on average, to move the auditory image
from the left-most position to the middle of the head in BiCl listeners we stimulated
53%DR, and moving the auditory image from the left-most position to the right-most
position would require 106%DR. In contrast, in NH listeners the full lateralization range
(moving the auditory image from one ear to another) required 36-dB ILD (or 51% DR) in
our experiment.

The smallest %DR tested for £20-CU ILD occurred for listener CAD, electrode pair 8,
which was 56%DR. This value is almost twice as small as compared to the average value
across all the BiCl listeners (106%). To test the possibility that a smaller lateralization range
in BiCl listeners in our study was influenced by a smaller percentage of the DR tested in
three listeners with smaller lateralization ranges described earlier, we calculated the
lateralization range at 56%DR. The lateralization ranges in NH and BiCl listeners are
presented in Fig. 7, with the full measured ranges in panel A and with the range at 56%DR
in panel B.

A Kruskal-Wallis analysis followed by Mann-Whitney tests with a Bonferroni correction for
between-group comparisons was performed on the 56%DR lateralization ranges in NH and
BiCl listeners with single- and multi-band/electrode stimuli. When the responses from all
the NH and BiCl listeners were evaluated within 56%DR, the lateralization ranges were
significantly larger for NH listeners as compared to the BiCl listeners (H=81.4, df=3,
p<0.001). These data demonstrate that when stimulated at the ILD range of 56%DR, NH
listeners maintained their full lateralization range, while BiCl listeners responded within less
than half of the available lateralization range, suggesting that BiCl listeners require a
significantly larger proportion of their DR stimulated to show a full range of lateralization
responses as compared to NH listeners. Electrode pairs with substantially different
lateralization ranges were observed across all five single-electrode pairs, with no systematic
difference in lateralization ranges along the intracochlear array.
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Auditory image bias values at 0-dB/CU ILD—The distribution of the lateralization
responses at 0-dB ILD in the group of NH listeners in our study is shown in Fig. 8A, with
biases measured in dB, and Fig. 8E, with biases expressed as %DR, again, assuming the DR
for an average NH listener between 0 dB HL (minimum audibility per average threshold
definition) and 70 dB HL (a loud, but comfortable level in a NH listener). The narrow
distribution of the responses around the 0-dB ILD value suggests the consistent perception
of the centered image following single- and multi-band stimulation in NH listeners.

The distribution of the 0-CU ILD bias values following single-electrode stimulation in BiCl
listeners is presented in Fig. 8 (panel B, in CUs and panel F, in %DR) and suggests a
substantial across- and within-listener variability in the intracranial perception of the
auditory image at different ILDs. Fitzgerald et al. (2015) showed that measurement
variability in the auditory image lateralization responses does not exceed 5-CU ILDs. Using
this metric, the bias magnitudes at 0-CU ILD in our study were equal or greater than 5 CUs
in 44% of the single-electrode pair measurements. In multi-electrode stimulation (Fig. 8C in
CUs and 8G in %DR), the percentages of bias magnitudes equal or greater than 5 CUs were
smaller compared to the single-electrode stimulation (25 vs. 44%), although there was no
significant difference between the two distributions (Kolmogorov-Smirnov test; p>0.05). For
multi-electrode stimulation, there was also no difference between bias distributions on two-,
three-, and five-electrode pairs, and data from these conditions were grouped together as
multi-electrode combinations for further analysis. In general, the BiCl listeners who had at
least three single-electrode pairs with significant biases (four of nine in our study, indicated
with the asterisks in Figs. 3, 4, and 5), also showed a number of significant biases in multi-
electrode lateralization.

The magnitude of the auditory image bias at 0-CU ILD obtained earlier was also used to
estimate the importance of absolute C levels and/or their difference between the ears in the
lateralization ability in BiCl listeners. C levels and DR for each electrode pair used in the
study are presented in Table 2. C levels were consistently higher in one ear compared to the
other on all five electrode pairs in seven of nine listeners. In listeners CAQ and CBA, C
levels in one ear were higher on three electrode pairs out of five tested and were lower on the
other two pairs. A large proportion of listeners with greater C levels in one ear raised a
question if single-electrode stimulation would result in a lateralization bias toward that ear.
Our data showed no correlation (r;=0.16, p>0.05) of the =5-CU bias magnitudes at 0-CU
ILD in single-electrode stimulation with the C levels in the ear with the larger current.
Moreover, in approximately half of the single-electrode combinations with >5-CU bias
magnitude, the bias was toward the ear with a smaller C level (55%). There was also no
correlation (p>0.05) between the bias magnitudes at 0-CU ILD and the C level differences
between the ears, suggesting that absolute C levels or the frequently observed difference in
C levels across the ears cannot reliably predict the direction of the biases in BiCl listeners.

Centering of auditory image in multi-electrode stimulation—We attempted to
produce a centered perception of the multi-electrode stimulation by adjusting the current
levels on individual electrode pairs, which should reduce the width of the distribution in
Figs. 8B and 8F. As predicted, centering individual electrode pairs by reducing the levels in
the biased ear resulted in more centered lateralization curves in multi-electrode stimulation,
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as shown in Fig. 9, and reduced biases at 0-CU ILD as shown in Figs. 8D and 8H. A
Kolmogorov-Smirnov test showed that the 0-CU ILD bias distribution in multi-electrode
stimulation after the centering procedure was significantly different from the bias
distribution prior to centering (p=0.0087). Following the centering procedure, the number of
multi-electrode combinations with =5-CU bias magnitudes decreased from 25 to 4%. A non-
parametric McNemar’s test also showed a significant decrease in the proportion of the large
bias values pre- and post-centering procedure [x2(1)=11.53, p<0.001], suggesting that the
centering procedure was successful in reducing the number of the bias values equal or
greater than 5 CUs. Specifically, a change from relatively large to small bias values was
observed in 15 multi-electrode combinations out of 18 multi-electrode combinations that had
large biases prior to centering. In listener CAW, the bias values in two multi-electrode
combinations did not change (thus remaining =5-CU ILD) and in one multi-electrode
combination the bias value significantly increased following the centering procedure.

Modeling of BiCl multi-electrode ILD-based lateralization—Two modeling
approaches were attempted to explain the multi-electrode lateralization responses from the
single-electrode lateralization responses. The first approach utilized the response averages
and variance, and used four different models to try to explain the multi-electrode responses.
The amount of variance accounted for by the model was computed for two-electrode
stimulation alone, three-electrode stimulation alone, five-electrode stimulation alone, and the
across all conditions. This was done for each individual listener and then including all the
listeners. The amount of variance that was accounted for by the summation centroid and the
summation maximum models are reported in Table 4. Both models accounted for >70% of
variance in the data when combined across the listeners, although a significant amount of
within and across listener variability was observed in individual multi-electrode conditions.
The multiplication centroid and multiplication maximum models were inferior to the
respective summation models.

When comparing the models, the multiplication models and the summation maximum model
performed poorly when the responses from the individual electrodes were well separated (as
occurred in Fig. 1B). Inspection of Table 4 shows that the summation maximum model
almost systematically produced smaller percent variance values and that listener CAL was
noteworthy in that the summation maximum model could not explain any of the variance.
The summation centroid model accounted for the largest percentage of the variance in the
data when including all the conditions (86.8%, Table 4). For these reasons, we concluded
that the summation centroid model was superior to the others. To see the specific model
predictions, the predicted values based on summation centroid model are shown by the star
symbols in Figs. 4 and 5.

The summation centroid model could not explain the last 13% of variance in the data. A
source of the deviations might be a factor related to electrode-neural interface, meaning that
some areas of the cochlea will have better neural survival and thus may have a representation
that is weighted more strongly in an across-frequency central combination of lateralization.
Therefore, to further explore the role of individual electrode pairs in multi-electrode
lateralization, a second modeling attempt was performed. Because the summation centroid
model disregards the response variance, we simple performed an across-frequency averaging
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of the response averages after individual weighting. The weights of each electrode pair in
multi-electrode lateralization response were allowed to freely vary in order to maximize the
percentage of variance accounted for in Eq. 2. Because free parameters were added to the
model, it is guaranteed that the percent variance explained will be the same or higher than in
the unweighted model. The maximum percent variance accounted for with this new
modeling approach differed from the summation centroid model (i.e., unweighted version of
the model where the individual weights were all 0.2). Specifically, it increased the
percentage of variance explained by 4.9% on average when considered all the conditions,
ranging from 0.5 to 13.4%, which is shown in Table 5. The largest changes were 13.4 and
11.5% variance explained in listeners CAL and CAW, respectively, the two listeners who
had the smallest percent variances explained by the unweighted model. Table 5 also reports
the weights that maximize the percent variance explained. Some listeners like CAD and
CAQ had relatively equal weights. Some listeners like CAL and CAW had a single electrode
with a particularly large weight, 0.77 and 0.91, respectively. The electrodes that had the
highest weights were idiosyncratic, but on average the lowest weight was electrode 12,
located in the middle of the array; only listener CAP had a weight >0.2 for electrode 12. The
highest weight was electrode 20, the most apical electrode; a clear deviation from this
pattern would be listener CAL who had a weight of 0.04 for this electrode.

DISCUSSION

Previous ILD-based lateralization studies in BiCl listeners have focused mostly on single-
electrode stimulation (e.g., Litovsky et al. 2010). At the same time, realistic sound sources
are more likely to activate multiple electrodes in each ear, producing a broadband stimulus.
In NH listeners and in non-reverberant environments, ITDs play a larger role in localization
of broadband stimuli as compared to ILDs (Macpherson and Middlebrooks, 2002). In
contrast in BiCl listeners, ILDs play a larger role in localization of broadband stimuli as
compared to ITDs (Aronoff et al. 2010). Therefore, we investigated how ILDs are processed
in multi-electrode stimulation in BiCl listeners.

Lateralization in NH and BICl listeners

Figure 2 shows that NH listeners demonstrate very similar ILD lateralization curves when
presented narrowband noises over headphones, and that NH listeners perceive 0-dB ILD as
nearly intracranially centered. There was a small but significant ILD x condition interaction,
which was the result of a steeper lateralization function for the 500-Hz and multi-band
condition compared to the 750- and 1000-Hz conditions. Yost (1981) showed little to no
effect of frequency for ILD lateralization curves using 200-, 500-, 1000-, 2000-, and 5000-
Hz tones in four NH listeners. The results in this study are very similar to those in Yost
(1981); our significant interaction perhaps a result of more listeners and increased statistical
power. In contrast, significant main effects of frequency have been shown before in ILD
lateralization. For example, Bernstein et al. (2011) showed ILD lateralization for 4000-Hz
modulated tones was larger than for 500-Hz modulated tones in three NH listeners. It is clear
that future studies should investigate these frequency effects, in both single- and multi-band
conditions.
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Compared to the NH control listeners, the BiCl listeners showed remarkably more
variability in their ILD lateralization curves. Some variability was expected given that the
BiCl listeners had different dynamic ranges, but the amount of variability was noteworthy, as
the listeners were presented stimuli with time-synchronized direct stimulation. All BiCl
listeners demonstrated an ability to lateralize stimuli based on ILDs in both single- (Fig. 3)
and multi-electrode stimulation (Figs. 4 and 5). Most of our BiCl listeners showed large
lateralization ranges, similar to the NH control listeners (Fig. 2). However, three BiCl
listeners (CAE, CAS, and CAW) showed consistently smaller lateralization ranges across
almost all of the electrode pairs tested. The lateralization range, measured from the left-most
to the right-most reported position of the auditory image, varied from 20 to 97% of the
maximum possible lateralization range across all the BiCl listeners (Figs. 3—7; Table 3).
Such a result is similar to that in another study by van Hoesel and Tyler (2003), who showed
variability in the observed lateralization ranges in five BiCl listeners, spanning from 55 to
100% of the available lateralization range.

The lateralization ranges in NH listeners were significantly larger than in BiCl listeners, in
both single- and multi-electrode/band stimulation, and even when there was an attempt to
match the ILD testing range (in %DR) for the two groups (Fig. 7). To explain the smaller
lateralization range in the BiCl listeners, we found that three BiCl listeners with smaller
lateralization ranges also had the smallest fraction of the DR tested as compared to the other
BiCl listeners (Fig. 6). Therefore, it is possible that a 20-CU ILD was insufficient to ensure a
full lateralization range in those listeners. On the other hand, other listeners that were tested
at comparable %DRs showed larger lateralization ranges (Fig. 6). In addition, note that the
majority of the responses in those three poorer performing BiCl listeners, as well as in the
remaining six BiCl listeners, were practically saturated at the extreme ILD values indicating
that a further increase in the ILDs would likely not result in the increased lateralization
range. When the lateralization ranges were compared at 56%DR across all the listeners (the
smallest fraction of the DR tested in this study, listener CAD on electrode pair 8),
significantly greater values were still observed in the NH group. This result may suggest that
BiCl users demonstrate a reduced lateralization ability compared to NH listeners; however,
more careful experiments would need to be performed to truly validate this statement.

Admittedly, the comparison across NH and BiCl listeners is complicated as there is no way
to fairly equate ILDs in acoustic dB to any electrical unit of measurement. Therefore, we
recommend that all the group comparisons be viewed cautiously. The main purpose of the
NH listeners was to provide a control data set that showed that 0-dB ILDs are heard as
mostly intracranially centered, which was achieved. We also note that the NH and BiCl
listeners had non-overlapping age ranges. Therefore, there are potential effects of aging that
were not controlled for in this study. However, previous work has shown that aging may not
produce large effects in the ability to process ILDs (Babkoff et al. 2002).

Auditory image bias at 0-CU ILD reduced after centering procedure in BiCl listeners

Another important finding in the BiCl listeners was that 0-CU ILD was not consistently
perceived as centered in the head, which is unlike the NH listeners for 0-dB ILD. In fact,
44% of the single-electrode pair measurements had a bias magnitude of at least 5 CU in the
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BiCl listeners (Fig. 8). These results are in line with the findings of Goupell, Kan, et al.
(2013) and Fitzgerald et al. (2015), where both reports demonstrated a number of relatively
large 0-CU ILD bias magnitudes in BiCl listeners. For the multi-electrode lateralization, the
percentage of bias magnitudes that were at least 5 CUs was reduced from 44% in single-
electrode lateralization to 25%, but this change was not statistically significant. It may be
that the multi-electrode stimulation resulted in blurry auditory images, but not completely
unfused (Blauert et al. 1986; Fitzgerald et al. 2015; Kan et al. 2013), and that this produced
little overall change in the average location of the auditory image. Explicit centering of the
single-electrode pairs with bias magnitudes at least 5 CUs did significantly reduce the
percentage of large bias magnitudes for the multi-electrode conditions to only 4% (Figs. 8
and 9). This result suggests that improving location cues at a single electrode pair may
provide more consistent binaural information across the array.

Modeling of multi-electrode ILD-based lateralization

The above results can be successfully understood by the summation centroid model (Fig.
1C), which explained up to 86.8% percent of the variance in the multi-electrode
lateralization data (Table 4). Because this model is simply an unweighted averaging
operation across single-electrode pairs, we attempted a second version of this model that
including weights on the individual electrode pairs. This improved the percent variance
explained to 90.4% (Table 5). The modeling suggests that across-frequency ILD processing
might be a relatively simple averaging operation, with the possibility that some electrodes
carry more weight than others. The highest weighted electrode tended to be the most apical
one (electrode 20) and the lowest weighted electrode tended to be the middle one (electrode
12); however, Table 5 clearly shows deviations from these trends. Such a result might be
explained by local neural survival and the electrode-neural interface (Bierer and Nye 2014;
Long et al. 2014) could shape an individual BiCl listener’s across-frequency ILD weighting.

The proposed model of across-frequency ILD processing makes at least two predictions.
First, a more centered image in multi-electrode lateralization would be observed in
combinations with opposite direction biases of the lateralization curves on single-electrode
pairs, and that averaging would result in a more centered values. The shifts in multi-
electrode combinations with the same direction of the bias in single-electrode pairs
practically remained the same. Evidence for such phenomena can be observed in Figs. 4 and
5. Second, if there is inconsistency in a location perception across electrodes, this will bias
the perception to an incorrect location. Remember, BiCl listeners demonstrate an ILD
dominance in sound localization (Aronoff et al. 2010), in contrast to NH listeners who
demonstrate a low-frequency ITD dominance (Wightman and Kistler 1992). For BiCl
listeners, ILDs are likely very different across frequency because the head naturally
produces frequency-dependent ILDs (Feddersen et al. 1957; Macaulay et al. 2010) and the
ILDs possible altered by microphone response patterns and unsyncronized automatic gain
controls (Musa-Shufani et al. 2006; van Hoesel 2012). In the absence of potent low-
frequency ITDs to dominate the localization perception, our data and model suggest that
BiCl listeners may have localization responses that are biased to the midline because low-
frequency ILDs are small and most BiCl listeners weight electrodes equally or most on the
apical electrode. In such a case, a strategy to convert ITDs to ILDs at low frequencies
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(Brown 2014) might be particularly advantageous for localization and binaural processing
for BiCl users.

Implications for BiCl mapping

Audiologists map BiCls as two independent devices. Our data suggest that such an approach
could lead to an inconsistent perception of ILDs. Furthermore, the problem of inconsistent
ILDs might be rectified by utilizing centering of individual electrode pairs. Previous reports
show that centering does not affect single-electrode ITD, ILD, and interaural correlation
change just-noticeable differences in BiCl listeners (Goupell 2015; Goupell, Stoelb, et al.
2013; Kan et al. 2015). The importance of centering for multi-electrode stimulation may be
more than that for single-electrode stimulation because of potential inconsistencies in
perceived location across frequency. If so, removing such inconsistencies has the potential to
produce objective improvements in sound localization and speech understanding in noise for
BiCl listeners using clinical processors as well as subjective impressions of the sound such
as a more fused and punctate auditory image perception.

In addition, a main tool of an audiologist is adjusting levels of single electrodes. Bilateral
level comparisons and centering of single electrodes are presently not performed in clinical
appointments, but would be possible with some minor changes to technology. Therefore, the
results of this work have potential to translate to the clinic and may improve binaural
capabilities of BiCl users. Although, this approach would be a deviation from the unilateral
loudness balancing, so far neither within-, nor across-ear loudness balancing showed a
consistent perception of the centered image in BiCl listeners (Fitzgerald et al. 2015;
Goupell, Kan, et al. 2013). A within-ear balancing is usually done in the clinic by simply
sweeping the C levels across the electrodes in each ear, and we performed a within-ear
balancing in our study as well, but still observed a significant number of non-centered
lateralization curves in our listeners. Across-ear loudness balancing also did not ensure the
perception of the centered image as well (Fitzgerald et al. 2015) suggesting that loudness
balancing does not solve the problems with localization in BiCl listeners. However, if the
changes in levels are too great following centering procedure, this could potentially decrease
the audibility of the stimulus in one ear. In such an instance, there would be a competition
between maximizing binaural performance and maximizing speech understanding. The
changes in C levels that were required for centering in this study rarely exceeded 10 CUs for
one ear and were always adjusted by decreasing the C level in the leading ear. However, if a
large number of electrodes needed significant adjustment, the C levels could be decreased in
one ear and increased in the other with the hope that speech understanding would not be
negatively impacted. Future research should aim to examine the tradeoff in speech
understanding and binaural processing from ILD centering.
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Figure 1.

Panel A shows an example lateralization curve as a function of ILD. The example data show
the average and standard deviations for each measurement. The data are fit with a
cumulative Gaussian function. Two summary metrics, the bias in the perceived center
position and the lateralization range, are shown. Panels B and C shows an example of the
modeling approach, where the average and variance of the single-electrode lateralization
responses (panel B) are summed and then the centroid or maximum of the resulting
distribution (panel C) are used to predict a multi-electrode lateralization response.
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0

Average lateralization data for NH listeners as a function of ILD. Symbols represent the
average response for the single narrow-band noises with a center frequency of 500 Hz
(circles), 750 Hz (squares), and 1000 Hz (triangles), and for the multi-band stimulus
(diamonds). Error bars show +1 standard deviation over the 20 trials. Solid curved lines are

cumulative Gaussian fits to the average data.
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Figure 3.
Lateralization data as a function of ILD on single electrode pairs 20, 16, 12, 8, and 4.

Individual listeners are shown in different columns, while the rows show the data for each of
the electrode pairs. Scale on y-axis is the lateralization response, from the left-most response
(-10) to the right-most response (10). Open circle symbols represent the average response at
each ILD and error bars show +1 standard deviation over the 20 trials. Solid curved lines are
cumulative Gaussian fits to the average data. Asterisks in the right low corner of the panels
indicate the pairs with a =5 CUs bias magnitude at 0-CU ILD. Filled squares symbols show
the bias values =25 CUs, which were derived as the x-axis (middle line) intersection point of
the lateralization curves.
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Figure 4.
Lateralization data as a function of ILD for two-electrode pairs. All conventions are similar

to that in Fig. 3. Filled stars show responses predicted by summation centroid model.
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Lateralization data as a function of ILD for three- and five-electrode pairs. All conventions
are similar to that in Fig. 4.
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Figure®6.
Lateralization range on single-electrode pairs as a function of the dynamic range (DR)

computed from the span of ILDs from —20 CUs (left ear louder) to +20 CUs (right ear
louder). The data show that most of the responses with smaller lateralization ranges belong
to only three BiCl listeners (filled symbols), while most of the response with larger
lateralization ranges belong to other six listeners (open circles). Three listeners who showed
consistently smaller lateralization ranges were also tested with a smaller fraction of their
dynamic range as compared to the other six listeners.
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Panel A shows the lateralization ranges in NH and BiCl listeners in both single- and multi-

band/electrode stimulation. Panel B shows the lateralization ranges utilizing 56%DR.
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Figure8.
Histograms of the ILD bias values necessary to center an auditory image in NH listeners

(panels A and E), and in BiCl listeners (panels B, C, D, F, G, and H). The bias values are
presented either in dB or CUs (upper row) or as %DR (bottom row)
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Lateralization data as a function of ILD for multi-electrode pairs with significant bias values
at 0-CUs ILD. All conventions are similar to that in Fig. 3. Open circles show the data from
Figs. 4 and 5 that had significant bias magnitudes. Filled circles show the lateralization data
after applying the centering procedure on the single electrode pairs.
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