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Interaural Place-of-Stimulation Mismatch Estimates Using
CT Scans and Binaural Perception, But Not Pitch, Are
Consistent in Cochlear-Implant Users
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Bilateral cochlear implants (BI-CIs) or a CI for single-sided deafness (SSD-CI; one normally functioning acoustic
ear) can partially restore spatial-hearing abilities, including sound localization and speech understanding in noise.
For these populations, however, interaural place-of-stimulation mismatch can occur and thus diminish binaural sensi-
tivity that relies on interaurally frequency-matched neurons. This study examined whether plasticity—reorganization
of central neural pathways over time—can compensate for peripheral interaural place mismatch. We hypothesized
differential plasticity across two systems: none for binaural processing but adaptation for pitch perception toward
frequencies delivered by the specific electrodes. Interaural place mismatch was evaluated in 19 BI-CI and 23 SSD-CI
human subjects (both sexes) using binaural processing (interaural-time-difference discrimination with simultaneous
bilateral stimulation), pitch perception (pitch ranking for single electrodes or acoustic tones with sequential bilateral
stimulation), and physical electrode-location estimates from computed-tomography (CT) scans. On average, CT
scans revealed relatively little BI-CI interaural place mismatch (26° insertion-angle mismatch) but a relatively large
SSD-CI mismatch, particularly at low frequencies (166° for an electrode tuned to 300 Hz, decreasing to 14° at
7000 Hz). For BI-CI subjects, the three metrics were in agreement because there was little mismatch. For SSD-CI sub-
jects, binaural and CT measurements were in agreement, suggesting little binaural-system plasticity induced by
mismatch. The pitch measurements disagreed with binaural and CT measurements, suggesting place-pitch plasticity
or a procedural bias. These results suggest that reducing interaural place mismatch and potentially improving binau-
ral processing by reprogramming the CI frequency allocation would be better done using CT-scan than pitch
information.
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Significance Statement

improve spatial-hearing benefits.

&

Electrode-array placement for cochlear implants (bionic prostheses that partially restore hearing) does not explicitly align neural repre-
sentations of frequency information. The resulting interaural place-of-stimulation mismatch can diminish spatial-hearing abilities. In
this study, adults with two cochlear implants showed reasonable interaural alignment, whereas those with one cochlear implant but
normal hearing in the other ear often showed mismatch. In cases of mismatch, binaural sensitivity was best when the same cochlear
locations were stimulated in both ears, suggesting that binaural brainstem pathways do not experience plasticity to compensate for
mismatch. In contrast, interaurally pitch-matched electrodes deviated from cochlear-location estimates and did not optimize binaural
sensitivity. Clinical correction of interaural place mismatch using binaural or computed-tomography (but not pitch) information may

~
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Introduction

The superior olivary complex (SOC; Yin et al, 2019) of the
brainstem provides exquisite interaural-time-difference (ITD)
and interaural-level-difference (ILD) sensitivity, facilitating
sound-source localization and speech understanding in noise
(Reeder et al., 2014). To partially restore these advantages to
those with hearing impairment, there is a growing population of
cochlear-implant (CI) users with two functional ears: bilateral
CIs (BI-CIs; both ears) for bilateral hearing loss (Peters et al.,
2010) or one CI for single-sided deafness (SSD-CI; normal/near-
normal hearing in the unimplanted ear; Buss et al., 2018).

Under laboratory-controlled conditions, many human BI-CI
and SSD-CI users demonstrate behavioral ITD sensitivity
(Kan and Litovsky, 2015; Bernstein et al., 2018). Cat and rab-
bit inferior colliculus neurons also show electrical stimulation
ITD sensitivity (Hancock et al, 2013; Chung et al, 2016).
Although BI-CI and SSD-CI users experience some two-ear
advantages with everyday sound processors (Litovsky et al., 2012;
Bernstein et al., 2016, 2017), these are diminished compared with
normal-hearing individuals. Various factors might limit binaural
benefits, including lack of temporal-fine-structure encoding
(Churchill et al, 2014) or CI versus acoustic ear time delays
(Zirn et al., 2015).

The limiting factor examined here was across-ear frequency
misalignment. In normal-hearing systems, peripheral tonotopy
reflects physical cochlear dimensions (Greenwood, 1990) that
are typically symmetric (Reda et al., 2014), and SOC neurons
receive frequency-matched binaural inputs (Blanks et al,
2007). In contrast, typical CI frequency-to-electrode alloca-
tion prioritizes the full speech spectrum, ignoring physical
electrode locations that determine cochlear place of stimula-
tion. This can result in interaural place-of-stimulation differ-
ences for BI-CI (mismatched array placement) or SSD-CI
(mismatch between electrode location and acoustic tono-
topy; Landsberger et al., 2015) users. Mismatch can reduce
binaural sensitivity (Poon et al., 2009), localization perform-
ance (Suneel et al., 2017), and speech understanding in the
presence of competing talkers (Wess et al., 2017). However, a
critical question remains unanswered; that is, can binaural
neurons adapt to respond to input from different cochlear
locations?

CI users show evidence of plasticity to frequency-to-place
mismatch for monaural speech understanding (Svirsky et al,
2004) and for interaural place-pitch comparisons (Reiss et al.,
2014), but neither requires brainstem processing of simultaneous
binaural stimuli. Although there is evidence for remapping of
binaural cues to physical sound-source locations (Van Wanrooij
and Van Opstal, 2005), this might only require cortical plasticity
to reinterpret brainstem outputs. Hu and Dietz (2015) suggested

little binaural plasticity to interaural place mismatch. They com-
pared BI-CI binaural (specifically ITD) processing for simultane-
ous bilateral single-electrode stimulation (using perceptual and
electrophysiological methods) to pitch perception for sequential
bilateral stimulation (one ear then the other). Pitch-matched
bilateral electrode pairs were usually number-matched, but pairs
yielding the best binaural performance were not. This was inter-
preted as evidence for plasticity for place-pitch perception but
not binaural processing, although the evidence was indirect
because physical electrode locations were unknown. Other stud-
ies compared SSD-CI pitch matching and computed-tomography
(CT) scans (Schatzer et al., 2014; Adel et al., 2019) but did not
assess binaural processing. The three methods have never been
compared in the same subjects.

To investigate interaural-place-mismatch plasticity, we com-
pared ITD matches (Which electrode or acoustic frequency pro-
duces the best binaural sensitivity for a given electrode in the
other ear?), place-pitch matches (Which produces an equivalent
pitch percept?), and CT-scan matches (Which has the same
physical location?). Because binaural sensitivity typically relies
on frequency-matched inputs to the brainstem—a relatively low-
level system—we hypothesized that plasticity would not be evi-
dent, with ITD-based estimates aligning with CT-based electrode
location estimates. In contrast, sequential place-pitch compari-
sons do not require binaural brainstem processing. Because cort-
ical tonotopic maps can shift following peripheral changes
(Robertson and Irvine, 1989), we hypothesized that plasticity
would be evident (Reiss et al., 2007), with pitch-based estimates
aligning with an electrode’s frequency allocation in the subject’s
clinical sound processor. We also hypothesized more mismatch
for SSD-CI users because mismatch between the electrode array
and cochlear tonotopy is common, with electrodes rarely reach-
ing the cochlear apex (Canfarotta et al., 2020), than for BI-CI
users who only have relative mismatch in insertion depths.

Materials and Methods

Subjects

A total of 42 subjects (19 BI-CI and 23 SSD-CI) participated in the study
(Tables 1, 2). These subjects had a wide range of ages, duration of deaf-
ness, and etiology, but all subjects had used their CIs for at least
6 months at the time of the study. The BI-CI subjects were all implanted
in both ears with Cochlear-brand devices; 16 subjects had precurved
arrays in both ears, and 3 subjects had a straight array in one ear and a
precurved array in the other ear. The SSD-CI subjects were implanted
with a Cochlear-brand or MED-EL device in one ear; 7 subjects were
implanted with a precurved array and 16 subjects with a straight array.
The other ear had either normal hearing thresholds [N = 16; <25dB
hearing level (HL) for octave frequencies between 250 and 4000 Hz] or
mild (N = 5; <40dB HL) or moderate hearing loss (N = 2; <60dB HL).
Four subjects with mild or moderate hearing loss usually wore a hearing
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Table 1. Demographic and device information for the BI-CI subjects
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Left ear Right ear

Duration of (I experience Array Duration of (I experience Array Array
Subject Age Sex deafness (years) (years) Array model type deafness (years) (years) model type
BCI 72 F 36 22 (124Mm S 44 15 C124R(CS) p
BCI2 78 M 3 16 C124R(CS) p 7 10 (I124RE p
BCI3 66 F 2 " C124RE p 1 12 (I124RE p
BCl4 Al F <1 18 C124R(CS) p 4 13 (I124RE p
BCI5 67 F 5 12 C124RE p 7 15 C124R(CA) p
BCl6 Al M >20 3 (1422 S <1 15 C124R(CS) P
BCl7 59 F n 8 CI24RE p " 8 (I124RE p
BCI8 65 F 12 8 512 p 13 7 (I124RE p
BC19 78 M 61 5 CI24RE p 1 8 512 p
BCI0 52 F <1 9 512 p 2 3 @512 P
BCIM 72 F 13 10 (124RE p <1 13 (I124RE P
BCI2 69 F <1 10 CI24RE p <1 8 512 P
BCI3 70 F 1 8 CI24RE p 2 7 512 P
BCl14 67 M 14 6 C124RE p 23 5 (I124RE p
BCI5 69 F 9 9 512 p 9 9 512 P
BCI16 50 F 24 4 (1422 S 20 8 (I124RE p
BCI7 76 F 27 9 CI24RE p 29 7 512 p
BCI8 48 M <1 2 (1532 p 6 4 (I124RE P
BCI19 25 M <1 7 CI24RE p <1 7 (I124RE P
P, Precurved; S, straight.
Table 2. Demographic and device information for the SSD-CI subjects

Duration of (I experience Array

Subject Age Sex (l ear deafness (years) (years) Array model type Acoustic ear
SSD1 60 M R 8 2 Flex28 S Mild SNHL
SSD2 36 M R <1 5 Flex28 S NH
SSD3 46 M R 22 5 Flex28 S NH
SSD4 63 F L 24 09 Flex28 S NH
SSD5 69 M R 10 2 FlexSoft S Mild SNHL
SSD6 58 M L 1 0.8 Flex28 S NH
SSD7 M F R 12 1 Flex28 S NH
SSD8 74 F L 5 3 Flex28 S NH
SSD9 65 M L 7 3 Flex28 S NH
SSD10 47 F L 2 2 Flex28 S NH
SSD11 64 M R 1 4 Flex28 S NH
SSD12 57 M R <1 0.8 Flex28 S Moderate SNHL
SSD13 65 M R >10 0.6 Flex28 S Mild SNHL
SSD14 60 M L 21 4 CI24RE p NH
SSD15 46 M L <1 2 (1422 S NH
SSD16 47 M L 14 3 CI24RE P NH
SSD17 46 M L 20 0.7 512 p NH
SSD18 56 M R <1 3 512 p NH
SSD19 68 M L <1 2 512 P Moderate SNHL
SSD20 56 F R 15 0.5 1522 S NH
SSD21 48 M R 3 0.7 (1532 p Mild SNHL
SSD22 60 M L 6 1 (1532 P Mild SNHL
SSD23 35 F R <1 0.6 (1622 S NH

NH, Normal hearing; SNHL, sensorineural hearing loss; P, precurved; S, straight.

aid in everyday listening situations but did not use the hearing aid in the
experiments described here. Testing was performed at the University of
Maryland, College Park and Walter Reed National Military Medical
Center in a quiet sound booth. The institutional review boards at each
institution approved this research protocol. Informed consent was
obtained from subjects before testing. Neither deception nor coercion
was used in the study. Subjects were paid for their participation.

Interaural-time-difference discrimination

An ITD-sensitivity tuning curve was measured using electric pulse trains
delivered to a single CI electrode or band-limited acoustic pulse trains
delivered to an acoustic-hearing ear. The general methodology was to

present a pulse train to one fixed electrode in the reference ear and to
measure ITD sensitivity as a function of electrode number (BI-CI sub-
jects) or acoustic carrier frequency (SSD-CI subjects) in the other com-
parison ear to identify the case that yielded the best ITD sensitivity. The
reference ear was the functionally poorer ear as measured by sentence-
perception scores in quiet (Goupell et al., 2018), and this ear was held
fixed for each subject throughout all experiments. This was done with
the idea that the data might ultimately be used to modify the frequency-
to-electrode allocation to reduce interaural-place mismatch, and modify-
ing the poorer (reference) ear would avoid disrupting speech cues in the
ear that a subject generally relies on more heavily. The reference ear was
always the CI ear for SSD-CI subjects. Within this general framework, it
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Figure 1.  Examples of an [TD-discrimination trial. A, For BI-Cl subjects, a two-interval,
two-alternative forced-choice left/right discrimination task required the subject to determine
whether the two stimuli were played left then right or right then left. B, For SSD-CI subjects,
the left/right discrimination task proved too difficult given the inherent time delay between
the ears. Therefore, a three-interval, two-alternative forced-choice task was used, which
required the subject to determine whether the second or third interval contained a moving
set of stimuli.

was necessary to use different methodologies for the ITD sensitivity task
across the two subject groups (Fig. 1).

BI-CI subjects. The BI-CI subjects performed a two-interval, two-al-
ternative forced-choice task that generally followed Kan et al. (2015).
Two binaural 300-ms equal-amplitude pulse-train stimuli were pre-
sented sequentially, separated by an interstimulus interval of 300 ms
(Fig. 1A). The two binaural stimuli had the same ITD magnitude, but
the ITD was applied in opposite directions (e.g., one stimulus was right-
leading, the other left-leading). Subjects were asked to determine
whether the stimulus was perceived as moving from left to right or from
right to left.

For most subjects and reference electrodes, an adaptive procedure
was used to estimate the minimum ITD for which left/right discrimina-
tion was possible (ie., the discrimination threshold). Discrimination
thresholds were defined based on the relative ITD between the two inter-
vals in the task (i.e., a 5000-ps ITD represents a condition where the ITD
was +2500 ps in one interval and —2500 ps in the other, as shown in the
example in Fig. 1A). For a given reference/comparison electrode pair,
the starting ITD was usually 5000 pis but in a few cases was 2500 us. The
ITD magnitude then changed from trial to trial, following a three-down,
one-up tracking rule (Zwislocki and Relkin, 2001) to estimate the 75%
correct point on the psychometric function. The ITD changed by a fac-
tor of 2 until the second reversal, a factor of 1.414 until the fourth rever-
sal, and a factor of 1.2 thereafter, with the ITD values rounded to the
nearest 20 ps. For ITDs below 200 ps, the adjustment step size was fixed at
20 ps. The track continued for a total of 10 reversals, and the discrimina-
tion threshold was estimated as the geometric mean of the ITD for the last
6 reversals. At least three adaptive tracks were completed for each combi-
nation of reference and comparison electrodes, except when time con-
straints allowed only one run (5% of electrodes tested) or two runs (5%).
In conditions where the SD of the ITD-discrimination threshold was
>25%, we added two additional tracks, time permitting. The final thresh-
old was computed by taking the geometric average of all completed tracks.

For a small number of initial cases (three subjects and two reference
electrodes each, constituting ~5% of the data collected), a method of
constant stimuli was used to estimate ITD-discrimination thresholds,
although we moved away from this approach because it was too time
consuming. For these measurements, ideally 50 trials were presented for
each of a range of ITDs that produced a well-defined psychometric func-
tion, typically four points covering the range from near-chance to near-
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perfect performance. ITD values typically started as 200, 400, 800, 1600
us, but were then adjusted between 20 and 4000 ps depending on the
sensitivity of the subject. Fewer trials (but always at least 36 per condi-
tion) were sometimes necessary given time constraints. Psychometric
functions were fit to the data describing the percentage correct as a func-
tion of ITD, and the discrimination threshold was estimated based on
the 75% correct point on this function.

Each subject performed a series of ITD-discrimination estimates for
up to five electrodes in the reference ear (time permitting). For most
subjects, the five electrodes chosen (of the 22 electrodes in the array)
were E4 (near the high-frequency basal end of the array), E8, E12, E16,
and E20 (near the low-frequency apical end of the array). In some cases
where a subject had one of these electrodes deactivated (e.g., it was extra
cochlear, it caused facial-nerve stimulation, or it produced an unpleasant
auditory sensation), a different nearby reference electrode was selected.
For a given reference electrode, the range of comparison electrodes was
initially selected to include every even-numbered electrode within *8
electrodes of the number-matched equivalent (e.g., for reference elec-
trode E10, the range of comparison electrodes was E2-E18; for E4, the
range was E2-E12). Additional even-numbered comparison electrodes
and measurements were added until the subject could not reliably per-
form the task (>4 incorrect responses in a single block for an ITD of
5000 ps).

Electrical stimulation was presented using direct-stimulation
research equipment and software, consisting of a pair of Nucleus
Freedom Programming Pods, L34 sound processors, and Nucleus
Implant Communicator (NIC2) software (Cochlear Ltd.) controlled
by custom MATLAB scripts (MathWorks). Most subjects were pre-
sented with constant amplitude, 100 pulses-per-second (pps)
monopolar pulse trains to one electrode in each ear, using biphasic
pulses that were 58 ps in duration (25-ps anodic and cathodic
phases separated by an 8-pis interphase gap). In some cases, pulse
duration (30-50 ps) or stimulus rate was increased (200 pps) when
the researcher had difficulty achieving comfortably loud stimulation
levels. Synchronization was achieved via a trigger signal delivered
from one pod to the other.

Before the experiment, loudness balancing was conducted to ensure
that stimulation was presented at a comparable loudness level for each
electrode. The loudness-balancing procedure was conducted in three
steps. In the first step, the electrodes were monaurally loudness balanced
within each ear. Subjects were asked to identify a comfortable loudness
level for each individual electrode stimulated in isolation while ignoring
the pitch of the stimulation. Then, subjects were presented with stimula-
tion on five sequential electrodes and asked to judge whether there were
any notable loudness differences among the five stimuli. Adjustments
were made to the levels of the individual electrodes, and the five-elec-
trode sweep was repeated until the subject reported that the five electro-
des were comparable in loudness. This process was repeated with
different selections of five electrodes until all available electrodes were
loudness balanced. In the second step, electrodes were interaurally bal-
anced across ears by using bilaterally sequential simulation for number-
matched pairs of electrodes. In the third step, sound images for bilater-
ally simultaneous stimulation were centered for number-matched pairs
of electrodes. Adjustments were made to the levels of the reference elec-
trodes to intracranially center the sound image for each number-
matched pair while keeping the nonreference ear electrodes loudness
balanced within that ear. The three-step procedure was necessary
because loudness-balanced stimuli do not necessarily produce a centered
auditory image for stimulation presented simultaneously to both ears
(Fitzgerald et al., 2015).

SSD-CI subjects. For the SSD-CI subjects, the procedure was as
described by Bernstein et al. (2018) and some of the ITD-discrimination
data reported here were previously reported in that study. The fact that
one ear was electrically stimulated while the other was acoustically
stimulated meant that there was an unknown relative delay in the time
between stimulus presentation and auditory nerve response in each ear
(Zirn et al,, 2015). This made it difficult to create stimuli with equal but
opposite effective ITDs as was done for the BI-CI subjects, thus compli-
cating this approach. Although procedures have been developed using
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auditory brainstem responses (Zirn et al., 2015) or psychophysical image
centering (Francart et al., 2018) to determine this relative delay, the
amount of time needed for these procedures was not feasible for the pur-
poses of the current study because of the need to find this point for
numerous reference comparison locations (Bernstein et al., 2018). Thus,
instead of requiring SSD-CI subjects to discriminate the perceived direc-
tion of an interaurally delayed stimulus, the current study asked them to
detect a change in ITD in a three-interval, two-alternative forced-choice
task. The same procedure was not applied to the BI-CI subjects because
the two-interval left/right discrimination task was feasible for those sub-
jects and is much more efficient.

On each trial (Fig. 1B), SSD-CI subjects were presented three inter-
vals separated by 500 ms, with each interval containing four binaurally
presented 250- or 300-ms pulse-train bursts (duration held constant for
each subject), each separated by 50ms. In each of the two reference
intervals, the four bursts all had the same ITD. In the target interval, the
ITD varied among the four bursts. Subjects were instructed to identify
which of the three intervals contained the stimulus that was moving or
changing. The first interval was always the reference, and the subject was
required to identify whether the target stimulus occurred in the second or
third interval. The ITDs for the four bursts in the target interval were evenly
spaced and symmetrically placed around the fixed ITD in the reference inter-
val. For example, if the reference interval ITD was fixed at 500 pis for all four
bursts, and the ITD spacing between bursts in the target interval was 2500 s,
then the four target-interval ITDs were —3250, —750, 1750, and 4250 ps
(Fig. 1B). The pulse rate was in most cases 100 pps. For some reference elec-
trodes for some subjects, the pulse rate was instead set to 50 pps, either
because the subject was unable to detect ITD changes at 100 pps or because
acoustic carrier frequencies below 1000 Hz were being tested (see below).

Electrical stimulation was delivered to the desired CI electrode using
one of two methods depending on the CI manufacturer. For the SSD-CI
subjects who used Cochlear-brand devices, the same direct-stimulation
interface described above for the BI-CI subjects was used. The only dif-
ference was that synchronization of the electric and acoustic channels
was achieved by initiating electrical stimulation via a trigger delivered
from the second channel of a sound card (Hammerfall Multiface II,
RME) that was used to generate the acoustic stimulus in the other ear.
The trigger signal was amplified (HB7, Tucker-Davis Technologies)
before being delivered to the programming pod. Interaural timing was
calibrated by time-aligning the center of the acoustic pulse (at the head-
phone transducer) to the center of the electric pulse at the electrode, as
measured using a Cochlear Freedom Implant Emulator containing a CI
internal device and resistive load that approximated the impedance
inside the human cochlea.

For the SSD-CI subjects who used MED-EL devices, electrical stimu-
lation was delivered via auxiliary input to an Opus 2 processor that was
programmed with up to four different single-channel maps. Each single-
channel map was created by reducing the stimulation levels to zero for
all channels except for the stimulated electrode, then setting the fre-
quency cutoffs to the widest possible range allowed by the clinical soft-
ware (5049-8010 Hz). The stimulation electrode was then selected by
choosing the appropriate program using the remote control. An acoustic
pulse train (see below) with a center frequency of 6529 Hz and a band-
width equivalent to 1.5 mm on the Greenwood (1990) scale (1386 Hz),
at the same pulse rate as the acoustic stimulus in the other ear, was then
delivered to the auxiliary input of the processor.

Acoustic stimulation was delivered via circumaural headphones (HD
280 Pro, Sennheiser) to the desired cochlear place in the nonimplanted
ear also as described by Bernstein et al. (2018). The acoustic stimuli con-
sisted of trains of Gaussian-envelope pulses (Goupell et al., 2010, 2013),
also known as Gabor (1947) pulses, constructed by modulating a sinusoi-
dal carrier tone by a Gaussian-shaped envelope. The acoustic pulses were
presented at the same rate as the electrical pulses in the other ear and had
a —3-dB bandwidth equivalent to 1.5 mm on the Greenwood scale. The
acoustic carriers were selected from a fixed set of frequencies, defined in
1.5-mm steps on the Greenwood scale (473, 616, 791, 1007, 1272, 1598,
2000, 2494, 3102, 3850, 4770, 5901, 7294, 9007, and 11,114 Hz).

The combination of pulse rates and carrier frequencies that could be
reliably presented to subjects was limited by the physics of the stimulus
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generation and by the resolving capabilities of the cochlea. Because the
bandwidth (in Hz) decreased with decreasing carrier frequency, this
meant that the temporal width of the pulses (inversely proportional to
the bandwidth) become larger with decreasing frequency. In most cases,
subjects were presented with 100-pps pulse trains. However, at this rate,
successive pulses would have overlapped by >1% in linear amplitude for
carrier frequencies below 1140 Hz (Goupell et al., 2010). Furthermore,
for low carrier frequencies, frequency components below about the 10th
harmonic are resolved by the auditory system (Bernstein and Oxenham,
2003) and do not fall into the same auditory filter to generate an enve-
lope at the desired pulse rate. This means that for a pulse rate of 100 pps,
the intended pulse envelope would not be well represented for frequen-
cies below ~1000 Hz. Therefore, for relatively apical (i.e., low-frequency)
reference electrodes where acoustic carrier frequencies <1000 Hz were
included in the set of comparison stimuli, a lower pulse rate of 50 pps
was used.

Subjects were generally tested on three different reference electrodes
in the CI ear, although some subjects were tested on four or five electro-
des when time permitted. For each reference electrode, ITD discrimina-
tion was measured for a range of at least 5, and in most cases 6-10,
carrier frequencies for the acoustic pulse trains delivered to the other
ear, with at least 30 trials per condition. For each electrode, several pa-
rameters of the electric and acoustic pulse trains and the range of acous-
tic carrier frequencies were adjusted in pilot tests. The goal was to
identify a stimulus that would yield a maximum level of performance in
the range of 80-90% correct, which would be high enough to estimate a
tuning function while avoiding ceiling effects. The parameters that were
adjusted included the following: the reference-interval ITD, the spacing
between the ITDs in the target interval, the pulse rate, and the burst du-
ration. Following Bernstein et al. (2018), the default values for these pa-
rameters depended on the CI manufacturer.

Before the experiment, sequential loudness balancing was conducted
for each of the reference electrodes and acoustic carrier frequencies
tested in the study. Perceptual centering for simultaneously presented
bilateral stimuli was not conducted because this process was likely to be
affected by both the relative interaural level and the time delay between
the acoustic and electrical stimulation. Electric and acoustic stimuli were
presented sequentially and the subject was asked to indicate which stim-
ulus was perceived as louder. The experimenter then adjusted the level
of the stimulus presented to one ear in steps of 1-3 dB (or in steps of 1-5
clinical current units for direct electrical stimulation) until the subject
reported that the two stimuli were at equal loudness. For a given refer-
ence electrode, subjects were first presented with an acoustic pulse train
with a carrier frequency of 2000 Hz and a level of 50-60 dB SPL, and the
level of the electrical stimulus was adjusted to create a loudness match.
Then, the electrical stimulus was held fixed at that level, and the levels
for each individual acoustic carrier frequency were adjusted to create a
loudness match to the electrical stimulus. In cases where a loudness
match could not be reached within the limits of the system, which some-
times occurred for the highest frequencies tested, the level of the electri-
cal stimulus was reduced and the loudness-balancing procedure was
repeated for that reference electrode.

Analysis. For both subject groups, the ITD tuning curves were fit
with a skewed-Gaussian function with four free parameters describing
(1) the peak performance (best discrimination threshold or percentage
correct), (2) the width, (3) the skewness of the function, and (4) the com-
parison electrode or frequency where this peak occurred (Bernstein et al.
2018). This fourth quantity served as the estimate of the interaural match
(ie., the comparison-ear electrode or acoustic frequency that yielded
maximum performance). For the BI-CI subjects, chance performance
for the purposes of curve fitting was taken to be the maximum allowed
ITD in the adaptive track, which was either 2500 or 5000 us. For the
SSD-CI subjects, chance performance for the purposes of curve fitting
was taken to be 50%.

Pitch ranking

To estimate the perceived relative place pitch between the two ears, this
experiment used the midpoint comparison pitch-ranking methodology
(Long et al., 2005; Cosentino et al., 2016), which involves a series of pitch
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comparisons between two sequential sounds presented to different coch-
lear places. Sometimes the two sounds were presented to opposite ears
(one ear and then the other), and sometimes to two cochlear locations in
the same ear (one electrode and then the other). This technique was
developed as a fast way to pitch rank a set of electrodes in the two ears
and was found by Jensen et al. (2021) to yield a set of place-pitch esti-
mates for BI-CI subjects that are relatively immune to procedural bias
effects—including the influence of comparison-electrode test range and
the starting point of an adaptive track—on the pitch-match estimate
(Carlyon et al., 2010; Goupell et al., 2019). Although there were some
differences in how this methodology was conducted for the BI-CI versus
SSD-CI subjects (see below), the algorithm was generally similar for the
two groups. Subjects were asked to pitch rank a set of stimuli consisting
of a subset of electrodes or acoustic pure tones from each ear. This was
accomplished through a series of pairwise comparisons, where each new
electrode or pure tone (the new stimulus) added to the ranking was com-
pared with the existing ranking in an adaptive manner. First, the new
stimulus was compared in pitch (higher/lower) to one of the already-
ranked electrodes or pure tones. Based on the subject’s response, the
possible choices for ranking position of the new stimulus were reduced
to only those electrodes/tones that were either higher or lower in pitch
rank than this particular already-ranked stimulus. The next already-
ranked stimulus to be compared with the new stimulus was then chosen
to be the midpoint of this new reduced range. This process was repeated
iteratively until the stimulus choices were exhausted, and the new stimu-
lus was assigned to a position in the ranking. Then the process was
repeated with each new stimulus until the full set of stimuli was ranked.
The ranking process was repeated 10 times for each subject.

BI-CI subjects. The BI-CI subjects pitch ranked all even-numbered
electrodes from the two ears (up to a total of 22 electrodes, 11 for each
ear). Single 300-ms bursts of a 1000-pps pulse train were presented
sequentially to two successive electrodes with an interstimulus interval
of 300 ms. In each block, the subjects were initially presented with two
sequential bursts on two different electrodes chosen at random, and their
response regarding which electrode was higher established the rank
order for these two electrodes. Then, a third electrode was compared
with one of the two electrodes in the existing ranking, chosen at random.
Depending on the response, it might then have been compared with the
other electrode in the existing ranking to establish a ranking of the three
electrodes. Subsequent electrodes were added into the ranking one at a
time, as described above, until all 22 electrodes were pitch rank ordered.
Note that because this algorithm rank ordered the electrodes from both
ears, some trials involved across-ear sequential comparisons (one stimu-
lus in each ear), and some trials involved within-ear sequential compari-
sons (both stimuli in one ear).

SSD-CI subjects. Sequentially presented single 300-ms bursts of
sounds (now pulse trains and pure-tone bursts) were presented with an
interstimulus interval of 300ms. There were two considerations that
required changes to the pitch-ranking protocol relative to the BI-CI sub-
jects. The first consideration was that for the acoustic ear, the step sizes
(1.5-mm spacing between adjacent stimulus frequencies) were so large rel-
ative to frequency-discrimination thresholds that subjects could rank
order these pure tones with nearly perfect accuracy. Therefore, the acous-
tic tone frequencies were assumed to be perfectly rank ordered without
testing, and individual CI electrodes were added into this rank ordering.
The second consideration was that for the MED-EL subjects, the electrical
stimulation on a given electrode was generated by presenting a pure-tone
stimulus to the auxiliary input of the sound processor loaded with single-
channel maps. Because the intended electrode was selected manually
by changing the program with the remote control, and only four single-
channel maps could be stored in a given processor, it was not possible to
complete a full ranking of the electrodes and acoustic frequencies.

Therefore, to keep the procedure as similar as possible between the
Cochlear-brand and MED-EL users, all the SSD-CI subjects were tested
in a modified pitch-ranking methodology where only one electrode at a
time was ranked relative to the fixed set of acoustic frequencies. For the
Cochlear-brand subjects, up to 11 different electrodes were tested using
direct stimulation. For the MED-EL subjects, up to seven different elec-
trodes were tested using this methodology by loading four single-
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electrode maps to one sound processor and another set of three single-
electrode maps to a second sound processor. Five pitch-ranking blocks
were completed for each single electrode before changing the map to test
a different electrode. This process was completed twice for a total of 10
pitch-ranking blocks per electrode.

Analysis. To quantify the interaural pitch match, the goal of the anal-
ysis was to identify the comparison-ear electrode number or acoustic fre-
quency that was best pitch matched to a given reference-ear electrode.
For the BI-CI subjects, the data were analyzed by plotting the average
rank (among the 22 electrodes tested) for each of the 11 electrodes tested
in each ear, then fitting the data for each ear with a sigmoidal function.
For a given reference-ear electrode, the matching comparison-ear elec-
trode was identified by choosing the comparison-ear electrode that
yielded the same average rank as determined by the functional fits.

For the SSD-CI subjects, the pitch-ranking data were analyzed to
determine which pure-tone frequency was most closely matched to a
given CI electrode. Because the acoustic pure tones were assumed to be
correctly rank ordered, fitting was not required to extract this informa-
tion from the ranking data. For each pitch-ranking block, the best-
matching frequency was defined to be the midpoint (on the Greenwood
scale) between the two frequencies above and below the CI electrode in
the ranking. The matched frequency was then determined by averaging
(on the Greenwood scale) the 10 blocks for each electrode.

Bias checks. Carlyon et al. (2010) argued that interaural pitch-match
estimates can be influenced by the parameters of the available compari-
son-ear stimuli rather than the perceived pitch of the electrode of inter-
est in the reference ear. They proposed checks that could be conducted
to verify a minimal effect of such influences. For an adaptive pitch-
matching procedure, they proposed that a pitch match can be considered
valid if it is relatively immune to changes in the starting point of the
adaptive track. They proposed a criterion ratio of 0.5; in other words, for
a given change in the starting point of the adaptive track, a pitch match
is considered valid if it changes by less than half that amount. For each
electrode tested, the slope of the relationship between the pitch rank and
the adaptive track starting point was calculated. For the BI-CI subjects,
the mean slope was —0.03 (0.33 SD) and 4.7% of electrodes tested had
slope >0.5. For the SSD-CI subjects, the mean slope was 0.05 (£0.17
SD), and 1.7% of electrodes tested had slope >0.5. Thus, nearly all the
pitch matches passed the starting-point bias check.

Computed-tomography scans

CT scans can provide precise physical electrode-location information in
terms of insertion depth, modiolar distance, and scalar location, and
thus provide precise interaural-matching information. CT-based loca-
tion estimates are more precise than perceptual or electrophysiological
interaural-matching methods, which often show broad tuning, particu-
larly for binaural sensitivity. They are also relatively quick to obtain and
analyze compared with perceptual methods. Despite these advantages of
CT scans, there are some disadvantages. First, subjects are exposed to
additional and voluntary radiation. Our procedure exposes a CI user to
an effective dose of 1.7 millisievert (mSv), which is within the typical
range for a diagnostic CT scan (Mettler et al., 2020) and equivalent to
~7 months of exposure to natural background radiation such as terres-
trial radon and cosmic rays (3.1 mSv/year; Wall, 2009). Although this ex-
posure is relatively low for an adult, best medical practices recommend
against elective use in a child where radiation exposure presents a higher
risk (Goodman et al., 2019). Second, CT scans do not provide an assess-
ment of functional performance, meaning that the individualized elec-
trode-to-neural interface (Long et al., 2014), including the survival of the
spiral ganglia, is not considered in the measurements.

CT scans of CI electrode locations were acquired on a multidetector
row CT scanner with a special temporal-bone protocol that included
extended Hounsfield unit scale implementation. Other scan parameters
were 0.6-mm collimation, 140-kVp tube voltage, 300-mAs tube current
(without modulation), 0.3-mm spacing between slices, and bone kernel
for image reconstruction. In addition to standard temporal-bone images
in the axial and coronal planes, a 10-cm field-of-view oblique Stenver
reformat parallel to the basal turn of the cochlea was created for better
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depiction of the electrode array position with ultra-high in-plane resolu-
tion of 0.2 x 0.2 mm.

Analysis. An automated image analysis sequence was used to deter-
mine the intracochlear location of the electrodes. A so-called statistical
shape model (Cootes et al., 1995) of intracochlear anatomy based on the
manual delineation of structures in micro CT scans from 16 cadaveric
specimens (an increase from the 6 specimens reported in Noble et al.,
2011) was used to determine patient-specific cochlea shape from CT
scans. The model encodes typical nonrigid variations in cochlear anat-
omy. Once it is nonrigidly fitted to the cochlea shape in a new patient’s
CT, it allows an accurate estimate of the position of fine-scale internal
cochlear structures that are not directly visible in the patient’s CT. The
model fitting of the cochlear structures was based on preimplantation
images when available. When no preimplantation CT was available, ei-
ther the mirror image of the opposite unimplanted cochlea (for SSD-CI
subjects; Reda et al., 2014) or a machine-learning-based approach using
the postimplantation CT alone (for BI-CI subjects; Wang et al., 2019)
was used. The electrode array was localized in a postimplantation CT
using automated algorithms (Zhao et al, 2019). The two results were
then merged using well-known rigid image registration techniques
(Maes et al., 1997) as has been validated in histologic studies (Schuman
etal, 2010).

The modeling analysis quantified the estimated electrode position in
the following dimensions (Verbist et al., 2010): (1) the insertion angle,
which reflects the tonotopic location along the cochlear spiral, based on
a coordinate system defined by a line drawn between the round window
(0°) and the modiolus; (2) the distance between the electrode and the
modiolus that contains the spiral ganglia (i.e., the modiolar distance);
and (3) the scalar location of the electrode (i.e., whether it is located
within scala tympani, within scala vestibuli, or in the in-between region
designated as scala media or basilar membrane). In this study, the inser-
tion angle was the main outcome measure of interest for the purposes of
comparing estimates of interaural place mismatch. The insertion angle
(in degrees), rather than the insertion depth (in millimeters), was used to
define the tonotopic location of stimulation. This is because the relation-
ship between the insertion angle and tonotopic frequency is thought to
be relatively independent of the individual size of the cochlear duct and
is also independent of the radial distance of the electrode from the mod-
iolus (Stakhovskaya et al., 2007). For the BI-CI subjects, the matching
comparison electrode for a given reference electrode was extracted by
linearly interpolating the insertion-angle data, then finding the compari-
son electrode at the same insertion-angle as the reference electrode. For
the SSD-CI subjects, the matching acoustic frequency for a given refer-
ence electrode was derived using the Stakhovskaya et al. (2007) spiral-
ganglion correction to the Greenwood map.

Experimental design and statistical analysis

For each reference electrode, an estimate of the matched comparison
electrode or comparison acoustic frequency was extracted for each of the
three methods (ITD, CT, and pitch) as described above. Only those elec-
trodes for which matching estimates were available for all three methods
were included in further data analysis (because of its time-consuming
nature, fewer electrodes were tested in the ITD experiment). For each
method, the match in the comparison ear was converted into an equiva-
lent insertion angle (see Results, Relationship among the three methods).
Broadly speaking, mismatch was calculated in terms of the angular dif-
ference in the estimated places of stimulation in the two ears for a given
acoustic frequency. For the BI-CI subjects, this estimate reflected the dif-
ference in relative locations for two electrodes tuned to the same fre-
quency in the two ears. For the SSD-CI subjects, this estimate reflected
the difference between the insertion angle of a given electrode and spiral
ganglia tuned to the same frequency as that electrode.

All mismatch estimates were based on the frequency allocation in
each subject’s everyday sound processor(s). These allocations sometimes
differed from the default recommendations of the manufacturer because
of the presence of deactivated electrodes or a clinician’s initiative.
Analysis of the actual subjects’ frequency allocations was important
because the main research question was whether the perceptual esti-
mates of interaural place stimulation would align more closely with the
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everyday frequency allocation (i.e., evidence that plasticity overcomes
mismatch) or with the CT-estimated place of stimulation (i.e., no evi-
dence of plasticity).

Three sets of analyses of interaural place mismatch were conducted
using linear mixed-model regression (Imer function in Rstudio, version
1.2.5001). Main effects and interactions are reported in terms of x* val-
ues describing the effect of removing the term of interest from each
model. The first set of analyses compared CT estimates of electrode inser-
tion angles and interaural place mismatch for the two groups. Because this
initial analysis found that mismatch was rarely observed for the BI-CI sub-
jects, but frequently observed for SSD-CI subjects, the remaining analyses
considered the two groups separately. All individual subjects were
included in the analyses as a random effect. Although there was variability
in the brand, model, and type of electrode array across subjects and some-
times across ears (Tables 1, 2), there were insufficient counts for each pos-
sible combination to allow for a statistical evaluation of the effects.
Therefore, no array variables were included as a factor in the analysis.

Between-group comparison of mismatch. The purpose of this set of
analyses was to evaluate the differences in electrode location and interau-
ral place mismatch between the two groups, as estimated using CT scans.
These analyses included the absolute electrode insertion-angle or
interaural-place mismatch (in degrees) as the outcome variable, tono-
topic location (defined by the frequency allocation for a given reference
electrode in the CI sound processor) as a fixed effect, and subject as a
random effect.

Across-subject relationship among methods. The purpose of this set
of analyses was to determine the extent to which each method yielded a
similar estimate of mismatch. The magnitudes of the interaural place-
mismatch estimates were compared in six mixed-model analyses, each
making pairwise comparisons between two of the mismatch methods
across the electrodes tested for a given subject group. Each model treated
one mismatch estimate as the outcome variable, the other as a fixed
effect, and subject as a random effect. Bonferroni corrections were
applied for six comparisons (criterion, p < 0.05/6 = 0.0083).

Tonotopic dependence. The purpose of this set of analyses was to
determine how the three estimates of mismatch varied as a function of
tonotopic location along the electrode array. Linear mixed-model regres-
sion analyses examined the dependence of mismatch on the interaural
matching method (ITD, pitch, or CT) for each subject group, with tono-
topic location (defined by the frequency allocation for a given reference
electrode in the CI sound processor) as a fixed effect, and subject
included as a random effect, with Bonferroni corrections applied for two
analyses (criterion, p < 0.05/2 = 0.025).

Results

Example individual results

Before presenting the group data, the raw data that formed the
basis of the interaural place mismatch estimates are illustrated
for three example BI-CI and three example SSD-CI subjects (Fig.
2). Each column in Figure 2 shows the data for one subject.
These six individuals were chosen to highlight the range of out-
comes revealed by the three methods. Figure 2, A and B, shows
example results for ITD discrimination; Figure 2, C and D, shows
example results for pitch ranking; Figure 2, E and F, shows example
results for the CT scans. The bottom row (Fig. 2G,H) plots the
estimates of the relative place of electrical stimulation for all three
methods. The horizontal axes in Figure 2, A, C, and D, are arranged
so that the lowest-frequency electrode toward the apex of the
cochlea is on the left. For Cochlear-brand devices, the electrodes are
numbered in descending order from 22 (low) to 1 (high frequency),
whereas for the MED-EL device (SSD2), the electrodes are numbered
in ascending order from 1 (low) to 12 (high frequency).

Interaural-time-difference discrimination
Figure 2, A and B, shows example ITD-discrimination tuning
curves, with each diagram representing a different reference
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Examples of the perceptual and objective data collected for the three interaural place-mismatch estimation methods for six example subjects (3 BI-Cl and 3 SSD-CI). For each sub-

ject, the reference ear is defined as the functionally poorer ear as determined by speech understanding scores. A, B, ITD discrimination data. Discrimination threshold (BI-Cl subjects) or propor-
tion correct (SSD-CI subjects) as a function of the comparison electrode or frequency for a given reference electrode. The dashed horizontal line shows where threshold could not be measured
(A) or chance performance (B). The vertical line shows the estimated interaural place match. C, D, Pitch ranking data; rank (BI-Cl subjects) or pitch match (SSD-CI subjects) as a function of elec-
trode number. Error bars indicate the standard deviation of the rank or match. E, F, Computational model output of the CT scan analysis, showing the estimated cochlear morphology (red), the
position of the electrode array (white), and the individual electrode contacts (dark gray). G, H, Summary of the three estimates of interaural place match as a function of reference electrode
number (BI-Cl subjects) or reference electrode CF (SSD-CI subjects) derived from the measurements in A—F. The diagonal dotted lines in G and H represent perfect interaural alignment; vertical
displacement from this line represents mismatch.
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electrode, arranged from top to bottom from apex (low-fre-
quency electrode) to base (high-frequency electrode). For the BI-
CI subjects, the individual graphs in Figure 2A indicate the ITD
left/right discrimination threshold as a function of the compari-
son electrode number. For the BI-CI subjects, the group logarith-
mic mean best threshold (ie., at the tip of the tuning curve)
across the reference electrodes tested was 442 us. For the SSD-CI
subjects, the individual graphs in Figure 2B indicate the propor-
tion-correct performance (in identifying the interval that con-
tained an ITD that changed across the four bursts) as a function
of the center frequency (CF) of the acoustic click train presented
to the unimplanted ear. The ITD-discrimination threshold could
not be ascertained for the SSD subjects because a fixed-ITD
methodology was used to overcome the complications stemming
from the interaural delay between the acoustic and CI ears
(Bernstein et al., 2018).

The key parameter that was extracted from the fitted func-
tions for further analysis was the comparison electrode or acous-
tic frequency that yielded peak performance, which is identified
by solid vertical lines Figure 2, A and B. In some cases (6% of
electrodes tested), there was a prominent peak in the perform-
ance function, but a skewed Gaussian curve could not be fit to
the function. In these cases, the acoustic comparison frequency
yielding a peak in the performance function was taken as the fre-
quency-match estimate. These cases are identified by dashed ver-
tical lines. There were also several cases (13% of electrodes
tested) where no frequency-match estimate was made (Bernstein
et al.,, 2018), either because the performance function showed no
prominent peak, showed two or more peaks of similar ampli-
tude, or suggested a peak outside the comparison range (for
example, SSD2, E11 in Fig. 2B). These cases were discarded from
further analysis.

Pitch ranking

Figure 2, C and D, shows example results for the pitch-ranking
experiment. The BI-CI subjects jointly ranked all even electrodes
in both ears. Therefore, there are two curves indicating the aver-
age rank for the electrodes in each ear in Figure 2C. For the BI-
CI subjects, the pitch match for each electrode in the reference
ear was derived by fitting sigmoidal curves to the data for each
ear and then extracting from these fitted functions the compari-
son electrode that yielded the same average pitch rank as the ref-
erence electrode in question. Figure 2C shows a variety of
outcomes for the pitch-matching task, from a case with very little
mismatch (BI2, left column) to cases with substantial mismatch
that either varied (BI3, right column) or was reasonably constant
(BI9, middle column) across the array.

The SSD-CI subjects performed the pitch-ranking task for
each reference electrode relative to a set of frequencies that was
assumed to be correctly ordered in the acoustic ear. Therefore,
there is only one pitch-ranking curve for each subject in Figure
2D. There was a wide variety of pitch-match estimates across
these three example SSD-CI subjects. For subject SSD2 (left), the
pitch matches across the array covered nearly the full range of
comparison frequencies. For the other two subjects, the range of
matches was limited to the upper (SSD17, middle) or lower
(SSD21, right) portions of the comparison range.

Computed-tomography scans

A visual depiction of the CT-scan modeling analysis is shown for
both ears for the three example BI-CI subjects (Fig. 2E) and for
the implanted ear for the three example SSD-CI subjects (Fig.
2F). These images include the estimated cochlear morphology
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(pink shading) and the estimated locations of the array (white)
and individual electrodes (dark gray) within the cochlea. These
examples show a variety of insertion depths and mismatch. In
each image, the insertion angle associated with an electrode pro-
grammed to a logarithmic center CF near 600 Hz is indicated by
a yellow point to provide a visual reference. In most cases this
was E19 (standard Cochlear Ltd. frequency allocation, 622 Hz)
but differed for two subjects with nonstandard allocations (E21 =
622 Hz for Cochlear Ltd. subject SSD17; E2 = 583 Hz for MED-
EL subject SSD2).

For the BI-CI subjects (Fig. 2E), these examples show varia-
tion in both the absolute insertion depth and the degree of mis-
match in insertion depth between the two ears (ie., interaural
place mismatch). The left (BI2) and right (BI3) columns show an
insertion of approximately one full turn that was similar between
the two ears, yielding very little mismatch. The middle column
(subject BI9) shows a deep insertion of more than a full turn in
the right ear but a shallower insertion of about a full turn in the
left ear. As a result, subject BI9 has 10-11 electrodes of interaural
place mismatch (white diamonds in Fig. 2G), with E19 located at
248° in the reference (left) ear and 516° in the comparison (right)
ear.

For the SSD-CI subjects, Figure 2F shows a relatively deep
insertion greater than one full turn (SSD2, left column), a rela-
tively shallow insertion of only about half a turn (SSD17, middle
column), and a case of limited insertion depth because of a tip
foldover (SSD21, right column).

Estimates of interaural place mismatch

Figure 2, G and H, plots the relative places of electrical stimula-
tion as estimated by the three different methods. For both
groups, the horizontal axis represents the geometric center of the
frequency range to which each electrode in the array is mapped
in the subject’s sound processor. This quantity, referred to as the
“reference-electrode CF,” is used throughout the figures and
analyses to place each electrode on a common reference based
on a subject’s own map of frequency-to-electrode allocations.
Used in place of an electrode number, this characterization
allows for the normalization of any differences in this allocation
because of device brand, the presence of deactivated electrodes,
or a clinician’s initiative.

The vertical axis represents the CF allocated to the matching
comparison electrode in the other ear for BI-CI subjects (Fig.
2G) or the matching acoustic frequency for SSD-CI subjects (Fig.
2H). The diagonal dashed line represents the 1:1line of equality;
in other words, where the matched comparison-electrode CF or
acoustic frequency was equal to the reference-electrode CF. Points
falling above the diagonal line indicate cases, that for a given stimu-
lus frequency, the stimulated cochlear place was more basal (ie., a
higher-frequency cochlear place) in the reference ear than in the
comparison ear. For the SSD-CI subjects, mismatch is expected to
be in this basal direction as the array is generally not inserted deeply
enough to stimulate the apical portion of the cochlear (Landsberger
et al., 2015). For the BI-CI subjects, a mismatch could go in either
direction, depending on the relative insertions in the two ears.

For the example subjects depicted in the left columns for each
subject group in Figure 2, G and H (BI2 and SSD2), all three esti-
mates were relatively consistent with one another, and there was
little interaural place mismatch. For the example subjects
depicted in the center columns for each subject group (BI9 and
SSD17), all three methods showed substantial interaural place
mismatch. For BI9, the three methods were not closely aligned,
although all three suggested a mismatch. For SSD17, the three
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Figure 3.

(T scan data for each individual subject in the study showing the absolute insertion angles of each electrode in the array for the BI-Cl subjects (4) and the SSD-Cl subjects (B).

The thin lines plot the insertion depth as a function of the specific default frequency allocation for each electrode from the manufacturer. The thick lines plot the insertion angle as a function
of the subject’s actual frequency allocation, which differs in some cases from the default of the manufacturer. The solid black line is an absolute reference line depicting the relationship
between the electrode insertion angle and the spiral ganglion characteristic frequency at that location (Stakhovskaya et al., 2007).

methods showed similar estimates of electrode position. For the
example subjects depicted in the right columns for each subject
group (BI3 and SSD21), the three methods suggested different
mismatch results. For BI3, the ITD and pitch methods suggested
some mismatch, but in opposite directions, whereas the CT scan
suggested little or no mismatch. For SSD23, the CT scan sug-
gested substantial mismatch, the pitch method suggested mis-
match in the opposite direction, and the ITD method suggested
a mismatch that was similar to the CT scan for two of the electro-
des tested, but no mismatch for the third electrode.

Radiographic data
To examine the variability in electrode placement and to illus-
trate how this placement results in interaural place mismatch,

Figure 3 plots the absolute insertion angles from the CT scans as
a function of the frequency at the geometric center of the fre-
quency range to which each electrode in the array is mapped.
The subject’s actual frequency allocation that formed the basis of
all mismatch analyses is represented by a thick line (Fig. 34, solid
orange for BI-CI subjects; Fig. 3B, dotted black for SSD-CI sub-
jects). In cases where this differed from the standard allocation of
the manufacturer, the standard allocation is represented by a
thin (solid orange or dotted black) line to illustrate what the mis-
match would have been without these changes. Also plotted in
Figure 3 is the Stakhovskaya et al. (2007) map, which represents
the characteristic frequency of spiral ganglia located at a given
insertion angle (solid black line).
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For the BI-CI subjects (Fig. 3A), interaural place mismatch is
characterized by the vertical displacement between the two elec-
trode arrays (thick solid orange lines). There tended to be little
mismatch between the two arrays, except for some mismatch
near the apex. In one case with large interaural place mismatch
(BI9), Figure 3A suggests that this mismatch arose because of an
abnormally deep insertion in one ear. In contrast, interaural
place mismatch for the SSD-CI subjects (Fig. 3B), who have a CI
in one ear and acoustic hearing in the other, is characterized by
the vertical displacement between the electrode array (thick
dashed black lines) and the spiral ganglion map (solid black
lines). Because the apical end of the electrode array does not
reach the apex of the cochlea, but the most apical electrode is
typically programmed to deliver low-frequency information
(~100-200 Hz), this leads to interaural place mismatch in most
cases.

Figure 3 shows that in most cases for both groups, the arrays
were mismatched from the spiral ganglion map. Figure 4A plots
the insertion angles for all 38 BI-CI ears (solid orange lines) and
23 SSD-CI ears (dashed black lines) relative to the allocated fre-
quency of each electrode. A repeated-measures mixed-model
regression analysis was conducted on the insertion-angle data,
with two fixed-effect variables (group and electrode log-CF) and
subject as a random variable. There was a significant main effect
of log-CF [ X2 (1) = 723, p < 0.0001], as expected (because lower-
frequency electrodes are located more apically on the array), but
there was no significant effect of group [x* (1) = 0.33, p = 0.56] or
group x log-CF interaction [y* (1) = 0.89, p = 0.34]. This means
that there was no difference between the groups in terms of the
mismatch between the electrode location and cochlear tonotopy
(tonotopic mismatch; Fig. 4B).

Despite the similar tonotopic mismatch observed for the two
groups, interaural place mismatch was different for the two
groups because of a key anatomic difference. For the BI-CI sub-
jects, interaural place mismatch is determined by the relative
locations of electrodes tuned to the same acoustic frequency in
the two ears; tonotopic mismatch between electrode placement
and the spiral-ganglion map is irrelevant. For the SSD-CI sub-
jects with acoustic hearing in one ear, interaural place mismatch
is directly determined by the tonotopic mismatch.

Figure 4C plots the interaural place mismatch for both
groups. (Note that this was equal to the tonotopic mismatch in
Fig. 4B for the SSD-CI subjects, but not for the BI-CI subjects.)
The sign convention was established to produce, on average, a
positive mismatch for each subject. For each BI-CI subject, the
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positive direction was defined based on the average mismatch
across the array. For each SSD-CI subject, the positive direction
was defined by the expected direction of the mismatch, based on
the assumption that the cochlear place of electrical stimulation
would generally be basal (i.e., higher frequency) to the CF-equiv-
alent place (Landsberger et al., 2015). The larger interaural place
mismatch observed for the SSD-CI subjects was confirmed by a
mixed-model regression analysis conducted on the interaural
mismatch estimates. There were significant main effects of group
[x* (1) = 119, p = 0.0006] and frequency allocation x* Q) =
286, p < 0.0001]. There was also a significant interaction between
the two variables [ X2 (1) = 139, p < 0.0001], reflecting the larger
group differences for low-frequency electrodes where the SSD-CI
subjects experienced the largest interaural place mismatch.

In summary, Figure 4 shows that there were no group differen-
ces in electrode placement. Instead, the larger interaural place mis-
match for the SSD-CI subjects stems from a fundamental anatomic
distinction; BI-CI mismatch reflects the relative placement of two
arrays, whereas SSD-CI mismatch reflects the absolute placement of
one array relative to the tonotopy of the cochlea.

Relationship among the three methods

Individual data

Figure 5 plots estimates of interaural place-of-stimulation mis-
match for all three methods for each individual subject. These
plots, shown here for all 19 BI-CI and 23 SSD-CI subjects, are
similar to the summary plots for the example subjects in Figure
2, G and H, and follow the same plotting conventions.

Several trends are apparent in these individual data. For the
BI-CI subjects, most of the place estimates fell close to the diago-
nal (except for subject BI9), consistent with the relative lack of
mismatch observed in the CT results (Fig. 4C, solid orange lines).
For the SSD-CI subjects, most of the estimates fell above the di-
agonal line, consistent with the mismatch observed in the CT
results (Fig. 4C, dashed black lines). Second, the CT (white dia-
monds) and ITD (magenta circles) estimates were generally con-
sistent with one another. For the BI-CI subjects, they both fell
near the diagonal in most cases, indicating little interaural place
mismatch, whereas for the SSD-CI subjects, these two estimates
tended to have a similar slope and show a similar degree of
excursion from the diagonal. There were, however, exceptions.
For example, the CT scan suggested a large mismatch, but the
ITD method did not for subject SSD11. Third, the pitch esti-
mates (green squares) were much more variable than, and were
often inconsistent with, the other two methods. For the BI-CI
subjects, there were a number of cases where the CT and ITD
methods suggested little or no mismatch, whereas the pitch
method suggested substantial mismatch (e.g., subjects BI4 and
BI11). For the SSD-CI subjects, the pitch estimates were in gen-
eral lower than the other two estimates and with a more gradual
slope, suggesting a positive mismatch for more apical electrodes
and a negative mismatch for basal electrodes.

Group data

To compare the three methods, the ITD-based (dITD), pitch-
based-based (dPitch), and CT-based (dCT) estimates of interau-
ral place mismatch were defined for a given reference electrode
as the distance between the cochlear locations associated with
each estimate and the reference-electrode CF. All mismatch esti-
mates are expressed in terms of insertion angle. For the BI-CI
subjects, the comparison-ear CT scan formed the basis of the
translation between the electrode number and insertion angle.
Mismatch was calculated by comparing the insertion angle of the
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Figure 5.  Summary of the three estimates of relative interaural place for each individual subject in the study. 4, For the BI-Cl subjects, the matched electrode in the comparison ear is plotted

as a function of the reference electrode. B, For the SSD-CI subjects, the matched acoustic frequency in the comparison ear is plotted as a function of the reference electrode CF. The diagonal
dotted lines represent perfect interaural alignment; vertical displacement from this line represents mismatch.

matched comparison electrode to the insertion angle of the com-
parison electrode with the same frequency allocation as the refer-
ence. For the SSD-CI subjects, the spiral-ganglion map formed
the basis of the translation between matched acoustic frequency
and the cochlear place of stimulation for each electrode contact
(i.e., the electrode insertion angle; Fig. 2E,F). Mismatch was cal-
culated by comparing the insertion angle associated with the
matched acoustic frequency (according to the spiral-ganglion
map) to the insertion angle associated with the reference-elec-
trode CF. Zero mismatch meant that the relative place of stimu-
lation in the two ears was aligned with the CI frequency
allocation. For BI-CI subjects, this meant that two electrodes
tuned to the same frequency stimulated the same cochlear places
in the two ears. For SSD-CI subjects, this meant that a given elec-
trode stimulated the cochlear place associated with the clinically

allocated frequency of the electrode. In both cases, zero mis-
match meant that an acoustic tone at the allocated frequency of
the electrode would stimulate the same place in both ears.

The pairwise relationships among the three methods of mis-
match are plotted in Figure 6. The BI-CI results are shown in the
top row (Fig. 6A-C), and the SSD-CI results are shown in the
bottom row (Fig. 6D-F), with each symbol/color combination in
a given row representing a different subject and with each data
point representing one individual electrode. Data are plotted for
only those reference electrodes where data were available for all
three methods. The shaded squares near the center of each dia-
gram represent the mismatch range of binaural tolerance,
approximately *=75°, which is roughly equivalent to =3 mm on
the Greenwood scale over which binaural sensitivity is relatively
insensitive to mismatch for BI-CI subjects (Kan et al.,, 2013,
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Pairwise comparisons of the three estimates of the magnitude of interaural place mismatch for individual electrodes for A—C, the BI-Cl subjects, and D-F, the SSD-CI subjects,

with each color/symbol combination representing a different subject. The three diagonal lines indicate 1:1 correspondence (==75°) where two mismatch estimates are not different. The gray
shaded box indicates the ==75° mismatch range (equivalent to 3 mm on the Greenwood scale) over which binaural sensitivity is estimated to be tolerant to mismatch (Kan et al., 2013). The

dashed lines represent linear fits from a regression analysis.

2015). Points falling within this square indicate electrodes for
which both methods show an interaural place mismatch that is
smaller than this tolerance range. The center solid diagonal line
in each diagram represents a 1:1 correspondence (i.e., the two
methods in question give the same estimate of interaural mis-
match), whereas the upper and lower solid lines indicate the
+75° range around the center diagonal line. The dashed lines
represent linear fits from the regression analysis.

For the BI-CI subjects (Fig. 6A-C), the estimated interaural
mismatch was outside the 75° tolerance range for very few of the
electrodes tested (ITD, 10%; Pitch, 12%; CT, 5%). Notably, only
one subject had any electrodes with >75° mismatch based on
CT scan estimates (BI9, red squares). For the SSD-CI subjects
(Fig. 6D-F), mismatch estimates fell outside of the 75° tolerance
range for about one-third of the electrodes tested (ITD, 25%;
Pitch, 36%; CT, 36%). Comprehensive analyses are described
below that examine the tonotopic relationships among the three
methods. It was nevertheless instructive to carry out an initial set
of pairwise analyses to get a sense of the relationships among the
three methods. Bonferroni-corrected linear mixed-model regres-
sion analyses were conducted for each of the three pairwise com-
parisons of mismatch for the two subject groups (criterion p
value for six comparisons = 0.0083). In each analysis, the esti-
mate on the vertical axis was treated as the outcome variable, the
estimate on the horizontal axis as a fixed effect, and subject as a
random effect. To provide a sense of the strength of the pairwise
relationships, estimated marginal R* values associated with add-
ing to the model the variable represented on the horizontal axis
are reported. These values were derived using the r2 function
from the sjstats library for R.

The left column of Figure 6 shows the relationship between
dITD and dCT. For the BI-CI subjects (Fig. 6A4), dITD and dCT
appeared related [,\/2 (1) = 48.3, p < 0.0001, R*=0.61] and there
was a slope not significantly different from unity (B = 1.02, p =
0.85, dashed line). However, this may largely reflect the contribu-
tion of one subject with large mismatch (BI9, red squares). With
this subject excluded from the analysis, the relationship remained
significant, albeit weaker [x* (1) = 938, p = 0.002, R* = 0.16]
with a regression slope that was shallower but still not signifi-
cantly different from unity (B = 0.72, p = 0.23, linear fit not
shown). For the SSD-CI subjects (Fig. 6D), dITD and dCT were
strongly related [ x> (1) = 644, p < 0.0001, R? = 0.64], and these
two mismatch estimates were nearly equal, with a regression
slope that was not significantly different from unity (B = 1.02, p
= 0.81, dashed line). Most of the points in Figure 6D are near the
1:1line with few points falling outside the *75° diagonal region.

The middle and right columns of Figure 6 show the relation-
ships between dPitch and the other two methods. For the BI-CI
subjects, there was a weak but significant relationship between
dPitch and dITD [y? (1) = 7.94, p = 0.005, R* = 0.10; Fig. 6B,
dashed line], but this relationship became nonsignificant when
the outlier subject was excluded from the analysis (p = 0.61).
There was also a weak but significant relationship between
dPitch and dCT [x?* (1) = 20.7, p < 0.0001, R* = 0.12; Fig. 6C,
dashed line]. This relationship remained significant even with
the outlier subject excluded from the analysis [ X2 (1) = 8.85, p=
0.003, R* = 0.13], but with a regression slope that was much shal-
lower than unity (B = 0.08, p < 0.0001, linear fit not shown).

For the SSD-CI subjects, there were also significant relation-
ships between dPitch and dITD [x* (1) = 31.0, p < 0.0001, R* =
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Figure 7.

Tonotopic dependence of interaural place mismatch for A—E, BI-Cl subjects, and F-J, SSD-CI subjects. The first and third rows reference the mismatch to the clinical map, based

on A-(, the insertion angle associated with the number-matched electrode for BI-Cl subjects, or F~H, the insertion angle associated with the reference electrode CF for SSD-CI subjects. The sec-
ond and fourth rows (D, E and 1, J) reference the mismatch to the (T estimate of electrode position. Points represent mismatch measurements for individual electrodes; fitted curves represent
estimates of the group average and 95% confidence interval. Horizontal dashed lines indicate zero mismatch.

0.38; Fig. 6E] and between dPitch and dCT [)(2 (1)=179,p <
0.0001, R* = 0.27; Fig. 6F]. Despite these significant relationships,
many of the points fell outside the region indicated by the upper
and lower diagonal lines in Figure 6, E and F, indicating that

dPitch differed from dITD or dCT by >75°. Furthermore, the
regression slopes involving dPitch were significantly smaller than
unity (dCT versus dPitch: B = 0.42, p < 0.0001, Fig. 6E, dashed
line; dITD versus dPitch: B = 0.60, p < 0.0001, Fig. 6F, dashed
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line). Thus, considering the scatter in the data and the shallow
slopes for each relationship, dPitch differed substantially from
these other estimates despite the significant correlations.

In summary, Figure 6, A-C, shows the significant relation-
ships among the three mismatch methods for the BI-CI subjects
largely depended on the one subject (BI9) for whom CT scans
showed a large mismatch. However, even with this subject
excluded from the analysis, there was still a weak but significant
relationship between dITD and dCT with a slope not signifi-
cantly different from unity (Fig. 6A). There was also a weak but
significant relationship between dPitch and dCT, but with a shal-
low slope suggesting a lack of 1:1 alignment (Fig. 6C). For the
SSD-CI subjects, there was a strong significant relationship
between dITD and dCT, with a slope near unity (Fig. 6D). There
were also significant relationships between dPitch and dITD
(Fig. 6E), and dPitch and dCT (Fig. 6F); however, the slopes of
these relationships were shallow, and there was substantial scat-
ter in the data, suggesting that dPitch did not align closely with
the other two methods.

Tonotopic dependence of interaural frequency mismatch
Figure 6 does not account for how the relationship between mis-
match estimates might change as a function of intracochlear
location. For example, for many SSD-CI subjects (Fig. 5B),
dPitch (green squares) had a shallower slope with respect to the
reference-electrode CF than the slope of dCT (white diamonds)
or the slope of dITD (magenta circles). This suggests that the
relationship between the mismatch estimates was dependent on
the cochlear region being stimulated.

The three estimates of interaural frequency mismatch are
plotted as a function of location along CI array for the BI-CI sub-
jects (Fig. 7A-E) and for the SSD-CI subjects (Fig. 7F-]). A pri-
mary question posed in this study was whether the pitch and
ITD methods of estimating electrode position were more closely
aligned with the frequencies allocated to each electrode in the
sound processor (indicating plasticity in the percept that aligned
with mismatch) or with the CT scan estimates (indicating a lack
of plasticity to any existing frequency mismatch). To pose this
question, mismatch was defined in two different ways. The first
(Fig. 7A-C) and third rows (Fig. 7F-H) plot the estimated mis-
match with respect to the reference-electrode CF. Here, mis-
match estimates near zero indicated close alignment with the
frequency allocation of the CI sound processor. The second (Fig.
7D,E) and fourth rows (Fig. 71]) plot the estimated mismatch
with respect to the insertion angle estimates from the CT scan.
Here, mismatch estimates near zero indicate close alignment
with physical electrode location. The three solid curves in each
diagram of Figure 7 represent the estimated group mean and
95% confidence interval of the mismatch for a given cochlear
location. Electrode locations for which the 95% confidence inter-
val does not include zero indicate a significant group-average
mismatch.

For the BI-CI subjects, all three estimates of interaural mis-
match gave similar average results (Fig. 7A-C). A linear mixed-
model regression analyses with two fixed-effect factors (interau-
ral-matching method and reference-electrode CF) found no sig-
nificant main effect of the interaural-matching method [ Y @)=
2.67, p = 0.26], or interaction between these two factors [ x> =
3.83, p = 0.15]. There was a significant effect of reference-elec-
trode CF [)(2 (1) =9.73, p = 0.002]; Figure 7A shows there was a
small average interaural mismatch that ranged from 54° for a CF
of 250 Hz to 10° for a CF of 8000 Hz. The effect of reference-elec-
trode CF remained significant even with the outlier removed
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from the analysis [ x> (1) = 5.91, p = 0.015, 37° at 250 Hz, 9° at
8000 Hz, linear fit not shown]. In other words, there was, on av-
erage, a small but significant mismatch for the apical (low-fre-
quency) portion of the array. When calculated relative to the CT
estimates of electrode position, neither dPitch nor dITD was sig-
nificantly different from zero (confidence intervals in Fig. 7D-E
include zero). In summary, this means that on average across the
subjects, none of the three methods were different from one
another.

For the SSD-CI subjects, the mismatch estimates clearly dif-
fered among methods (Fig. 7F-H). This observation was sup-
ported by a linear mixed-model regression analyses conducted
on the mismatch estimates with respect to each reference-elec-
trode CF. There were significant main effects of CF [ x> Q) =
112, p < 0.0001] and method [x* (2) = 54.7, p < 0.0001], but no
significant interaction between the two variables [ x> (2) = 345,
p = 0.18]. For all three methods, there was greater positive mis-
match for the apical compared with the basal portion of the
array. Relative to the reference-electrode CF, dCT was signifi-
cantly greater than zero across the length of the array (Fig. 7F),
indicating that the electrode location was shifted basally to the
reference-electrode CF, as expected. Likewise, dITD (Fig. 7G)
was significantly greater than zero across the apical and middle
portions of the array, becoming nonsignificant for the basal por-
tion. In contrast, the direction of dPitch varied across the elec-
trode array (Fig. 7H). At low frequencies, there was mismatch in
the expected positive (basal) direction, whereas at high frequen-
cies there was mismatch in the unexpected negative (apical)
direction.

Relative to the CT scan, dPitch (Fig. 7]) was significantly neg-
ative for the full frequency range, meaning that the pitch associ-
ated with a given electrode was lower than expected given the
electrode position. In contrast, dITD (Fig. 7I) was not signifi-
cantly different from zero for most of the array, meaning that
binaural sensitivity was best for an acoustic frequency at the elec-
trode position indicated by the CT scan, except at the very basal
end of the array, where dITD was slightly negative.

In summary, there was on average very little mismatch for the
BI-CI subjects and no discernable difference among dITD,
dPitch, and dCT (Fig. 7A-C). In contrast, all three methods
showed considerable group-average mismatch for the SSD-CI
subjects, which varied across the length of the electrode array
(Fig. 7F-H). The pitch estimates aligned with neither the refer-
ence-electrode CF (Fig. 7H) nor the CT-estimated electrode posi-
tion (Fig. 7J). The ITD and CT estimates produced similar
patterns of mismatch; relative to the reference-electrode CF (Fig.
7F-G), both methods showed a large average mismatch for the
apical portion of the array that decreased to near zero for the ba-
sal portion. When referenced to the CT estimate of electrode
position, the ITD method showed no significant mismatch
except for a small negative mismatch for the basal portion of the
array (Fig. 7I).

Discussion

Although the auditory system exhibits central plasticity following
peripheral changes stemming from hearing loss and CIs (Fallon
et al., 2009), it is unclear if the adult human binaural system is
sufficiently plastic to overcome interaural place mismatch (Kan
et al., 2013, 2015; Reiss et al., 2014, 2015; Aronoff et al., 2016,
2019). Other aspects of spatial auditory perception might be
more readily rectified by plasticity. For example, normal-hear-
ing adult humans (Shinn-Cunningham et al., 1998a,b; Keating
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et al., 2016) and juvenile ferrets (Keating et al., 2013) demon-
strate behavioral adaptation to artificial changes to the map-
ping between ITD or ILD and spatial location, whereas the
optic tectum of developing owls (Mogdans and Knudsen,
1992; Linkenhoker and Knudsen, 2002) and the juvenile and
adult ferret cortex (Keating et al., 2013, 2016) exhibit neuro-
physiological adaptation to similar changes.

This study asked if binaural or place-pitch perception
undergo plasticity to resolve interaural place mismatch. By
comparing binaural tuning to radiographic images of physical
electrode position, these results extend previous findings of fre-
quency-tuned binaural sensitivity for BI-CI (Hu and Dietz, 2015;
Kan et al,, 2015), SSD-CI (Bernstein et al., 2018; Francart et al.,
2018; Dirks et al., 2020), and bimodal-CI subjects (Francart et al.,
2011, 2014). For postlingually deafened adults, adaptation for CI
speech understanding is thought to saturate by 6 months for BI-
CIs (Reeder et al., 2014) and 3 months for SSD-CIs (Buss et al.,
2018). All subjects in the current study had >6 months of CI ex-
perience, with most subjects having >1 year. Plasticity over this
period of device use was inferred from comparisons among the
mismatch estimation methods; a behavioral estimate aligned
with a CT estimate of mismatch was interpreted as lack of plas-
ticity, and a shift toward the frequency allocation of the electrode
in the CI sound processor map was interpreted as an indication
of adaptation (Reiss et al., 2014).

Overall, the results showed little interaural place mismatch
for BI-CI subjects, apart from a single outlier. In contrast, there
was systematic mismatch for SSD-CI subjects, with many elec-
trodes showing >75° of mismatch, especially toward the apex.
This result supports our hypothesis that BI-CI users would show
less mismatch because of more symmetric peripheral input.
This group difference reflects the anatomic difference
underlying mismatch (Figs. 3, 4). For BI-CI users, interau-
ral place mismatch reflects relative placement of the arrays
in the two ears. For SSD-CI users, interaural place mis-
match reflects the relationship between electrode placement
and the acoustic tonotopy of the cochlea. Although both
groups showed similar tonotopic mismatch (electrode array
versus the acoustic frequency map; Fig. 4A,B) this only
affected interaural place mismatch for SSD-CI users (Fig.
40).

Because of the lack of BI-CI mismatch, little can be said about
the question of plasticity for binaural or pitch perception for
these individuals. Hu and Dietz (2015) also investigated this
question for BI-CI subjects. They found that electrophysiological
and psychophysical estimates of mismatch for binaural process-
ing were mutually consistent but differed from pitch-based
estimates that showed little mismatch. This could be inter-
preted as indicating plasticity for pitch but not for binaural
processing. However, the small sample (N = 7, one electrode
per subject) precluded statistical assessment of these rela-
tionships, and without electrode-position imaging, these
data only indirectly addressed the question of plasticity.
Although the current study included a larger sample and
CT scans, the BI-CI subjects lacked sufficient interaural
place mismatch to assess plasticity.

In contrast to the BI-CI subjects, the frequently occurring
mismatch for the SSD-CI subjects allowed for an assessment of
plasticity to mismatch. In line with our hypothesis, the SSD-CI
data suggested that plasticity does not overcome interaural place
mismatch for binaural tuning. ITD discrimination and CT scans
gave similar estimates of mismatch (nearly all electrodes fell
within the *=75° diagonal; Fig. 6D). Furthermore, both methods
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showed similar tonotopic dependence, with large mismatch to-
ward the apex decreasing to zero toward the base (Fig. 7F,G).
This trend differs from other radiographic studies of acoustic-
electric mismatch for monaural CI users that show little tono-
topic dependence (Landsberger et al, 2015; Canfarotta et al.,
2020), except for a slight tendency for more mismatch near the
apex. Note that these previous studies based the estimates on the
standard frequency allocation of the manufacturer. In the current
study, we were specifically interested in comparing mismatch
estimates relative to the frequency allocation in each subject’s
everyday sound processor; this is important because several sub-
jects had deactivated electrodes or other changes that altered the
frequency-to-electrode allocation. The frequencies allocated to
the most basal active electrodes were sometimes shifted upward
from the manufacturer default (Fig. 3B), likely explaining some
of the discrepancy with previous studies.

We also hypothesized that because pitch comparisons involve
central comparison of two sequential sounds (one in each ear),
and no binaural brainstem processing, this percept would be
more likely to exhibit plasticity to interaural place mismatch.
Although there was little correspondence between SSD-CI inter-
aural pitch matches and CT-scan based estimates of cochlear
position (Figs. 6F, 7]), suggesting the possibility of plasticity,
pitch matches did not align with the sound processor frequency
allocation (Fig. 7H). The pitch estimates were consistently lower
than even the reference-electrode CF in the basal half of the array
(Fig. 7H), which is inconsistent with a hypothesized shift in place
pitch toward the reference-electrode CF.

The literature is mixed regarding the question of CI pitch
plasticity. Some studies have shown pitch perception to shift to-
ward the sound-processor frequency allocation (Reiss et al.,
2014; Hu and Dietz, 2015; Tan et al., 2017), and others have not
(Schatzer et al.,, 2014; Aronoff et al., 2016; Marozeau et al., 2020).
One possible reason for the disparate results is that the proce-
dures (Jensen et al., 2021) and stimuli (Adel et al., 2019) used
have a large impact on the observed results, questioning whether
these measurements reflect place of stimulation. In the current
study, the unexpected tonotopic pattern of SSD-CI pitch-match
estimates (positive at the apex, negative at the base; Fig. 7H)
might reflect a procedural bias where the match gravitated to-
ward the center of the available comparison-frequency range
(Carlyon et al., 2010; Goupell et al., 2019).

Despite the clear relationship observed between ITD and CT-
scan (but not pitch) estimates of SSD-CI mismatch, there were at
least four study limitations that provide clear future directions.
First, most of the BI-CI subjects had little interaural place mis-
match (Figs. 3-7). Future work examining BI-CI subjects with
larger mismatch would strengthen any assessment of binaural
plasticity. Whereas the current sample had only one subject with
large mismatch, Goupell et al. (2021) examined CT scans for 107
BI-CI subjects (including the 19 from the current study) and
found that 13% of electrode pairs had a mismatch >75°.

Second, this study was performed acutely. Many subjects had
used their CI(s) for multiple years, but some for as little as
6 months (Tables 1, 2). Any adaptation these subjects were expe-
riencing might have been incomplete, particularly for binaural
processing where performance can continue to improve for up
to 4years (Eapen et al.,, 2009). A longitudinal study of ITD and
pitch changes over years could address this limitation.

Third, it is unclear if the pitch results reflect plasticity or pro-
cedural biases, which are common and often large for CI subjects
(Carlyon et al,, 2010; Goupell et al.,, 2019; Jensen et al., 2021).
These studies proposed various checks for systematic biases.
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Nearly all the individual pitch-match estimates here passed one
of these checks (independence from the adaptive-track starting
point, Carlyon et al., 2010), yet Jensen et al. (2021) found that
adaptive methods can pass this check and still be susceptible to
other biases. Although Jensen et al. (2021) found the ranking
procedure used here to be largely immune to three different
kinds of systematic bias for BI-CI subjects, that study did not
include SSD-CI subjects, the group that showed deviation
between pitch and CT matches in the current study.

Fourth, this study did not estimate possible local auditory-
nerve degeneration (Long et al., 2014). CT imaging assesses elec-
trode placement but not the number and health of the spiral gan-
glion cells that are electrically stimulated. An assessment of
neural responses and inferred survival, for example, using electri-
cally evoked compound action potential measurements, might
account for some of the deviation between the CT and perceptual
methods (Bierer, 2010; Long et al., 2014; DeVries et al., 2016).

In closing, we note that this study serves a practical purpose
informing clinical practice. Because SSD-CI binaural sensitivity
appears not to adapt to interaural place mismatch, maximizing
binaural performance will likely require intervention by adjust-
ing the CI sound processor frequency allocation. This could also
be the case for BI-CI users with large mismatches. Sheffield et al.
(2020) found that frequencies <1200 Hz can be discarded to
match Cl-ear and acoustic-ear cochlear places of stimulation
without reducing the speech-in-noise benefit provided by a SSD-
CL CT-scan estimates of interaural place mismatch showed rela-
tively close agreement with time-consuming ITD-based esti-
mates (Figs. 6, 7). With the caveat that it involves a small but not
insignificant radiation exposure, CT imaging may prove to be an
effective clinical tool to measure interaural place mismatch, guid-
ing the audiologist in frequency mapping to optimize binaural
processing without requiring extensive psychophysical testing.
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