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Abstract

Background: Cochlear implants (Cls) successfully restore hearing in postlingually deaf adults, but in
doing so impose a frequency-position function in the cochlea that may differ from the physiological one.

Purpose: The Cl-imposed frequency-position function is determined by the frequency allocation table
programmed into the listener’'s speech processor and by the location of the electrode array along the
cochlea. To what extent can postlingually deaf Cl users successfully adapt to the difference between
physiological and Cl-imposed frequency-position functions?

Research Design: We attempt to answer the question by combining behavioral measures of electro-
acoustic pitch matching (PM) and measures of electrode location within the cochlea.

Study Sample: The participants in this study were 16 adult Cl users with residual hearing who could
match the pitch of acoustic pure tones presented to their unimplanted ears to the pitch resulting from
stimulation of different CI electrodes.

Data Collection and Analysis: We obtained data for four to eight apical electrodes from 16 participants
with Cls (most of whom were long-term users), and estimated electrode insertion angle for 12 of these
participants. PM functions in this group were compared with the two frequency-position functions dis-
cussed above.

Results: Taken together, the findings were consistent with the possibility that adaptation to the
frequency-position function imposed by Cls does happen, but it is not always complete.

Conclusions: Some electrodes continue to be perceived as higher pitched than the acoustic frequencies
with which they are associated despite years of listening experience after cochlear implantation.

Key Words: auditory adaptation, cochlear implant, electric-to-acoustic pitch matching

Abbreviations: AB = Advanced Bionics; CF = characteristic frequency; Cl = cochlear implant;
FAT = frequency allocation table; OC = organ of Corti; PM = pitch matching; SG = spiral ganglion

INTRODUCTION a normal-hearing individual, lower frequency sounds
stimulate cochlear locations that are closer to the apex
ochlear implants (CIs) have been very success- and higher frequency sounds stimulate cochlear loca-

ful clinically, due in part to the way they mimic tions closer to the base. CI speech processors analyze
the tonotopic organization of the cochlea. In the incoming acoustic signals into frequency bands
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and stimulate more apical electrodes in response to
lower frequencies and basal electrodes in response to
higher frequencies. However, in postlingually deaf pa-
tients there are no guarantees that a given input acous-
tic frequency will result in stimulation of neurons with a
characteristic frequency (CF) that matches the fre-
quency of the input. To the extent that pitch percepts
are driven by place of stimulation along the cochlea,
there may be a mismatch between the pitches elicited
by the same input frequency before and after implanta-
tion: in other words, a mismatch between the pitch eli-
cited by the CI in response to a given acoustic frequency
and the pitch that was elicited by the same frequency
when the listener had normal hearing. The CF of the
stimulated neurons could be higher, similar, or lower
than the input frequency, depending on factors such
as the location of each electrode in the cochlea, the ge-
ometry of the electrical fields created by the implant
(and the population of neurons that are ultimately ac-
tivated by those fields), and the mapping between input
acoustic frequency and electrode number.

In postlingually deaf CI users, initial pitch matching
(PM) may reflect their tonotopic cochlear organization
in response to acoustic hearing as classically repre-
sented by Greenwood’s equation (Greenwood, 1990),
originally derived to estimate CF along the organ of
Corti (OC). However, CIs stimulate neurons in the spi-
ral ganglion (SG) rather than in the OC. Thus, it is nec-
essary to correct Greenwood’s equation to account for
the fact that nerve bundles from the OC in the middle
and apical turns take a trajectory into the modiolus that
deviates significantly from a radial direction. This cor-
rection is provided by the SG frequency-position function
measured by Stakhovskaya et al (2007). In any case, and
subject to individual differences in neural survival, we
might expect that PM of electrodes immediately after im-
plantation might approximate the SG frequency-position
function. This contrasts with the frequency-position
function imposed by the CI, which is determined by
the frequency allocation table (FAT) programmed into
the listener’s speech processor and by the location
of the electrode array along the cochlea.

To what extent can postlingually deaf CI users suc-
cessfully adapt to the difference between predeafening
and postimplantation frequency-position functions? We
know from CI users’ subjective comments and from
pitch-scaling (Fitzgerald et al, 2008) and pitch-ranking
experiments (Svirsky et al, 2001; Vermeire et al, 2013)
that CI stimulation does produce largely tonotopic per-
cepts, but we do not really know what CI stimulation
sounds like, other than what we can glean from the lis-
teners’ qualitative descriptions. Direct matching of the
pitch perceived in response to stimulation of intraco-
chlear electrodes to the pitch elicited by an acoustic
frequency was not possible until the appearance of
CI users who had residual acoustic hearing in the
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contralateral ear. Most often, these individuals, known
as bimodal CI users because they are listening with
both electric and acoustic modalities, have usable
low-frequency hearing in their unimplanted ear (Toner
et al, 2004). Here we use PM data, combined with elec-
trode location estimates, to answer the question posed
above and to determine the limits (if any) of human capac-
ity to adapt to a change in peripheral sensory input. In
individuals who have adapted completely, we would ex-
pect that their PM results will closely follow the FAT
curve. In other words, if a given electrode is associated
with a filter whose center frequency is 500 Hz, then that
electrode will be pitch matched to a frequency that is
very close to 500 Hz after the adaptation process is com-
plete. In contrast, individuals with limited or incomplete
adaptation may have PM scores that are closer to the SG
function than to the FAT function.

There is evidence that some adaptation to the
frequency-position function imposed by the CI does occur.
Comparison of PM data obtained at the most apical elec-
trode from different CI users at different times after initial
stimulation (Francart et al, 2008; McDermott et al, 2009;
Svirsky et al, 2012; Tan et al, 2012) suggests that pitch
percepts elicited by electrical stimulation could change
with experience and such electroacoustic PM can serve
as a useful marker to determine whether a patient has
fully adapted to the frequency-to-electrode map in his or
her CI. Change in PM data over time is best assessed
by examining longitudinal changes in the same individu-
als. Some longitudinal studies have found systematic PM
changes as a function of experience (e.g., Reiss et al, 2007,
2008; 2014; 2015). On the other hand, Vermeire et al
(2015) followed participants for a full year starting just be-
fore initial stimulation and found limited evidence of ad-
aptation, but the difference between the SG and FAT
curves was smaller than in other studies due to greater
electrode insertion depth than in the Reiss et al’s studies.
This means that Vermeire et al’s participants may have
had less need to adapt than Reiss et al’s participants.

The use of cross-sectional data obtained from experi-
enced CI users is useful to get a sense of how many
listeners show complete adaptation to the frequency-
position function imposed by the CI. Some studies show
good correspondence between PM scores and the FAT
function and are therefore consistent with the possibil-
ity of complete adaptation. Vermeire et al (2008) studied
this issue indirectly by conducting separate pitch-
scaling experiments in the CI ear and the acoustically
stimulated ear in 14 MED-EL (Durham, NC) CI users,
after an average of 11 mo of experience. The derived PM
curves were quite close to the FAT curve. In a more re-
cent study, Vermeire et al (2015) studied PM between
electrical stimulation at one electrode and acoustic
tones in five unilateral MED-EL CI users with near-
normal hearing in the contralateral ear. These partici-
pants showed a shift in their pitch matches toward the
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FAT, as they had more listening experience (although
the shift failed to reach statistical significance in this
case). After 12 mo of experience, four of five participants
had PM results that followed the FAT curve closely.
There was limited evidence of adaptation in their par-
ticipants. This may have been due to the fact that all of
Vermeire et al’s participants used MED-EL electrodes,
which are longer than those of other devices (Landsberger
et al, 2015), possibly resulting in a smaller difference
between the SG and FAT curves than in other studies.
Again, Vermeire et al’s participants may have had less
need to adapt to a different frequency-place function
than Reiss et al’s participants.

However, there are results from other cross-sectional
studies that suggest incomplete adaptation to the
frequency-position function embodied in the FAT even
after months of listening experience. Boéx et al (2006)
tested six Clarion (Los Angeles, CA) CI users with at
least 6 mo of device use. For four of them, the PM results
were clearly lower frequency than the FAT; a fifth par-
ticipant had PM results that were clearly higher than
the FAT; and the last one presented a mixed picture
depending on electrode location (higher frequency than
the FAT for the two most apical ones, lower than the FAT
for the others). Dorman et al (2007) also tested one MED-
EL CI patient whose hearing in his unimplanted ear im-
proved 15 mo after surgery for a CI. They reported his PM
data were higher than the FAT for the two most apical
electrodes and lower than the FAT for electrodes 4-11.
Francart et al (2008) reported that only five of ten CI users
pitch matched their most apical electrode to a frequency
between 188 and 313 Hz, which is the range assigned to
that electrode in their speech processors. The other five CI
users pitch matched that electrode to higher frequencies.
In studies by Reiss et al (2007; 2008), only 5 of the 12 CI
users decreased their initial perceived pitch at the most
apical electrode over time until it matched the FAT.
The PM data perceived by the other CI users differed
by as much as two octaves from the FAT (Reiss et al, 2008).

The present study aims to contribute to the conversa-
tion about pitch percepts caused by intracochlear elec-
trodes, particularly when considered in conjunction
with estimates of each electrode’s insertion angle. In
particular, it is hoped that the present results may help
reconcile the differing results obtained in previous
studies that combined PM with electrode location
estimates, many of which were conducted using more
deeply inserted electrodes than the ones used here.

METHODS
Participants
Nineteen postlingually deaf adults with CIs were ini-

tially screened to make sure they understood and could
carry out the PM task. All but three of these participants

passed the screening. Of the remaining 16 participants, 4
were implanted with the Advanced Bionics (AB; Valencia,
CA) device and 12 were implanted with Cochlear devices
(Table 1). They were implanted at the Cochlear Implant
Center, Department of Otolaryngology, New York Univer-
sity. All had some degree of residual acoustic hearing in
their unimplanted ear as shown in Table 1 along with
other demographic information.

Procedure for Matching Pitch between Electric
and Acoustic Stimuli

Participants were first asked to adjust the intensity of
the acoustic tone (presented to the unimplanted ear) to
be perceived as “loud, but comfortable” and close to the
perceived loudness elicited by the electrode to be tested,
which was stimulated at the participant’s maximum
comfortable level. This was repeated for all electrodes
to be tested. Stimuli were presented in alternating man-
ner across ears, with a 500-msec pure tone presented
acoustically to the unimplanted ear followed by 500
msec of electrical stimulation to the implanted ear
(see Figure 1). To obtain PM estimates for a given elec-
trode, electrical stimulation was held constant while
the frequency of the acoustical stimulation was ad-
justed using a slider on a computer screen until partic-
ipants were satisfied that the pitch of the two stimuli
was equivalent. They were also instructed that they
should not indicate a match with a particular acoustic
frequency without also having listened to both higher
and lower frequencies. Participants were reminded to
focus solely on the pitch attribute. To help participants
focus on the pitch percepts produced by different elec-
trodes, all electrodes were stimulated in turn before
starting the experiment (after performing the intensity
match described above), starting at the apical end of
the array and continuing until the most basal end of
the array.

PM was performed using as many of the eight most
apical active electrodes in the array as time would al-
low. For each electrode, participants were required to
complete six PM trials. The starting frequency of the
acoustic tone was randomized from a range between
20 and 10000 Hz for each trial to assess the presence
of nonsensory bias effects (Carlyon et al, 2010). For each
electrode from each participant, clear outlier PM trials
(those that were outside a 99.5% confidence interval of
all trials for that electrode/participant combination)
were discarded. The final pitch-matched value was
the average of the remaining trials. Eight of 16 partic-
ipants did not have any outliers. For the remaining
eight participants, only one to three trials were dis-
carded. Finally, we identified any electrode pairs whose
PM values were antitonotopic by conducting one-way
analyses of variance on each participant’s PM values
for different levels of the “electrode” variable, followed
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Figure 1. Experimental setup for electroacoustic PM by participants with Cls.

by post hoc comparisons for all pairs of electrodes at an
overall significance level of 0.05 (Holm—Sidak method).

Experimental Setup

Pure tones were presented to the unimplanted ear via
Sennheiser (Wedemark, Germany) HD580 headphones.
Electrical stimulation was presented to the implanted
ear via streaming hardware for Cochlear devices,
and using direct audio connection for AB devices.
For Cochlear devices, the electrical stimulation con-
sisted of a pulse train delivered at the participant’s ev-
eryday stimulation rate, pulse width, and maximum
comfortable stimulation level (C-level). For AB devices,
electrical stimulation was provided by presenting a
500-msec tone whose frequency was the same as the cen-
ter frequency of the analysis band associated with the
electrode of interest. This was presented to the speech
processor via direct audio connection (see Figure 1). Off-
line measurements made using an implant-in-a-box con-
firmed that electrical stimulation was indeed centered

very close to the desired electrode. Electrical stimula-
tion patterns were recorded using a multichannel
high-speed analog-to-digital converter in response to
the tones that were used to drive the speech processor
during the experiment. This was done separately (and
with similar results) for all three stimulation strategies
used by our participants with AB CIs, namely HiRes-P
with Fidelity 120, HiRes-S with Fidelity 120, and
HiRes-Optima-P. Figure 2 shows typical results for
electrode 1 (Figure 2A) and for all other electrodes (ex-
emplified in this case by electrode 3; Figure 2B). Verti-
cal bars show the average stimulation level expressed
as a percentage of electrical dynamic range, with zero
corresponding to threshold and 100 corresponding to
the maximum level programmed in the speech proces-
sor. For the tones at the center frequency of electrode
2 and higher the center of stimulation was almost exactly
at the desired electrode (e.g., electrode 3 in Figure 2B).
For electrode 1, however, which does not have a more
apical neighboring electrode, the average place of stim-
ulation was about 30% of the way between electrodes
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Figure 2. Electrical output of the AB CI as a percentage of
dynamic range for each electrode, when the input acoustic
tone is (A) at the center frequency of electrode 1 and (B)
electrode 3.

1 and 2 (closer to electrode 1; see Figure 2A). This slight
shift is taken into account in the analyses.

The acoustic tones for the unimplanted ear were am-
plified with a gain function prescribed using the Na-
tional Acoustic Laboratory - Revised Profound fitting
formula based on the participant’s pure-tone audiogram
(Byrne and Dillon, 1986; Byrne et al, 1990). All acoustic
stimuli generated by our program were sampled at
22.05 kHz with 16-bit resolution using a Sound Blaster
Audigy SZ soundcard and amplified by a Sony ampli-
fier, before they were presented to participants via a
Sennheisser HD580 headphone. The acoustic tone was
weighted by a trapezoidal window with a rise/fall of
20 msec to prevent spectral splatter.

This setup was implemented in a program written in
C++. For Cochlear devices electrical stimulation was
implemented using the Nucleus Implant Communica-
tor research software library provided by Cochlear Ltd.
(Denver, CO), and stimulation pulses were sent via a stan-
dard Freedom™ (Denver, CO) speech processor. Nucleus
Implant Communicator software allowed electrical
stimulation to be delivered to the intracochlear elec-
trode as specified by the programmer. Electrical stimu-
lation for AB devices was delivered to the participant’s
implanted ear using a direct audio interface cable via
a Harmony speech processor programmed with the par-
ticipant’s latest clinical map using SoundWave 2.2™
(Valencia, CA).

Nonsensory Biases Check

Carlyon et al (2010) have shown that electroacoustic
pitch comparisons can be strongly influenced by non-
sensory biases arising from the range of acoustic stimuli
presented, and have proposed two “checks” to rule out
this possibility. One check for data obtained from pitch
matches is that there should be no significant correla-
tion between the starting frequency and final match
across runs. Another requirement is that a sufficiently
wide range of starting frequencies is used, and that the
matches obtained converge onto a smaller range than
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that of the starting frequencies. More specifically, we
used the criterion that the standard deviation of the fi-
nal pitch-match values for a given electrode should be
significantly smaller (p < 0.05) than that of the initial
starting frequencies.

Insertion Angle of Intracochlear Electrode

The insertion angle of each electrode was estimated
by using intraoperative plain radiograph images of par-
ticipants’ implanted cochlea (Landsberger et al, 2015;
Svrakic et al, 2015) and based on methods described
by earlier investigators (Marsh et al, 1993; Cohen
et al, 1996; Xu et al, 2000). To evaluate objectively the
insertion angles of the intracochlear electrodes in the
array, several fixed reference points were used (see
Figure 3). One reference line was drawn through the apex
of the superior semicircular canal and the midpoint of the
vestibule. The point where this line intersects the electrode
lead is considered a good estimate of the round window
location. Then a 0° orientation line can be established by
drawing through the estimated round window location
and the estimated center point of the cochlear spiral.
Finally, lines were drawn through the center of each
electrode and the center point of the cochlear spiral.
The angle between this line and the 0° orientation line
was measured as the insertion angle of the electrode
in question.

CFs along the OC and SG at Measured
Insertion Angles

The CF of neurons in the OC and SG that might
be stimulated by each electrode were estimated using
Table 3 from the work of Stakhovskaya et al (2007), which

Figure 3. Fixed reference points and lines of a postoperative
modified Stenver’s view plain radiograph image of an implanted
cochlea for estimating electrode insertion angles. m = modiolus;
RW = round window; S = superior semicircular canal; V = vestibule.
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Figure 4. Individual PM curves for all participants (black lines connecting square symbols show the average and green lines without
symbols show the whole range of PM numbers) compared to frequency-position functions along the SG (blue left-pointing triangles) and
OC (magenta right-pointing triangles). Also shown is the frequency-position function of CI stimulation (red asterisks), which results from
a combination of each individual’s FAT and electrode location. Ovals indicate electrodes with unreliable PM. (This figure appears in color
in the online version of the article.)
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Figure 4. (Continued).
provides CF estimates for different insertion angles. mean frequency of 758 Hz. We used linear interpolation
For example, that table shows that a 360° angle corre- to obtain angles that lie between angles listed in that

sponds to an OC mean frequency of 920 Hz and an SG  table.
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RESULTS

F igure 4 shows the PM data in 16 different panels,
one for each participant. In each panel, the units
for both axes are Hz. The x axis indicates the center fre-
quency of the analysis band allocated to the eight most
apical active electrodes as specified in the participant’s
clinical FAT. Cochlear and AB systems conventionally
number their electrodes in different ways: the former
goes base to apex and the latter goes apex to base.
For simplicity, all electrode arrays in this report have
been numbered starting at the apex. The y axis has a
different meaning for each of the four curves found in
each panel. The main result of the study is shown by
black squares connected with black lines, indicating
the average acoustic frequency that was pitch matched
by each participant to each one of the eight most apical
electrodes. The two green dotted lines indicate the up-
per and lower range of pitch-matched frequencies for
each electrode. The second curve (which we named
“FAT curve” and indicated by red asterisks) shows the
center frequency of the analysis band for each elec-
trode in both the x and y axes. In other words, the line
formed by the red asterisks would be a diagonal if both
axes used the same scale. The third curve with magenta
right-pointing triangles indicates the mean CF along
the OC estimated at each electrode location, based on
Greenwood’s equation. Finally, the fourth curve is
formed by blue left-pointing triangles that indicate
the mean CF along the SG estimated at each electrode
location using the angular location of each electrode and
Table 3 from the work of Stakhovskaya et al (2007). Let
us call this the “SG curve.” Note that some participants’
radiographic images were not available for insertion an-
gle measurement (Participants 2, 5, 15, and 16), and
therefore the OC and SG curves were not included in
the corresponding panels. The red ovals in some panels
indicate electrodes where the participant’s PM trials
failed the nonsensory bias checks (Carlyon et al, 2010).
The gray-shaded region indicates the frequency range
where the participant’s residual hearing threshold in
the nonimplanted ear is between 40 and 70 dB HL.
Any frequencies above the gray-shaded region along
the y axis indicate thresholds poorer than 70 dB HL.
It is likely that PM frequencies falling in this region are
less meaningful than those obtained at lower frequen-
cies. Participants 8 and 10 do not have a gray-shaded re-
gion in their graphs because all their thresholds within
the frequency range of interest were better than 40 dB
HL. The duration of CI use at the time of testing and
the depth of insertion of the most apical electrode (when
available) are indicated next to the participant number
at the top of each panel.

The sixteen panels of Figure 4 paint a picture of sig-
nificant individual differences across participants, and
they have been organized according to the type of result.

The main analysis in the present study consists of com-
paring the PM curves to the SG and FAT curves. The SG
curve represents one estimate of the frequency-position
function that was valid when the listener had normal
hearing. The FAT curve represents the frequency-position
function that the CI attempts to impose. Complete co-
incidence between a CI user’s PM curve and the FAT
curve would indicate that the CI user has adapted com-
pletely to the frequency-position function imposed by
the CI, whereas a PM function that is close to the SG
curve would suggest that the CI user has not been
successful in remapping his or her natural frequency-
position function after implantation. Results for Partic-
ipants 1 and 2 are consistent with complete adaptation
to the new frequency-position function imposed by the
CI, as the PM and FAT curves overlap almost perfectly,
particularly when considering the maximum and min-
imum PM results for each electrode (green lines). Par-
ticipants 3, 4, 5, 6, and 7 show near-complete adaptation
to the FAT curve, with the sole exception of the most
apical electrode or electrode 2. The PM curves for Par-
ticipants 8, 9, and 10 are roughly halfway between the
SG and the FAT curves, consistent with incomplete ad-
aptation to the FAT curve. Note, however, that Partic-
ipant 9 was tested only 2 days after initial stimulation.
This is much earlier than for all other participants, and
this limited amount of time may have been insufficient
to achieve much adaptation. Only 2 of 16 participants
(Participants 11 and 12) had PM curves that were closer
to the SG curve than to the FAT curve. Note that Par-
ticipant 12 is the oldest in the present sample, 82 yr
8 mo at the time of testing. Participant 11 is one of
the oldest in the sample, 76.5 yr 6 mo, and also one of
the least experienced participants at only 3 mo after ini-
tial stimulation. Participants 13, 14, and 15 were sim-
ilar to Participants 1-10 in that their PM curves were
closer to the FAT curve than to the SG curve. However,
their PM curves were largely lower in frequency than
the FAT curves rather than higher. In the case of Par-
ticipant 13, this result may have been influenced by his
limited residual hearing. Participant 14 had the most
deeply implanted electrode array: at 453° it was 61°
deeper than the second deepest insertion in the present
sample. Finally, Participant 16 had an unusual pattern
of residual hearing and for the most part was unable to
perform the PM task reliably.

Despite individual differences, the first overall trend
that emerges from these data is that with the exception
of only one participant, PM curves have lower frequency
values than the SG curve. To the extent that the SG
curve represents a natural frequency-position function,
this finding would indicate that most of these CI users
have shown some degree of adaptation away from that
function, in the direction of the FAT function. For al-
most half of the participants, this adaptation to the
FAT curve was complete or almost complete (with
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Table 2. Mean Difference in Octaves between the PM Curve and the SG and FAT Curves

Mean Difference between PM
Curve and SG/FAT Curves at
Electrodes 1-4 (in Octaves)

PM Closer to FAT or to

Categories of

Mean Difference between PM Curve
and SG/FAT Curves at Electrodes
5-8 (in Octaves)

PM Closer to FAT

Participant ~ PM to SG PM to FAT SG Curve Adaptation PMto SG  PM to FAT or to SG Curve
1 -1.68 -0.14 FAT Complete — — —
2 — 0.06 — Complete — -0.01 —
3 -1.13 0.12 FAT Near complete -0.74 0.28 FAT
4 —-2.18 0.14 FAT Near complete —2.08 —0.06 FAT
5 — 0.2 — Near complete — — —
6 -0.79 0.3 FAT Near complete -0.84 -0.01 FAT
7 -0.79 0.33 FAT Near complete —-0.93 0 FAT
8 —-0.71 0.43 FAT Incomplete —0.68 0.25 FAT
9 -0.74 0.61 FAT Incomplete -1 0.55 FAT

10 -0.92 0.72 FAT Incomplete —0.61 0.6 FAT

11 —0.56 0.69 SG Basalward shift —0.06 1 SG

12 0.04 1.31 SG Basalward shift 0.69 1.64 SG

13 -2.15 —-0.31 FAT Apicalward shift — — —

14 —-1.35 —0.84 FAT Apicalward shift —0.66 -0.21 FAT

15 —2.81 -0.55 FAT Apicalward shift -3.01 -0.81 FAT

16 — — — Inconsistent — — —

Average —-1.21 0.2 FAT -0.9 0.27 FAT

the exception of the most apical electrode or two). A
second overall trend in the data is that the PM curves
are, on average, somewhat higher in frequency than
the FAT curves, suggesting that adaptation to the
FAT curves has not been complete. In this case, the
exceptions are Participants 14 and 15 (and possibly
Participant 13).

The preceding observations were quantified in Table
2. Columns 24 refer to data from the four most apical
electrodes and columns 5-7 show the corresponding
data for the four relatively more basal electrodes, when
available. The first column within each of those two
ranges shows the mean difference in octaves between
the PM curve and the SG curve, the second column in-
dicates the mean difference in octaves between the
PM curve and the FAT curve, and the third column in-
dicates whether the PM curve is closer to the SG curve
or the FAT curve. A negative sign indicates that the PM
frequency is lower than the corresponding frequency in
the comparison curve. The last row of Table 2 shows val-
ues averaged across all participants. Data in the table
bear out the observations made based on examination of
the plots shown in Figure 4. First, examination of col-
umns 4 and 7 show that for both subsets of electrodes
the PM curves are closer to the FAT curve than to
the SG curve. This happens both for the apical elec-
trodes (—1.21 octaves versus 0.2 octaves) and for the
next set of electrodes (—0.9 octaves versus 0.27 octaves).
This result is statistically significant as confirmed by
matched pairs ¢ test comparisons of the absolute values
of mean differences (p < 0.001 for electrodes 1-4 and
p < 0.01 for electrodes 5-8). Second, the negative values
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of almost all numbers in columns 2 and 5 show that the
PM curves have lower values than the SG curve. Finally,
the average values in columns 3 and 6 show that adaptation
to the FAT curve has not been complete across the board.

Additional evidence for the idea that some CI patients
show evidence of complete adaptation while others do
not is shown in Figure 5, which shows PM data for
the most apical electrode in Cochlear patients as a func-
tion of time after initial stimulation. The figure includes
data from the current study and two previous studies
(Francart et al, 2008; McDermott et al, 2009). The y axis
shows acoustic frequency pitch matched by each partic-
ipant, and the x axis shows the time after initial stim-
ulation (in a logarithmic scale) when the PM was
conducted. The upper and lower boundaries of the anal-
ysis band associated with the most apical electrode are
indicated by the two horizontal dashed lines. In Co-
chlear devices, the analysis band is between 188 and
313 Hz with a center frequency at 250 Hz. The black-
filled circles indicate the PM data from the current
study; the gray-filled circles and the unfilled circles in-
dicate the PM data from the two other studies as stated
in the figure legend. Five of the McDermott et al’s par-
ticipants were tested before they had any listening ex-
perience with their CI and they showed substantial
basalward shift (which is defined as having PM fre-
quencies that are higher than the center frequency of
the corresponding filter). This result is consistent with
the average location of the most apical electrode for
users of Cochlear devices, which is not deep enough
to stimulate neurons whose CF is 250 Hz (Landsberger
et al, 2015). In contrast, the 32 participants with several
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Figure 5. PM data for electrode 22 of Nucleus users in the pre-
sent study (black circles) and two other studies, as a function of
time after initial stimulation. In all cases, electrode 22 was asso-
ciated with a center frequency of 250 Hz and a frequency range of
188-313 Hz (indicated by horizontal dotted lines). NYU = New
York University.

months or years of experience showed much smaller
amounts of basalward shift than the five participants
tested upon initial stimulation by McDermott et al
(2009). Twelve of them showed no basalward shift at
all, meaning that the average frequency that was pitch
matched to the most apical electrode fell within the cor-
responding filter band of 188-313 Hz. Many of the other
participants had PM values that were very close to the
188-313 Hz band.

On the other hand, many pitch-match frequencies
showed incomplete adaptation to the FAT used every
day by the participants. This can be appreciated in
Figure 5, where two of our participants, two from
McDermott et al, and one from Francart et al, had
pitch-match frequencies close to 500 Hz, almost one full oc-
tave above the center frequency of the corresponding fil-
ter (which is 250 Hz, as pointed out above). This can also
be appreciated in many of the PM curves from Figure 4.
Even the participants whose pitch-match frequencies
were very reliable, consistent, and closest to the FAT
curve had some electrodes with evidence of incomplete
adaptation. Finally, even though the data were largely
tonotopic (more basal electrodes were almost always
pitch matched to higher frequencies than more apical
electrodes), there were even a few cases where PM
revealed statistically significant antitonotopic percepts.
Some examples include electrodes 2 and 3, 2 and 5,
and 4 and 5 for Participant 9; electrodes 5 and 6 for Par-
ticipant 11; and electrodes 7 and 8 for Participant 12.

DISCUSSION

he present dataset shows important individual dif-
ferences but also some overall trends. Common
trends will be discussed first. As a group, PM curves

had lower frequency values than the SG curve (with Par-
ticipant 12 as the sole exception) and were much closer to
the FAT curve than to the SG curve for most participants
(with Participants 11 and 12 being the exceptions). This
is consistent with the possibility that initially, CI per-
cepts were subject to basalward shift (as suggested by
Svirsky et al, 2001; 2004; Reiss et al, 2007; McDermott
et al, 2009; Landsberger et al, 2015), but the PM
changed as a function of experience, with the final
PM curve being much closer to the FAT curve than
to the SG curve. This is also suggested by the average
pitch-matched frequencies obtained from our less ex-
perienced participants: 11 (3 mo after initial stimula-
tion) and 9 (2 days after initial stimulation).

Another trend in the data, consistent with the preced-
ing explanation, is that the PM curves were, on average,
somewhat higher in frequency than the FAT curves,
suggesting that adaptation to the FAT curves was
not complete for many participants. Although there
were individual exceptions, the trends that were sum-
marized and quantified in Table 2 are clear: PM curves
were ~0.9-1.2 octaves lower than SG curves and only
~0.2-0.3 octaves higher than the FAT curves. Overall,
about half of the participants (7 of the 15 who could do
the task reliably) had PM curves that were either iden-
tical or very close to the FAT curve. The latter showed
similar small departures from the FAT curve: in all five
cases (Participants 3—7) there was some basalward shift
in the most apical electrode.

It is particularly interesting to examine the most api-
cal electrode of Nucleus CI users, allowing the compar-
ison between our data and those of two previous studies
(Francart et al, 2008; McDermott et al, 2009; see Figure
5). Five of McDermott et al’s participants were tested
before they had any listening experience with their
CI. They showed a substantial basalward shift in the
pitch percept, which is consistent with the average lo-
cation of the most apical electrode for users of Cochlear
devices, whose physical insertion depth may not ad-
dress direct stimulation of neurons with 250 Hz CF
(Landsberger et al, 2015). After several months or years
of experience, 9 of 22 experienced CI users displayed lit-
tle to no frequency shift: the acoustic pitch match fell
within the frequency range assigned to that electrode
(188-313 Hz). In contrast, 13 experienced CI users still
displayed different amounts of basalward shift, as the
acoustic pitch match was higher than 313 Hz. This
can be seen in Figure 5, where five of the experienced
users had pitch-match frequencies that were not only
>313 Hz but also were close to 500 Hz, almost one full
octave above the center frequency of the corresponding
filter (i.e., 250 Hz). Incomplete adaptation can also be
appreciated in many of the PM curves from Figure 4.
These results are consistent with other examples of in-
complete adaptation found in previous published studies,
whether they used PM (Reiss et al, 2007; 2008; 2015)
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or other methods (Harnsberger et al, 2001; Svirsky
et al, 2004; 2015).

Finally, it is of interest to discuss apparent discrep-
ancies among studies of electroacoustic PM. Many of
these studies found PM scores that were generally
well below those that would be predicted based on a
corrected Greenwood function (e.g., Boéx et al, 2006;
Dorman et al, 2007; Reiss et al, 2007; McDermott
et al, 2009; Green et al, 2012; the present study); others
found good correspondence between PM scores and
Greenwood function numbers (Carlyon et al, 2010,
and Schatzer et al, 2014, at least for electrodes in the
first cochlear turn). Another discrepancy is that some
studies found evidence of significant changes in pitch
matches over time or at least across participants, as
a function of experience with the implant (e.g., Reiss
et al, 2007; McDermott et al, 2009), whereas other stud-
ies did not find such shifts over time (Vermeire et al,
2015). Carlyon et al’s results are also consistent with
the latter two studies in that the only participant
who showed PM changes as a function of time was
one whose electrode array actually moved over time,
in a direction that was consistent with the PM changes.

One possible way to account for some of these discrep-
ancies is to postulate that the experience-dependent
changes under discussion may happen only in response
to ecological demands. In other words, listeners with
deeper electrode insertions (such as those in the Vermeire
et al’s 2015 and Schatzer et al’s 2014, studies) may have
had lower levels of initial basalward mismatch than
participants in other studies (such as ours) who had
shallower electrode insertions, and therefore, there
may have been no need for this type of experience-
dependent change. Carlyon et al’s participants did not
have such deep insertions but they did have normal
hearing in the contralateral ear, so they were able to un-
derstand speech even without any contributions from the
implanted ear. Again, there was no compelling need to
adapt to the CI's frequency-position function in this case.
One would expect that listeners who initially suffer from
basalward shift and adapt in response to it, will have
PM curves that become lower than the SG curve or the
Greenwood function after the adaptation process. In con-
trast, listeners whose PM curves do not change signifi-
cantly as a function of experience after implantation
(either because they do not have frequency mismatch
or because they lack the ecological motivation to adapt)
would be expected to have PM curves that are closer to
the SG curve or the Greenwood function.

Taken together, the present data combined with
other studies of electroacoustic PM provide strong sup-
port for the hypothesis that the adult brain is plastic
in response to experience deemed relevant by the lis-
tener, and that this plasticity allows postlingually
deaf listeners to overcome the changes in peripheral
frequency-position functions that may be imposed by
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cochlear implantation. However, this plasticity is not
always sufficient to overcome large frequency-position
mismatches. These findings are likely to help guide
future development of intracochlear electrodes and speech
processing strategies for Cls, as well as the clinical man-
agement of CI users.
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