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ABSTRACT

By allowing bilateral access to sound, bilateral
cochlear implants (BI-CIs) or unilateral CIs for
individuals with single-sided deafness (SSD; i.e.,
normal or near-normal hearing in one ear) can
improve sound localization and speech understand-
ing in noise. Spatial hearing in the horizontal plane
is primarily conveyed by interaural time and level
differences computed from neurons in the superior
olivary complex that receive frequency-matched
inputs. Because BI-CIs and SSD-CIs do not neces-
sarily convey frequency-matched information, it is
critical to understand how to align the inputs to CI
users. Previous studies show that interaural pitch
discrimination for SSD-CI listeners is highly suscep-
tible to contextual biases, questioning its utility for
establishing interaural frequency alignment. Here,
we replicate this finding for SSD-CI listeners and
show that these biases also extend to BI-CI listeners.
To assess the testing-range bias, three ranges of
comparison electrodes (BI-CI) or pure-tone fre-
quencies (SSD-CI) were tested: full range, apical/
lower half, or basal/upper half. To assess the
reference bias, the reference electrode was either
held fixed throughout a testing block or randomly
chosen from three electrodes (basal end, middle,
or apical end of the array). Results showed no
effect of reference electrode randomization, but a
large testing range bias; changing the center of the
testing-range shifted the pitch match by an average
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INTRODUCTION

Spatial hearing is important for sound localization
and speech understanding in background noise.
Spatial hearing in the horizontal plane involves
computations of interaural time differences (ITDs)
and interaural level differences (ILDs) in the
brainstem neurons of the superior olivary complex
(Carr and Konishi 1990; Yin and Chan 1990; Joris
et al. 1998). ITD- and ILD-sensitive neurons are
most effective for frequency-matched inputs (e.g.,
Blanks et al. 2007). Frequency matching is assumed
to occur near perfectly in typical acoustic hearing,
but this is not necessarily the case for cochlear-
implant (CI) users. This study investigated the
efficacy of using a pitch-discrimination task to
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63 % (BI-CI) or 43 % (SSD-CI) of the change
magnitude. This bias diminished pitch-match accu-
racy, with a change in reference electrode shifting
the pitch match only an average 34 % (BI-CI) or
40 % (SSD-CI) of the expected amount. Because
these effects extended to the relatively more symmetric
BI-CI listeners, the results suggest that the bias cannot be
attributed to interaural asymmetry. Unless the range
effect can be minimized or accounted for, a pitch-
discrimination task will produce interaural place-of-
stimulation estimates that are highly influenced by the
conditions tested, rather than reflecting a true
interaural place-pitch comparison.

http://crossmark.crossref.org/dialog/?doi=10.1007/s10162-018-00707-x&domain=pdf


estimate interaural place-of-stimulation mismatch for
two types of CI users likely to experience interaural
mismatch: bilateral CI (BI-CI) and single-sided-
deafness CI (SSD-CI) users.

Assuming standard clinical frequency-to-electrode
allocation, a case of interaural mismatch must occur
for BI-CI users implanted with two different array
types and lengths; however, interaural mismatch
can also occur for BI-CI users implanted with the
same type of intracochlear array. For example,
slightly different insertion depths across the ears
could result in interaural mismatch. Studies have
reported a large range of angular insertion depths
using histology, pitch perception, computed-
tomography (CT) scans, or x-rays (Baumann and
Nobbe 2004; Adunka et al. 2006; Radeloff et al.
2008; Vermeire et al. 2008; van der Marel et al.
2014). Biological factors such as neuronal survival
(Bierer and Nye 2014) or connective tissue growth
in scala tympani could also affect interaural mis-
match. Finally, the clinical programming of sound
processors could produce an interaural mismatch. It
is not uncommon for individual electrodes to be
deactivated due to issues with loudness or non-
auditory stimulation, resulting in a different num-
ber of active electrodes in each ear. With no
standard clinical method to interaurally align the
frequency information, a different number of active
electrodes will result in a different frequency-to-
place allocation in each ear.

SSD-CI users can also experience interaural
mismatch, particularly at the apex (Schatzer et al.
2014). Because the electrode array is not inserted
all the way into the cochlea, the most apical
electrode will often not stimulate the most apical
spiral ganglia. Despite this, standard clinical prac-
tice is to allocate the full device bandwidth (~ 100–
8000 Hz) across the available electrodes, thereby
generating an interaural mismatch. Landsberger
et al. (2015) compiled insertion angles for the
most apical electrode across 661 unilateral CI
listeners reported in 12 different studies. Based
on these reports, Wess et al. (2017) estimated that
the average place-of-stimulation mismatch between
electrode position and the standard frequency
allocation for SSD-CI users is approximately 5 mm
(1.5 octaves).

Pitch is commonly used in the BI-CI perception
research literature to estimate relative place of
stimulation (Kan et al. 2013; Goupell 2015; Goupell
and Litovsky 2015; Kan et al. 2015), although some
studies have used binaural metrics like ITD discrim-
ination (e.g., Noel and Eddington 2013). Recent
reports have shown relatively weak correspondence
between the relative place pitch elicited by an
electrode in one ear and several other measures,

including the clinical frequency allocation associated
with that electrode (Aronoff et al. 2016), the contra-
lateral electrode yielding the best ITD sensitivity or
the largest electrophysiologically measured binaural-
interaction component (Hu and Dietz 2015), and the
pitch elicited by an acoustic signal in the contralateral
ear (Carlyon et al. 2010). It is worth noting that tasks
that use pitch perception may have procedure-
specific confounds because sensory judgments like
pitch magnitude estimation or discrimination are
affected by a number of contextual biases (e.g.,
Poulton 1979). To avoid such biases, an experimenter
should perform some form of validation. In particu-
lar, Carlyon et al. (2010) reported that SSD-CI
listeners can demonstrate a substantial pitch-range
bias, whereby the interaural pitch match can change
simply by changing the testing range. One possible
reason that such a substantial range bias could occur
for SSD-CI listeners is that the signals presented to the
two ears are substantially different. If this were the
case, then range bias should be smaller for more
similar inputs.

The purpose of this study was to measure
interaural place-of-stimulation mismatch for BI-CI
and SSD-CI listeners via pitch discrimination and
concurrently characterize the magnitude of contex-
tual biases on these measurements. We hypothesized
that BI-CI listeners would show a smaller range bias
than SSD-CI listeners because BI-CI listeners are
presented electrical stimulation to both ears in a
relatively symmetric manner. In addition, BI-CI
listeners that have relatively asymmetrical inputs
(e.g., produced by a much longer duration of
deafness in one ear and/or long inter-implant
duration) would have larger range biases than those
with relatively symmetrical inputs. Interaural pitch
discrimination was systematically measured as a
function of both reference electrode (i.e., cochlear
place-of-stimulation) and comparison range. We
followed the recommendations of Carlyon et al.
(2010) to examine the possible influence of range
effects on the measured pitch match and also
included an investigation of the effect of the
reference-electrode randomization within a testing
block. We hypothesized that pitch discrimination
would be affected by both a comparison electrode
context bias (i.e., testing-range bias) and a reference-
electrode context bias (i.e., reference bias).

METHODS

Seven BI-CI listeners participated in the study to
examine the main question of whether BI-CI
listeners would demonstrate range effects similar
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to those that have been previously reported for
SSD-CI listeners (Carlyon et al. 2010; Schatzer et al.
2014). Three SSD-CI participants were also included
in the study as a control to examine whether the
previously reported range effects would replicate.
Because of differences in the experimental meth-
odologies and associated analyses for the two
listener groups, the methods are presented sepa-
rately for each group.

Experiment 1: BI-CI Listeners

Listeners. Seven BI-CI listeners participated in the
study with the reference electrodes placed in the
right ear; one of the listeners was tested twice, with
the reference electrodes also placed in the left ear.
Their hearing histories, demographic information,
and electrode arrays are shown in Table 1. All BI-CI
listeners used Cochlear-brand devices with 22
intracochlear electrodes. The internal arrays had
various intra-electrode spacing depending on the
generation and the curvature of the array (i.e.,
perimodiolar or lateral wall arrays). Despite the
differences in intra-electrode spacing in linear milli-
meters, the manufacturer’s intent is for each array
type to have a constant cochlear angle. Therefore,
without precise information on electrode location, as
one would receive from a CT scan, intra-electrode
spacing of approximately 0.75 mm is a reasonable
assumption for these types of arrays. The most apical
intracochlear electrode (i.e., likely lowest place pitch)
is numbered 22, and the most basal (i.e., likely
highest place pitch) is numbered 1. There were two
extra-cochlear ground electrodes. These CIs produce
a range of 0 to 255 clinical current units (CUs), with
each CU producing a logarithmically spaced change
in current.

Equipment and Stimuli. Stimuli were delivered
sequentially to each ear using direct stimulation
with two bilaterally synchronized L34 research
processors (Cochlear Ltd., Sydney, Australia). The
L34s were controlled by the Nucleus Implant
Communicator (NIC version 2) being run on
MATLAB (Mathworks, Natick, MA). Stimuli were
300-ms, 1000-pulses-per-second (pps),1 constant-
amplitude pulse trains that were perceived to be at a
comfortable loudness. A monopolar grounding
configuration (MP1 + 2) was used. The phase
duration of the individual biphasic pulses was
typically 25 μs per phase and there was an 8-μs
interphase gap. Listener BCI7 needed more current
to perceive a comfortable loudness and had their
phase duration increased to 35 μs in the left ear.
Procedure. Testing occurred in a quiet, dedicated
testing room with minimal visual distraction. The
testing and procedure generally followed direct
stimulation best practices as outlined by Litovsky
et al. (2017).

TABLE 1

Listener information. An extra set of listener codes are provided for the BI-CI listeners to allow comparison to previous studies

Listener Age (years) Mode Array type Dur. CI Etiology

Left Right Left Right Left Right Left Right

BCI1 CAB 71 BI-CI CI24M CI24R 36 44 20 13 Unknown Unknown
BCI2 CAE 65 BI-CI CI24RE CI24RE 4 3 10 11 Hereditary Hereditary
BCI3 CAK 70 BI-CI CI422 CI24R(CS) 0 0 13 1 Sinus Surgery Unknown
BCI4 CAQ 59 BI-CI CI24RE CI24RE 5 6 9 5 Meniere’s Meniere’s
BCI5 CBF 59 BI-CI CI24RE CI422 5 10 7 2 Hereditary Hereditary
BCI6 CCA 77 BI-CI CI24RE CI512 61 1 3 6 Measles, antibiotics Measles, antibiotics
BCI7 CCI 66 BI-CI CI24R(CS) CI24RE 2 8 15 4 Possibly otoscleroses Possibly otoscleroses
SSD1 59 SSD-CI n/a Flex28 n/a 8 n/a 2 n/a Sudden SNHL
SSD2 38 SSD-CI n/a Flex28 n/a 0.25 n/a 4 n/a Sudden SNHL
SSD3 58 SSD-CI CI24RE n/a 21 n/a 5 n/a Sudden SNHL n/a

1 We performed pilot tests using a very low rate, 25 pps, for several
BI-CI listeners, because Carlyon et al. (2010) suggested that 25 pps
might yield less biased results than 1000 pps. The main reason for
using very low-rate pulse trains around 25 pps is to reduce the
influence of temporal pitch cues on the pitch perception, because
some electrodes have a different upper limit of temporal pitch than
others (e.g., Kong and Carlyon 2010). We found no apparent
difference in using 25 or 1000 pps in our pilot tests for listeners who
could perform the task. For a few of our BI-CI listeners, the low rate
was so distracting that they had substantial difficulty or could not
perform the interaural pitch-discrimination task. Changing to the
higher rate allowed them to better attend to the pitch of the pulse
train. We therefore opted for the higher stimulation rate for this
study. Note, that this finding is in contrast to other studies where BI-
CI listeners appeared to have no problem with interaural pitch
discrimination using 25-pps pulse trains (e.g., Ihlefeld et al. 2015).
The reason for the discrepancy is unclear and motivates further
investigation on the use of very low rates in interaural pitch-
discrimination tasks.
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Mapping. Most-comfortable loudness levels were
found on the even-numbered electrodes in each
ear. Electrodes were loudness balanced within an ear
by sequentially presenting pulse trains at five differ-
ent electrodes. Listeners reported if any electrodes
were perceived to be a different loudness and then
the experimenter adjusted current levels. Stimuli
were repeated until all were perceived as equal
loudness. No explicit across-ear loudness balancing
was done, but listeners were instructed to use the
same point on the subjective loudness scale for the
mapping.

Unilateral Place-Pitch Discrimination. To determine how
well BI-CI listeners could judge place pitch (i.e.,
intracochlear electrode location) in one ear, we
performed a unilateral control experiment. Four BI-
CI listeners started the testing in their right ear and
completed all the right-ear trials and conditions,
followed by their left ear. The other three BI-CI
listeners started the testing in their left ear, followed
by their right ear.

A method of constant stimuli was used where at
least 20 trials per condition were collected in blocks.
Within a block, there were three reference elec-
trodes that were typically electrode 20 (apical), 12
(middle), and 4 (basal). Listeners were typically
given a range of comparison electrodes that was
within ± 3 electrodes of the reference electrode
(e.g., for reference electrode 12, the comparison
electrodes were 9, 10, 11, 12, 13, 14, and 15).
Table 2 shows a list of the typical electrode
comparisons tested. In some cases where the desired
electrodes had been deactivated in a listener’s
clinical processor settings, nearby alternative elec-
trodes were used instead. In some cases where

unilateral place-pitch discrimination was especially
poor, electrodes more distant from the reference
electrode were also tested.

Each trial in the experiment consisted of sequential
single-electrode stimulation, with 300 ms of stimula-
tion presented to the reference electrode, followed by
300 ms of no stimulation, then 300 ms of stimulation
presented to the comparison electrode. Listeners
responded by pressing a button to indicate whether
the second stimulus had a higher or lower pitch
compared to the first. No feedback was given.

Interaural Place-Pitch Discrimination. After the unilateral
place-pitch-discrimination experiment, interaural
place-pitch discrimination was performed using six
conditions that varied the range of comparison
electrodes (to measure the magnitude of the range
bias) and the randomization of the reference elec-
trodes within a block (to measure the magnitude of
the reference bias). Three comparison-electrode
ranges were tested. The first range encompassed
the full array, including the even-numbered elec-
trodes from the apical end (electrode 22) to the basal
end (electrode 2). The second range encompassed
the apical half of the array (even-numbered elec-
trodes from 22 to 12). The third range encompassed
the basal half of the array (even-numbered elec-
trodes from 12 to 2). Three reference electrodes
(apical, middle, and basal, always electrodes 20, 12,
and 4, respectively) were tested, with the reference
electrode always in the right ear. Listener BCI6 also
repeated the experiment with the reference elec-
trode always in the left ear. Testing within a block of
trials used either a fixed reference electrode (condi-
tions 1–3, see Table 2) or randomized reference
electrodes (conditions 4–6, see Table 2).

TABLE 2

List of conditions tested for the BI-CI listeners

Condition Listening mode Reference Presentation Range Comparison electrodes Number of trials Total trials

Right control Unilateral R4 Random ± 3 electrodes R1–R7 20 140
R12 R9–R15 140
R20 R17–R22 120

Left control Unilateral L4 Random ± 3 electrodes L1–L7 20 140
L12 L9–L15 140
L20 L17–L22 120

1 Bilateral R4, R12, R20 Blocked Full L2–L22, even electrodes 30 990
2 Bilateral R4, R12, R20 Blocked Basal half L2–L12, even electrodes 30 540
3 Bilateral R4, R12, R20 Blocked Apical half L12–L22, even electrodes 30 540
4 Bilateral R4, R12, R20 Random Full L2–L22, even electrodes 30 990
5 Bilateral R4, R12, R20 Random Basal half L2–L12, even electrodes 30 540
6 Bilateral R4, R12, R20 Random Apical half L12–L22, even electrodes 30 540
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As in the unilateral control experiment, each trial
consisted of the sequential presentation of 300-ms
reference- and comparison-electrode stimuli with an
inter-stimulus interval of 300 ms, followed by a
button-press response. No feedback was provided.
The order of the six conditions [3 ranges (apical half,
full range, basal half) × 2 types of reference-electrode
blocking (fixed or randomized)] was determined
using a Latin square design to minimize order/
learning effects.2 Within a condition, the order in
which the reference-comparison electrode pairs were
presented was randomized, and this randomization
was different across listeners and different for the
second testing block for each condition (i.e., it was
not counterbalanced with the first block). Fifteen
trials were collected for each reference-comparison
electrode pair within a condition. The listener then
moved to the next condition. After completing each
condition, the listener was presented the conditions
in the reverse order in the Latin square, which was
done to also counterbalance any order effects within
a listener. The order of reference-comparison elec-
trode pairs within a condition for the second block
was randomized independently from the first block.
At least 30 trials were collected for each reference-
comparison electrode pair within a condition. The
full list of conditions is shown in Table 2. The total
number of trials was therefore 4940 (unilateral and
interaural comparisons), which took at least 12 h to
complete for each listener.
Data Analysis. The proportion of perceived higher
responses was calculated for each combination of
reference and comparison electrodes. For each
reference electrode, the psychometric functions
(proportion higher perceived place pitch vs comparison
electrode) were fit using a maximum likelihood fit with a
logistic function [y ¼ 1= 1þ exp α−xð Þ

β

� �
� (Wichmann and

Hill 2001). The slope and the Bpitch-matched^ compar-
ison electrode that elicited 50 % higher responses were
extracted from the fitted functions. For analysis purposes,
the calculated pitch-match estimates were limited to
within the range of comparison electrodes examined
for a given condition. Parametric inferential statistics
were performed on the pitch matches using analyses of
variance (ANOVAs) in SPSS (version 23). Generalized
linear mixed-model analysis was performed to examine
the relationship between unilateral and interaural pitch-
discrimination performance.

Experiment 2: SSD-CI Listeners

Listeners. Three SSD-CI listeners participated in the
study. Their hearing histories and demographic
information are shown in Table 1 and the audiomet-
ric thresholds for the ear contralateral to the CI are
provided in Table 3.

One SSD-CI listener used a Cochlear-brand device
with 22 intracochlear electrodes and two SSD-CI listeners
used Med-El-brand devices with 12 intracochlear elec-
trodes. The Cochlear-brand device was a perimodiolar
array with the same intra-electrode spacing as the BI-CI
listeners. The Med-El-brand devices were lateral wall
arrays that had a larger intra-electrode spacing (about
2.1 mm) than the Cochlear-brand arrays.
Equipment and Stimuli. For the interaural pitch-
discrimination measurements, pure tones were present-
ed to both ears. The stimuli were 300 ms in duration
with 10-ms raised-cosine ramps. For the CI ear, stimuli
were presented to the CI sound processor via the
auxiliary input. Single-electrode sound-processor maps
were generated to ensure that only one electrode was
stimulated at a time. This was done by setting the
threshold and most comfortable levels for all electrodes
other than the desired reference electrode to zero CUs
in the clinical map (Bernstein et al. 2018). Then, the
response bandwidth for the desired reference electrode
was set to the maximum possible range (e.g., 100–
8500 Hz). This resulted in an actual response band of
5049–8010 Hz for the Med-El listeners and a response
band with upper and lower cutoff frequencies that
varied slightly depending on the test electrode but was

2 The Latin square design applied to listeners BCI1, 2, 4, 5, 6 and
7. We recruited one extra BI-CI listener for the study, BCI3, who was
tested on the same order of conditions as listener BCI5. Listener
BCI6, who was tested with the reference electrodes in both the right
and left ears, was assigned a unique order for the left ear, but the
same order as BCI1 for the right ear.

TABLE 3

Air-conduction hearing thresholds for the three SSD-CI listeners

Listener Audiometric threshold (dB HL) Hearing aid?

250 500 1000 2000 3000 4000 6000 8000 Hz

SSD1 15 10 10 10 30 30 20 15 Yes
SSD2 10 15 15 0 10 20 20 25 No
SSD3 10 10 0 15 15 15 20 20 No
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always 7193 Hz wide for the Cochlear-brand listener. All
additional sound-processing algorithms typically avail-
able in the clinical software were disabled. The pure-
tone frequency played to the CI sound processor was
selected to be the center frequency of the response
band for the one active electrode in the single-channel
map. The resulting electrical output was examined
using a Med-El-brand or Cochlear-brand implant-in-a-
box, verifying the expected firing patterns—a constant-
amplitude pulse train on the desired electrode.

For the acoustic ear, stimuli were delivered via
circumaural headphones (HD280 Pro; Sennheiser,
Hannover, Germany). Seventeen different pure-tone
frequencies were tested in the experiment, ranging
from 263 to 11,114 Hz, in steps equivalent to a 1.5-mm
distance along the basilar membrane as defined by
Greenwood (1990).
Procedure. Testing occurred in a double-walled sound-
attenuating booth (Industrial Acoustics Inc., Bronx,
NY, or Eckel Industries, Cambridge, MA). For each
listener, three or four single-electrode maps were
generated and loaded into a research sound proces-
sor. Before the pitch-discrimination experiment be-
gan, loudness-balanced stimulus levels were set for
each combination of three or four single-electrode
maps and 17 acoustic comparison frequencies. For
each single-electrode map, the volume control on the
sound processor was set to its maximum level. The
stimulus in the CI ear was adjusted to a comfortable
level by controlling the level of the acoustic stimulus
that was delivered to the sound processor. Then the
stimuli in the acoustic ear were loudness balanced to
the stimulus in the CI ear at each frequency. For each
acoustic frequency, the experimenter repeated the
sequential presentation of the stimuli to the two ears,
adjusting the level of the tone in the acoustic ear
upward or downward in steps of 1, 2, or 3 dB on each
presentation until the listener reported that the
stimuli were matched in loudness. This process was
then repeated for each of the 17 acoustic comparison
frequencies.

No unilateral control measurements were performed
for the SSD-CI listeners because the acoustic ear (i.e., the
ear for which the frequency varied from trial to trial for
comparison with a fixed reference electrode) was as-
sumed to yield no peripheral limitation to the ordering of
pitches from low to high. The testing procedure was
similar to the interaural place-pitch comparisons for the
BI-CI listeners with the exception that only the non-
randomized reference-electrode (i.e., blocked) condi-
tions were tested. Each block consisted of a fixed
reference electrode in the CI ear and one of three
possible frequency ranges in the acoustic ear. The full
range included 17 frequencies (263–11,114 Hz), the
apical half included nine frequencies equal to or lower
than 2000 Hz, and the basal half included the nine
frequencies equal to or greater than 2000 Hz. Thus, the
2000-Hz tone was included in all three testing ranges,
similar to how electrode 12 was included in all three
testing ranges for the BI-CI listeners. Each listener
completed 20 or 30 trials for each combination of
reference electrode, testing range, and comparison-tone
frequency. The trials were divided into two blocks for each
condition, with the order of presentation randomized to
minimize possible learning and order effects. Each block
consisted of half of the total number of trials (i.e., 10 or 15
trials) for each of the comparison-tone frequencies for a
given reference electrode and testing range. One block
was completed for each combination of reference
electrode and testing range before the same combina-
tions were presented a second time, but with the test
blocks presented in reversed order. The full list of
conditions tested is shown in Table 4.

As for the BI-CI listeners, single trials consisted of
stimuli presented sequentially to the two ears. A 300-
ms reference pure tone was presented to CI sound
processor, followed by a 300-ms of inter-stimulus
silence, then a 300-ms comparison-tone stimulus
presented over headphones to the acoustic ear.
Listeners responded by indicating if the second
stimulus had a higher or lower pitch compared to
the first. No feedback was given.

TABLE 4

List of conditions tested for the SSD-CI listeners

Listener Listening mode Reference electrodes Presentation Range Comparison frequencies (Hz) Number of trials

SSD1 Bilateral R10, R8, R6, R2 Blocked Full 263–11,114 20
Blocked Basal half 2000–11,114 20
Blocked Apical half 263–2000 30

SSD2 Bilateral R11, R6, R2 Blocked Full 263–11,114 20
Blocked Basal half 2000–11,114 30
Blocked Apical half 263–2000 30

SSD3 Bilateral L8, L12, L15 Blocked Full 263–11,114 30
Blocked Basal half 2000–11,114 30
Blocked Apical half 263–2000 30
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Data Analysis. As for the BI-CI listeners, the proportion
of perceived higher responses was calculated for each
combination of reference electrode, comparison fre-
quency, and testing range. Psychometric functions
were fit to the data, and both the slope and the

matched comparison electrode that elicited 50 %
higher responses (i.e., the pitch match) were extract-
ed from the fitted functions. Because of the limited
sample size, inferential statistics were not performed
for the SSD-CI listeners.

Fig. 1. Psychophysical response functions for the unilateral place-
pitch discrimination task for the left ear (left column) and right ear
(right column) for the BI-CI listeners. Vertical dashed lines indicate
the reference electrodes. Reference electrodes 4, 12, and 20 were
used for all listeners except electrodes for BCI2 (left ear E20) and
BCI7 (left ear E12) were not available and therefore replaced with

nearby electrodes. The minimal set of comparison electrodes are
reported in Table 2; some listeners were tested on extra comparison
electrodes, particularly in cases of shallow psychometric functions.
Fits to the data are shown by the solid curves. The fitting procedure
did not converge for BCI6, reference electrode E20 in the left ear

FIG. 1.
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RESULTS AND DISCUSSION

Experiment 1: BI-CI Listeners

Unilateral Place-Pitch Discrimination. Figure 1 shows the
raw unilateral electrode- or place-pitch-discrimina-
tion results and fitted psychometric functions

(curves) for each ear and reference electrode.
The most important feature of these data is that
they indicate that the BI-CI listeners could distin-
guish lower from higher place pitch, and therefore
they should be able to apply this perceptual
concept to an interaural comparison of place pitch.

FIG. 2. Psychophysical response functions for the interaural place-
pitch discrimination task for the BI-CI listeners. Data are averaged
over the blocked and randomized reference-electrode conditions.
Each row has three panels: conditions where the apical (E20, left
column), middle (E12, middle column), and basal (E4, right column)
reference electrode was used. Vertical dashed lines indicate the
reference electrodes. Each panel shows data for the three testing

ranges (downward-pointing open purple triangles = apical half,
closed black diamonds = full range, upward-pointing open green
triangles = basal half). Fits to the data are shown by the solid curves;
groups of data without fits occurred when the fitting procedure did
not converge. The RMS difference in RAU-transformed data for
common comparison electrodes tested in the various range condi-
tions is reported in each panel (see text)
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Most listeners could reliably discriminate reference
electrodes unilaterally in either ear, as indicated by
psychometric functions with steep slopes and 50 %
crossover points (i.e., pitch matches) that generally
fell within ± 1 electrode of the reference electrodes.
The root-mean-square (RMS) deviation between
reference electrodes and pitch matches was 0.84
electrodes. There was only one instance where a
sigmoidal curve could not be fit to the data (BCI6
in the left ear at electrode 20).

The data were sorted into better and poorer ear
based on the average slope of the fitted unilateral
pitch-discrimination functions (Fig. 1) across the
three reference-electrode conditions in each ear. For
the one case that did not produce a fit, the slope was
set to a value of zero. Listeners BCI1 and BCI2 had
the best overall unilateral pitch-discrimination ability
as measured by the average slope, and both listeners
were relatively better in the left ear. Listeners BCI3,
BCI4, and BCI5 had relatively shallower slopes, and
both ears had about the same slope. Listeners BCI6
and BCI7 had relatively steep average slopes in the
right ear, but poor pitch discrimination with the left
ear and much shallower average slopes. The slope for
BCI7 on electrode 20 in the left ear had the only
negative slope from the curve fits; however, perfor-
mance was so poor that this appears to be simply an
electrode with no place-pitch perception.

A repeated-measures ANOVA with factors ear (two
levels: better or poorer) and reference electrode
(three levels: apical, middle, and basal) was per-
formed on the slopes. There was no effect of
reference electrode on the slope [F(2,12) = 0.49; p =
0.63; η2p=0.08] and the ear × reference interaction was
not significant [F(2,12) = 0.039; p = 0.96; η2p=0.01].
There was a main effect of ear, whereby the better
ear had steeper slopes (34.8 ± 21.0 %/electrode) than
the poorer ear (16.3 ± 13.1 %/electrode) [F(1,6) =
6.94; p = 0.039; η2p=0.54], but this is not a meaningful
result given that the better and poorer ears were
assigned based on the average slope.
Interaural Place-Pitch Discrimination. The interaural
pitch-discrimination data were examined in three ways.
First, the raw data were plotted to examine the effect of
reference electrode and testing range on the psycho-
metric functions (Fig. 2). Second, interaural pitch-
match estimates were derived from the psychometric
functions by determining the comparison electrode
number equally likely to be perceived as higher or lower
in pitch than the reference electrode (Fig. 3). Third, the
slopes of the interaural pitch-discrimination functions
(Fig. 2) were compared to the slopes of the unilateral
pitch-discrimination functions (Fig. 1) to investigate
whether inter-subject variability in pitch-discrimination
performance could be explained by unilateral perfor-
mance.

Pitch-Discrimination Psychometric Functions. The raw
interaural pitch-discrimination data are plotted in Fig. 2.
Different listeners (and testing ears for listener BCI6) are
shown in each row, different reference electrodes are
shown in each column (left column = reference elec-
trode 20, middle column = reference electrode 12, right
column = reference electrode 4), and different testing
ranges are indicated by different symbols in each panel
(downward-pointing open purple triangles = apical half,
closed black diamonds = full range, upward-pointing
open green triangles = basal half). The data from the
fixed and randomized reference conditions were com-
bined because there was no significant difference
between the conditions (see statistical analysis below).

Three important trends are evident in these data.
First, for most of the listeners and conditions, the
psychometric functions were Bwell-behaved,^ with
monotonically increasing pitch-discrimination per-
formance as the comparison-electrode number de-
creased (recall that the most apical, lowest-pitched
electrode is 22). One exception was listener BCI7,
who did not produce reliable monotonic pitch-
discrimination functions. Even though interaural
pitch-discrimination performance was generally
monotonic, as expected, closer examination in some
of the panels showed that pitch reversals sometimes
occurred. For example, BCI5 consistently reported
electrode 12 to be higher in pitch than electrode 10,
and BCI6 (left-ear reference) consistently reported
electrode 16 to be higher than electrode 14. These
pitch reversals, however, were infrequent. Second,
the interaural pitch-match estimates (i.e., the 50 %
correct point on the psychometric function) in-
creased as place of stimulation moved from more
apical to basal (i.e., decreasing electrode number),
as expected. Third, and most importantly for this
study, the data clearly show that the comparison-
stimulus range had a substantial effect on the
psychometric function. If the pitch-match estimates
were completely determined by the perception of
place pitch and were unaffected by context biases
like testing range, then the individual points for
each electrode condition in each panel should
produce the same percentage of higher responses.
In contrast, as the testing range shifted basally (i.e.,
apical half to full range to basal half), pitch matches
also shifted basally.

To quantify the inconsistency in pitch percep-
tion across testing ranges, the percentage values
were transformed to rationalized arcsine units
(RAU; Studebaker 1985), and the RMS difference
between comparison electrodes common to each
testing range were calculated and reported in each
panel. (The RMS differences in Figs. 2 and 4 are
described as percentage points instead of RAU,
even though this is technically incorrect.) The
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overall RMS difference was 26.3 % with a range of
7.0–43.9 %. The smallest effects of comparison
range were observed for BCI1 for reference
electrode 4 (RMS difference = 12.9 %), BCI2 for
reference electrode 20 (RMS difference = 11.0 %),
and for BCI7 for all three reference electrodes. All
other reference electrodes had RMS differences
≥ 20 %. This means that for the vast majority of
cases, shifting the testing range changed the
likelihood that a listener would report a given
comparison electrode as higher in pitch than a
given reference electrode by 20 % or more.

Pitch-Match Estimates. Figure 3 plots the interaural
place-pitch matches (i.e., the 50 % point of the
psychometric functions in Fig. 2) as a function of
reference electrode and testing range for each BI-CI
listener (except BCI7 for whom pitch matches could
not be derived). These data can be examined with
respect to two hypotheses. First, if the data were
unaffected by the testing range, then all three curves
should produce the same interaural place-pitch
match. Second, if the pitch matches reflected the
relative cochlear places of stimulation in the two ears,
the place-pitch matches should produce a line that is
roughly parallel to the one-to-one diagonal (dashed
lines). As a first-order approximation assuming the
same electrode array types and uniform neural
survival, equal insertion depth in the two ears should
yield a pitch match at the same electrode number in
the two ears, while differences in insertion depth
should produce an approximately linear shift away
from the dashed diagonal line in each panel, with no

change in slope. The data in Fig. 3 show that neither
hypothesis was supported. The interaural place-pitch
matches were rarely consistent across testing ranges,
and the slopes of the pitch-match functions were
consistently less than one, meaning that changing the
reference electrode by a certain distance along the
array yielded a much smaller change in the pitch-
matched electrode in the other ear.

The testing-range effect in Fig. 3 was quantified in
terms of the difference between the pitch matches for
any two testing ranges, divided by the difference between
the centers of the testing ranges. The idea was to
normalize the range effect by the maximum effect that
would be expected if listeners were completely ignoring
the pitch of the reference electrode and instead making
unilateral judgements of the relative pitch of a given
comparison electrode relative to the center of the testing
range in a given experimental block (Carlyon et al. 2010).
The mean normalized range effect across listeners was
63 %, meaning that changing the testing range moved
the pitch-match estimate by about two thirds of the
distance between the centers of any two testing ranges.
Carlyon et al. (2010) suggested that pitch matches that
change by less than 50 % of the change between the
centers of two testing ranges can be considered reliable.
Using this criterion, 75 % of our pitch matches would be
considered unreliable (not shown).

The slopes of the pitch-match functions in Fig. 3
were clearly shallower than unity (diagonal dashed
line); on average, the slope was 0.34 electrodes/
electrode. This means that changing the reference
electrode yielded a much smaller change in pitch
match than would be expected if the pitch match

FIG. 3. Summary of interaural place-pitch matches (i.e., the 50 % crossover points in Fig. 2) for the BI-CI listeners. Diagonal lines represent the
unitary slope that would be expected if the pitch matches followed the change in reference-electrode position
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correctly reflected relative cochlear place of stimula-
tion in the two ears. For example, changing from
reference electrode 20 to 12 would be expected to
change the corresponding pitch match by 8 elec-
trodes, but the pitch match changed on average by
only 0.34 × 8 = 2.7 electrodes. Changing the reference
electrode did play some role in the place-pitch
estimate because the slopes were greater than zero.
This means that listeners were not completely ignor-
ing the place pitch associated with the reference ear.

To confirm the observations in Figs. 2 and 3,
inferential statistics were performed on the pitch
matches excluding listener BCI7. A three-way ANOVA
was performed on the pitch matches with fixed factors
reference electrode (three levels: electrode 20, 12,
and 4), testing range (three levels: apical half, full
range, and basal half), and blocking type (two levels:
blocked or random). Conditions that did not have a
pitch match were omitted from the analysis yielding a
non-full rank set of test conditions. Pitch matches
increased with increasing reference electrode
[F(2,93) = 56.0; p G 0.0001; η2p=0.55]; Tukey post-hoc
tests showed significant differences across all three
reference electrodes (p G 0.0001 for all six compari-
sons). Pitch matches changed significantly with testing
range [F(2,93) = 109.5; p G 0.0001; η2p=0.70]; Tukey
post hoc tests showed significant differences across
all three testing ranges (p G 0.0001 for all six compar-
isons). The reference electrode × testing range
interaction was significant [F(4,93) = 2.75; p = 0.033;
η2p=0.11]. Post hoc unpaired t tests assuming equal
variances that were Bonferroni corrected for multiple
(nine) comparisons revealed that this interaction
occurred because the apical- and full-range matches
for reference electrode 20 were not significantly
different (p = 0.37) and the basal- and full-range
matches for reference electrode 4 were not signifi-
cantly different (p = 0.18); the other seven compari-
sons were significantly different (p G 0.05 for all). In
other words, the pitch matches for the full testing
range had a steeper slope than the other two testing
ranges (Fig. 3). Neither the main effect of blocking
type [F(1,93) = 1.19; p = 0.28; η2p=0.01] nor any of the
interactions involving blocking type were found to be
significant (p 9 0.05 for all). For this reason, the data
plotted in Figs. 2 and 3 were collapsed across blocking
types.

Relationship Between Bilateral and Unilateral Pitch-
Discrimination Performance. Sensitivity to changes in
electrode position can be characterized in terms of
the slopes of the pitch-discrimination functions in
Figs. 1 and 2. A steep slope means that a listener
perceived the pitch associated with adjacent elec-
trodes as substantially different. It was hypothesized

that cases of poor interaural pitch-discrimination
performance (e.g., listener BCI7, Fig. 2) might be
explained by poor unilateral pitch-discrimination
performance (Fig. 1). A generalized linear mixed-
model analysis examined the relationship between
the slopes for the unilateral and bilateral pitch-
discrimination functions. Only the bilateral slopes
for the full comparison range condition were
included in the analysis. The bilateral pitch-
discrimination slope was considered to be the
dependent variable with unilateral slope entered
into the model as a covariate, subject entered into
the model as a random effect, and each test
electrode treated as a repeated measure. Electrode
20 was excluded from the analysis for listeners
BCI6 and BCI7 because of poorly behaved pitch-
discrimination functions that could not be fit with a
psychometric curve. Two analyses were conducted.
The first analysis considered the unilateral slopes
estimated for the poorer ear (i.e., the ear with the
shallowest slope), while the second considered the
average unilateral slopes across the two ears (Fig. 1).
Unilateral slope was found to be a significant
predictor of bilateral slope in both analyses [poorer
ear slope: χ2(1) = 142, p G 0.0001; average slope across
ears: χ2(1) = 13.5, p = 0.0002]. Further inspection of
the data revealed that the significant relationship
between unilateral and bilateral pitch-discrimination
slopes was completely driven by two data points:
electrode 12 for listener BCI1 and electrode 20 for
listener BCI2. These two cases had very sharp pitch-
discrimination functions for both the unilateral and
interaural pitch tasks.

Experiment 2: SSD-CI Listeners

The raw pitch-discrimination results for the three
SSD-CI listeners are plotted in Fig. 4, and the
interaural pitch matches based on the fitted psycho-
metric functions are plotted in Fig. 5. The horizontal
axis in Fig. 4 represents the frequency of the acoustic
comparison tone, and the vertical dashed lines
represent the reference electrode center frequency
(CF) associated with the listener’s clinical sound
processor frequency allocation. In Fig. 5, the vertical
axis represents the frequency of the pitch-matched
comparison tone while the horizontal axis represents
the reference electrode sound processor CF. Examin-
ing the data in this way allows for an assessment of the
extent to which a given pitch match corresponds to
the electrode normally assigned to that frequency.
Because of the small number of subjects, inferential
statistics were not performed for the SSD-CI listeners.

The data in Figs. 4 and 5 show very similar trends to
the BI-CI listeners. There was a clear effect of testing
range for most of the subjects and reference elec-
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trodes. The range effect was demonstrated by the
horizontal shift between psychometric functions in
Fig. 4. As in Fig. 2, the percentages reported in each
panel reflect the RMS differences (in RAU) between
common reference acoustic frequencies in each
testing-range condition. These RMS differences were
generally in the same range as for the BI-CI listeners
(overall RMS = 26.0 %; range = 8.6–35.4 %). There was
also a clear vertical shift in pitch-match estimates (Fig.
5) for the different testing ranges for listeners SSD1
and SSD3. Listener SSD2 was an exception, with
almost no range effect for the two most-apical
electrodes tested (electrodes 2 and 6). Finally, the
slopes of the pitch-match results (Fig. 5) were
consistently less than unity (mean = 0.40, range =
0.24–0.61 octaves/octave). This indicates that the
difference in the perceived pitch match between
reference electrodes was on average less than half
than would be expected based on the clinical sound-
processor frequency allocation. At the same time, the
slopes were greater than zero, indicating that chang-
ing the reference did have some impact on the
perceived pitch match.

As was done for the BI-CI listeners, the magnitude
of the range effect was computed (in millimeters
based on Greenwood 1990) for each reference
electrode tested relative to the shift that would be
expected if listeners were basing their responses on
the center of the comparison range. On average
across the three SSD-CI listeners, the mean normal-
ized range effect was 43 %, somewhat smaller than the
mean range effect of 63 % that was observed for the
BI-CI listeners. SSD1 (35 %) and SSD2 (24 %) had a
relatively small normalized range effect, whereas the

range effect for SSD3 (69 %) was of similar magnitude
to the average BI-CI listener. According to Carlyon’s
(2010) reliability criterion (i.e., the pitch match
should change no more than 50 % of the change in
the midpoint of the comparison range), 42 % of the
pitch matches for SSD-CI listeners were unreliable.
Overall, these data suggest that SSD-CI listeners are
susceptible to range biases like the BI-CI listeners and
replicate findings from previous studies.

GENERAL DISCUSSION

To achieve optimal binaural hearing with CIs, one
should match interaural place of stimulation on
individual electrodes (Kan et al. 2013; Hu and Dietz
2015; Kan et al. 2015; Williges et al. 2018). Current
clinical practice does not presently employ such a
strategy. One method used commonly in research to
address potential interaural mismatch is to perform
pitch comparisons. The primary finding of this study
is that for most of the seven BI-CI and three SSD-CI
listeners presented with single-electrode pulse trains
or tones, interaural place-of-stimulation comparisons
were much more strongly affected by the comparison
place-pitch range than by the reference-electrode
place pitch (Figs. 2, 3, 4, and 5). In other words, the
measured interaural pitch matches provided little
information about the perceived place pitch of the
reference electrode. Instead, the results suggest that
listeners were mostly attending to the comparison ear
and were unilaterally making judgements about the
pitch relative to the overall range for a given
condition (Carlyon et al. 2010). As a result, the

FIG. 4. Psychophysical response functions for the interaural place-
pitch discrimination task for the SSD-CI listeners. Conventions are
the same as in Fig. 2, except that the horizontal axis represents the

comparison-tone frequency in the acoustic ear, and the vertical
dashed lines indicate the center frequency allocated to the reference
electrode in a listener’s everyday sound processor map
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observed pitch-match estimates gravitated towards the
middle of the testing range (Poulton 1979). For an
ideal pitch-matching metric, changing the reference
electrode should shift the pitch match by the same
amount (i.e., 100 % of the change in the reference
electrode), while changing the comparison electrode
testing range should have no effect (i.e., 0 % of the
change in the comparison-range midpoint). In con-
trast, changing the reference electrode only shifted
the pitch match by 34 % of the change for BI-CI
listeners (Fig. 3) and 40 % of the change for SSD-CI
listeners (Fig. 5), while changing the testing range
shifted the pitch match by 63 % of the change in
range midpoint for BI-CI listeners and by 43 % for
SSD-CI listeners. The small contribution of place of
stimulation of the reference electrode in both popu-
lations is striking. We hypothesized that the range
effect previously observed in SSD-CI listeners was
caused primarily by the dissimilarity of interaural
inputs. In contrast to this hypothesis, the range effect
was large for both BI-CI and SSD-CI listeners. Thus,
we conclude that there exists a broader and more
general issue with performing interaural place-pitch
comparisons with electrical stimulation that cannot
simply be ascribed to asymmetric hearing.

Unilateral control data collected for the BI-CI
listeners (Fig. 1) verified that they were able to
discriminate higher and lower place pitch (i.e., they
understood the concept of place pitch and could
perceive it) when presented with pairs of electrodes in
the same ear. The rationale was that if the BI-CI
listeners could perform the unilateral place-pitch task,
they should be able to perform the interaural place-
pitch task. Listeners BCI1 and BCI2 had a relatively
good ability to evaluate unilateral place pitch, where
in most cases they responded nearly perfectly and
demonstrated relatively steep slopes when the data
were fit. In addition, the fits to the data show the pitch
matches were within one electrode of the reference
for these listeners. Listeners BCI3, BCI4, and BCI5
showed relatively shallower pitch-discrimination
slopes. Listeners BCI1-BCI5 had psychometric func-

tion slopes that were relatively similar across the ears.
Listeners BCI6 and BCI7 showed relatively good
discrimination and steep slopes in the right ear and
relatively poorer discrimination and shallow slopes in
the left ear, which seems consistent with their hearing
histories (see Table 1). This large range of unilateral
pitch-discrimination abilities is consistent with the
literature (e.g., McKay et al. 1999; Chatterjee and Yu
2010).

Figures 2 and 3 show the interaural place-pitch
matches for BI-CI listeners. For each reference
electrode, the testing range greatly affected the pitch
match. Listener BCI4, for example, demonstrated
some of the largest range effects in the study. We also
varied whether a blocked or randomized test design
would affect responses. We hypothesized that a
randomized design would produce much shallower
slopes because the reference electrode changed from
trial to trial. In fact, we found this manipulation to
leave the pattern of data relatively unaltered. Togeth-
er, we interpret these two findings as evidence that
the reference ear was mostly ignored, where listeners
instead learned the range of electrodes in the
comparison ear and responded to each comparison
stimulus relative to that range. Listener BCI7 was also
a noteworthy example. This listener had excellent
place-pitch discrimination abilities in the right ear
(Fig. 1). However, many electrodes were deactivated
in their left ear (they had undergone an ex-
plantation and re-implantation) and their left-ear
unilateral place-pitch-discrimination abilities were
the poorest in the study. This listener also had poorly
behaved interaural pitch-discrimination functions,
suggesting that their interaural pitch comparisons
were adversely affected by their inability to discrimi-
nate pitch in their left ear. A mixed-model regression
analysis of the data confirmed the association be-
tween unilateral and bilateral pitch-discrimination
ability: those subjects and electrodes with the steepest
unilateral pitch-discrimination slopes (BCI1, elec-
trode 12 and BCI2, electrode 20) also had the
steepest bilateral pitch-discrimination slopes.

FIG. 5. Summary of interaural place-pitch matches for the SSD-CI
listeners from Fig. 4. Conventions are the same as in Fig. 3, except
that the vertical axis represents the pitch-matched comparison-tone

frequency in the acoustic ear, and the horizontal axis represents the
center frequency allocated to the reference electrode in a listener’s
everyday sound processor map
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Another possible interpretation of the observed
range effects is that listeners might have been inclined
to use both higher and lower response buttons fairly
equally. In extreme cases where the pitch of the
reference stimulus fell outside of the comparison
range, the listener would have had to respond using
only one button for the entire block. If they were
biased against doing so, this would have resulted in
what appeared to be a range effect. This explanation,
however, is unlikely to explain the lack of significant
differences in responses between the blocked and
randomized conditions for the BI-CI listeners. For a
given comparison range, the overall proportion of
higher responses would have been substantially differ-
ent in the random condition, where the reference
electrode changed from trial to trial, than in the blocked
condition where it was held fixed. Yet the estimated
pitch matches were the same for these two conditions.
Therefore, the observed range effects are more consis-
tent with the idea that listeners were considering the
context of the available comparison range (Carlyon
et al. 2010), rather than simply performing interaural
pitch judgments. We cannot, however, dismiss a possible
bias toward an equal proportion of higher and lower
responses for the SSD-CI listeners who were only tested
in the blocked condition.

Substantial range effects were also observed for the
SSD-CI listeners in Figs. 4 and 5 confirming the results
of previous studies (Carlyon et al. 2010; Schatzer et al.
2014) and suggesting that this problem is not limited
to BI-CI listeners. A noteworthy exception was listener
SSD2, who demonstrated some of the smallest range
effects in the entire study. The fact that range effects
were observed for both BI-CI and SSD-CI listeners
suggests that these effects cannot be attributed solely
to the different sound percepts associated with
asymmetric hearing. In fact, Carlyon et al. (2010) also
found range effects in normal-hearing listeners when
tones were presented in one ear and narrowband
noises were presented in the other. This suggests that
range effects are a pervasive problem and it may be
that these effects would extend to all populations,
including bimodal CI users (CI in one ear and low-
frequency aided acoustic hearing in the other ear).

Subjective attributes of sounds like pitch or
loudness are susceptible to such contextual biases
(e.g., Poulton 1979), particularly when sounds differ
in multiple dimensions (Carlyon et al. 2010). This is
a worrying problem for the field of CIs because
pitch comparisons are a standard procedure for
interaural place-of-stimulation alignment (e.g., van
Hoesel et al. 2009; Litovsky et al. 2010; Lu et al.
2011; Goupell and Litovsky 2015; Kan et al. 2015).
The range-effect bias is insidious. An experimenter
with a preconceived notion of where the pitch
match should be may choose a testing range with

the goal of placing a pitch match near the center of
the testing range. In doing so, they would likely
achieve the desired result because of the tendency
for listeners to provide pitch matches in the center
of the testing range. In other words, the
combination of the experimenter having an
assumption of where a pitch match should be
combined with the range bias produces a self-
fulfilling prophecy. In fact, many of the purportedly
pitch-matched electrode pairs examined in BI-CI
single-electrode direct-stimulation binaural-
processing experiments may have been biased by
preconceived notions on what the match should be.
On the other hand, for monopolar stimulation
using single electrodes, there appears to be a large
tolerance to interaural mismatch for binaural dis-
crimination, lateralization, and fusion—approxi-
mately ± 3 mm (Kan et al. 2013; Goupell 2015;
Kan et al. 2015)—suggesting that even if the pitch-
match estimates used to choose electrode were
biased by range effects, these binaural measure-
ments were likely still valid. Note, however, that
tolerance to interaural mismatch may be limited to
single-electrode stimulation. Multi-electrode stimu-
lation (particularly when attempting to transmit
low-rate ITD information) may be less tolerant to
interaural mismatch (Williges et al. 2018). Overall,
the current results strongly support at least follow-
ing the recommendations of Carlyon et al. (2010),
who advised that an experimenter should test
multiple ranges to determine the veracity of the
pitch match. At the same time, these results suggest
that at least for the pitch-discrimination task
employed here, the pitch match is unreliable in
most cases. Alternatively, an experimenter could
employ a different pitch-matching method that is
more resistant to such biases—if it can systematical-
ly be demonstrated that such a method exists—or
use another electrode-pairing measure such as ITD
discrimination (Francart et al. 2008; Hu and Dietz
2015; Kan et al. 2015; Bernstein et al. 2018).

The current results can be compared with two
previous studies that examined range effects for SSD-
CI listeners (Carlyon et al. 2010; Schatzer et al. 2014).
Carlyon et al. (2010) tested four SSD-CI listeners
using three different interaural place-pitch compar-
ison tasks. They also showed range effects in their
results, consistent with the results of the current
study. For their two-interval interaural pitch-discrim-
ination task, they tested 30 trials/condition, the
electrode in the CI ear was the reference, and the
tone or pulse train in the acoustic ear was varied in
frequency, similar to our study. Because of the way
the testing was conducted, there were limited cases
that can be directly compared to our study. For
example, one SSD-CI listener demonstrated strong
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range effects (see Fig. 1a in Carlyon et al. 2010) and
one listener demonstrated consistent matches for
two ranges and one reference electrode (see Fig. 1b
in Carlyon et al. 2010). The latter case with consistent
matches and minimal comparison-range bias would
be most comparable to our listener SSD2 for
reference electrodes 2, 6, and perhaps 10. It is
important, however, to point out that this consistency
in pitch matches was the exception in the current
study, where large range biases were readily observed
for most BI-CI and SSD-CI listeners. Another differ-
ence between the two studies is that the current
study had a large range of conditions, including
relatively large differences ranges of comparison
electrodes or frequencies. Carlyon et al. (2010) also
suggested an arbitrary rule that pitch matches that
change by less than 50 % of the change in the center
of the testing ranges could be considered as valid. By
such a metric, we estimated that 75 % of the BI-CI
and 42 % of the SSD-CI pitch matches were invalid.
It is important to note, however, that the rule
suggested by Carlyon et al. has not been formally
evaluated, meaning that it is unclear if the rule is
strict enough. For example, a criterion stricter than
the proposed 50 % may be more appropriate for
interaural place-of-stimulation matching, where pre-
cise interaural matching is critical for maximum
binaural functioning.

Carlyon et al. (2010) also pointed out that incon-
sistent pitch matches occurred across three different
types of interaural place-pitch tasks. That study,
however, did not systematically compare pitch-
matching methods. The current results clearly dem-
onstrate that a pitch-discrimination task employing a
method of constant stimuli generates results that are
unacceptably biased to be useful as a method of
evaluating the relative place of stimulation in two ears
for CI listeners. It remains unknown whether other
methods of pitch matching would yield less biased
results. For example, another common pitch-
matching task involves the adjustment of the elec-
trode in one ear to match the place pitch of the other
ear (e.g., Aronoff et al. 2016). Other less common
methods, such the midpoint comparison (Long et al.
2005; Carlyon et al. 2010) may also be relatively more
resistant to range effects. It will be necessary to
undertake a comprehensive study to directly compare
pitch-matching methods if such methods are used in
the future to measure interaural place-of-stimulation
mismatch with CI listeners.

Schatzer et al. (2014) also examined range effects
in a study that measured pitch matches associated
with all 12 electrodes for each of eight SSD-CI
listeners. They were unable to measure reliable pitch
matches for two of the listeners, while 22 % of the
electrodes for the remaining six listeners showed

range effects according to the definition of Carlyon
et al. (2010). Thus, across the eight SSD-CI listeners,
reliable range-independent pitch matches were ob-
tained for about 59 % of the electrodes tested,
comparable to the 58 % of reliable matches observed
in our smaller sample of SSD-CI listeners. Interesting-
ly, Schatzer et al. (2014) found that when the
unreliable pitch matches were discarded from the
analysis, the correspondence between pitch match
and electrode location (obtained from x-ray images)
improved. While this finding suggests that erroneous
results may be avoided by discarding unreliable pitch
matches, it is important to note that 75 % of the pitch-
match estimates were deemed unreliable for the BI-CI
listeners in our study. Discarding these estimates
would leave very few reliable data points to work with.

The current results could have implications for the
interpretation of previous studies suggesting that the
pitch percept associated with the CI place of stimulation
is relatively plastic. For example, Reiss et al. (2007) tested
18 short-array (hybrid or electro-acoustic hearing with
acoustic and electric stimulation in the same ear) CI users
longitudinally over 5 years. They found that the place
pitch of an individual electrode would often adapt to
better match the CF of the frequency allocation of that
electrode over the course of the first few years after
activation. Three methods were employed: a manual
method and two computerized methods (adaptive and
method of constant stimuli) that involved a forced-choice
discrimination of higher and lower pitch perception. The
computerized constant-stimuli method is most similar
to that employed in the current study. On one hand,
because they reported consistent pitch matches using
bothmanual and adaptivemethods, pitch plasticity seems
plausible and has been reproduced in other studies (e.g.,
Reiss et al. 2014; Reiss et al. 2015; Tan et al. 2017).
Furthermore, the longitudinal design may be more
robust to range biases as long as the range is fixed across
testing sessions. On the other hand, consistent pitch
matches might also be expected if all three methods
suffered from the same bias. We would like to note that
the listeners that could not reliably and consistently
perform the interaural pitch task in Reiss et al. (2007; see
Fig. 4)may have been particularly affected by range biases
(a similar idea was suggested by Schatzer et al. 2014),
which would be consistent with the data from the current
study broadly showing that interaural pitch comparisons
are very difficult for CI users. Carlyon et al. (2010)
explicitly controlled for range-bias effects and found little
evidence for pitch plasticity; pitchmatches were generally
within 0.5 octaves of the CT scan estimates for three SSD-
CI listeners with reliable pitch matches. This result is
consistent with other longitudinal studies that did not
find evidence for pitch plasticity in bimodal CI users
(Vermeire et al. 2008; Reiss et al. 2015). To date, the only
pitch plasticity that has been observed using acoustic and
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electric stimulation has been found in hybrid (electro-
acoustic-stimulation) CI users (Reiss et al. 2007), which
suggests a different outcome depending on the type of
stimulation and amount of residual acoustic hearing.

The possible plasticity of the pitch percept (Reiss
et al. 2007) raises another important question with
respect to the utility of pitch-matching methods. Even
if an experiment could reliably measure an interaural
pitch match, would the pitch percept align with the
best binaural functioning? Binaural computations
first occur in the brainstem; the effects of interaural
mismatch therefore occur at such a low level that they
should be relatively more resistant to adaptation than
the assumed more central computation of pitch.
Pitch comparisons are performed with sequential
comparisons of stimuli in each ear, whereas ITD
analysis involves the comparison of simultaneous
stimuli. Even if pitch extraction took place at the
level of the brainstem, the interaural judgment
nevertheless requires a comparison across time,
thereby relying on a more central comparison of the
stimuli that could be subject to plasticity. Differential
plasticity across the pitch and binaural mechanisms
could be a worst-case scenario, whereby interaural
pitch matches would change over time much more
than binaural matches, thus producing a situation
where pitch provides relatively little guidance about
optimizing binaural function.

Finally, it should also be noted that optimal
binaural function is not the only goal that should
be considered when programming a CI for BI-CI
and SSD-CI listeners. Speech understanding in quiet,
fusion of the sounds across the ears, and other
percepts may differ in how a clinician would
program a frequency-allocation table. Clarifying a
broader landscape of speech understanding and
binaural functioning is critical for the field if we
are to provide the best guidance in providing
hearing to both ears and maximizing the effective-
ness of BI-CIs and SSD-CIs.
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