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ABSTRACT

Four cochlear implant users, having normal hearing
in the unimplanted ear, compared the pitches of
electrical and acoustic stimuli presented to the two
ears. Comparisons were between 1,031-pps pulse
trains and pure tones or between 12 and 25-pps
electric pulse trains and bandpassfiltered acoustic
pulse trains of the same rate. Three methods—pitch
adjustment, constant stimuli, and interleaved adaptive
procedures—were used. For all methods, we showed
that the results can be strongly influenced by non-
sensory biases arising from the range of acoustic
stimuli presented, and proposed a series of checks
that should be made to alert the experimenter to
those biases. We then showed that the results of
comparisons that survived these checks do not deviate
consistently from the predictions of a widely-used
cochlear frequency-to-place formula or of a computa-
tional cochlear model. We also demonstrate that
substantial range effects occur with other widely
used experimental methods, even for normal-hearing
listeners.
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INTRODUCTION

As more patients with residual hearing receive coch-
lear implants (Cls), there has been increasing interest
in the relationship between the neural excitation
produced by stimulating an electrode and that
produced by a given acoustic stimulus. Here, we study
a rare group of patients having completely normal
hearing in the unimplanted ear and investigate the
locus of excitation along the auditory nerve (AN)
array produced by electric and acoustic stimulation.
The results may be not only of scientific interest but
may also inform the fitting of CIs in cases where some
hearing persists in one ear.

Several studies have obtained frequency matches
between high-rate (typically >700 pps) pulse trains
applied to a single electrode of a CI and pure tones
presented to a contralateral ear having some, usually
impaired, hearing. Two of these studies (Boéx et al.
2006; Dorman et al. 2007) found that the pure tone
matched to stimulation of a given electrode had a
frequency that was between one and two octaves lower
than Greenwood’s (1990) formula relating cochlear
place to characteristic frequency (CF). A similar trend
was observed, at least for low-frequency tones, by
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Blamey et al (1996). More recently, Vermeire et al
(2008) found that with patients having normal or
near-normal hearing in the unimplanted ear, matches
did not deviate consistently from the predictions of
Greenwood’s formula.

A number of important issues should be consid-
ered when interpreting acoustic-electric pitch com-
parisons. First, in most studies, patients have had some
experience of listening simultaneously through their
implanted and unimplanted ears, prior to testing, so
acclimatization to the frequency-to-place map of the
patient’s CI may influence the results (Reiss et al.
2007; McDermott et al. 2009). Second, most patients
have significant hearing loss in the unimplanted ear,
which probably damaged the outer hair cells (OHCs)
and produced a basalward shift in the peak of the
traveling wave (e.g., Liberman 1984; see McFadden
1986, for a review), again affecting the matched pitch.
Third, pitch is influenced not only by place-of-
excitation cues but also by phase locking in the AN
(Burns and Viemeister 1981; Pijl and Schwarz 1995;
Carlyon 1997; Zeng 2002). Although phase locking
probably influences pitch in normal hearing (“NH”)
for frequencies up to at least 2,000 Hz (Moore 1973;
Hartmann et al. 1990; Meddis and Hewitt 1991;
Micheyl et al. 1998), the pitch of electric pulse trains
often increases with pulse rate only up to a few
hundred pps (Shannon 1983; Townshend et al. 1987;
McKay et al. 2000). This difference in temporal cues
could therefore influence electro-acoustic pitch
matches, and may be one reason why high-rate electric
pulse trains sound qualitatively different from pure
tones (McDermott and Sucher 2006). Finally, and most
importantly, we shall argue that pitch matches between
sounds in the two ears that have different perceptual
qualities, as is the case with electric-acoustic pitch
matches, are highly susceptible to non-sensory biases
that can distort the results obtained.

Here, we report electro-acoustic matches from
patients having normal hearing in the non-implanted
ear, thereby eliminating effects related to OHC
damage. For all patients, a subset of matches were
obtained either before they had listened simultane-
ously to sounds through their implanted and non-
implanted ear, and/or after several months where no
such simultaneous electric-acoustic listening occurred.
Although we did not systematically study the effects of
listening experience, this allowed us to obtain some
“natural” matches uncontaminated by acclimatization
to a particular map. Furthermore, we describe compar-
isons between low-rate electric and acoustic pulse trains
which, we argue, are likely to have produced similar
temporal patterns of responses in each ear. We show
that, even under such conditions, electro-acoustic
matches are susceptible to non-sensory biases and
describe some checks that should be performed to test
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for the presence of such biases. All subjects showed
some matches that failed these checks, but, for three out
of the four tested, there were also one or more that
passed. We then compared these successful matches to
the predictions of Greenwood’s formula and of a
computational model of the implanted cochlea (Frijns
et al. 2001; Briaire and Frijns 2005). Finally, in the
Appendix, we demonstrate that non-sensory biases
occur even in NH subjects when comparing percep-
tually different sounds in the two ears, thereby suggest-
ing that such biases are ubiquitous, and underlining the
need to check for such biases when studying clinical
populations.

EXPERIMENT 1
Methods
Subjects

Here we report results obtained from four subjects, all
of whom were implanted with the Advanced Bionics
HiRes90k device (Table 1). They were implanted as
part of a study, which is still ongoing, whose primary
aim was to evaluate the usefulness of ClIs as a means
for alleviating tinnitus (Dauman et al. 2009). Two of
them, Bl and B2, were implanted at the Hopital
Pellegrin in Bordeaux, France. Two others, C1 and C2,
were implanted at the Addenbrookes NHS Hospital
Trust in Cambridge, England. The design of the
Tinnitus Study was that patients would spend 3 months
in each of two conditions: (1) either listening “nor-
mally” through the microphone of their implant
(“speech mode™), or (2) with the microphone disabled
but with the opportunity to listen to some sounds
recorded on an mp3 player and presented through
the auxiliary input of their CI. There was a 2-week
“washout” period between the two parts of the study.
The condition order was counterbalanced across sub-
jects. All subjects had thresholds below 20 dB HL at all

audiometric frequencies.

Stimuli

Acoustic stimuli, presented to the normal-hearing ear
of each subject, were either pure tones or filtered

TABLE 1

Details of the implanted subjects who took part in the study

Subject Age Deafness duration (year) Aetiology

B1 32 1 Idiopathic SNHL
B2 37 3 Idiopathic SNHL
C1 21 2 Mumps

C2 49 2.5 Idiopathic SNHL

SNHL sensori-neural hearing loss
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harmonic complexes whose components were
summed in alternating sine-cosine phase, and with a
fundamental frequency (FO) of either 6 or 12.5 Hz.
Such stimuli resemble pulse trains in which the pulse
repetition rate is equal to twice the FO (ie., 12 or
25 pps; Patterson 1987; Shackleton and Carlyon 1994) .
These low rates were chosen to be below the lower limit
of temporal pitch (Krumbholz et al. 2000), thereby
minimising any systematic influences of phase locking
on the matches obtained. Furthermore, we reasoned
that AN fibers would, in both electric and acoustic
stimulation, be likely to fire when and only when a pulse
occurred, thereby producing similar temporal codes in
each ear. The amplitudes of the nine components
closest to the filter CF were equal and component
amplitude decreased at a rate of 48 dB/octave outside
that passband. For both the pure tones and filtered
complexes, a large number of stimuli, with (center)
frequencies ranging from 250 to 9,944 Hz, in steps of
2%, were generated in advance and stored as waveform
files on a laptop computer. The duration of each
waveform file was 500 ms, including 10-ms linear ramps.
The stimuli were presented via an Edirol UA-25 external
sound card and one earpiece of a Sennheiser HD650
headset.

Electric stimuli were 12, 25, or 1,031-pps cathodic-
first biphasic pulse trains presented in monopolar
mode to one electrode. The phase duration was 32 us,
and the duration of each pulse train was 500 ms, the
same as for the acoustic stimuli. Pulse trains were
checked using a test implant and a digital storage
oscilloscope. Both the acoustic and electric stimuli
were presented using the APEX software interface
(Laneau et al. 2005), which, in the case of electric
stimulation, was modified from the publicly available
version to incorporate the “BEDCS” research platform
provided by Advanced Bionics.

Procedure

Two methods were used to ensure that, in the main
part of the experiment, loudness was approximately
constant as a function of center frequency. For the
pulse trains, four subjects having normal hearing in
both ears were asked to loudness balance twelve
25-pps bandpass filtered pulse trains centered on
different frequencies (250; 375; 500; 750; 1,000;
1,500; 2,000; 3,000; 4,000; 6,000; 8,000; and
10,000 Hz). The level of the 10,000-Hz pulse train

' We initially used a pulse rate of 25 pps because we expected this

rate to be slow enough to produce a pulsatile percept, and because
this prediction was confirmed by a unilaterally deaf CI patient with
whom we performed some pilot testing, and whose data are not
presented here. However, subject C1 reported that the 25 pps pulse
rate sounded fairly continuous and so we reduced the rate to 12 pps
for her and for subsequently tested patients. The lower rate did
indeed sound pulsatile for all subjects and electrodes.
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was set to 80 dB SPL and was used as the reference to
balance the 8,000-Hz stimulus. The 8,000-Hz stimulus
was then set to the averaged level of four adjustments
and the 10,000-Hz stimulus was loudness balanced to
it to correct for possible bias due to the order of
presentation. For each loudness balance, the level of
the adjustable sound could be adjusted for the next
trial in steps of £1, 2, or 6 dB by clicking on “virtual”
buttons on the computer screen. Once the level for
the 8,000-Hz stimulus was obtained, it was used as a
reference to balance the 6,000-Hz stimulus, and so on
until the 250-Hz stimulus was adjusted. The waveform
files were then scaled appropriately for use by patients
in the main part of the experiment by logarithmic
interpolation of the levels found in the loudness
balancing preliminary experiment. For the pure
tones, we used the loudness model described by
Moore and Glasberg (1996) to equate loudness across
frequency.

For each subject, a set of electrodes spanning the
electrode array was arbitrarily selected, with the
constraint that they did not have abnormally high
impedances and that an analysis of the computed
tomography (CT) scans confirmed they were located
inside the cochlea. Current levels corresponding to
the upper limits of comfort were determined for each
electrode, and each electric stimulus was then loud-
ness balanced to a corresponding acoustic sound
whose frequency or filter CF was as predicted by CT
scan analysis using a cochlear model that we will
describe below. The initial set of loudness-balanced
acoustic stimuli was set to 70 dB SPL at 1,000 Hz. If
this level was too high for subjects to adjust the
loudness of the electric pulse train below their upper
limit of comfort, it was decreased; the minimum level
at 1,000 Hz used was 55 dB SPL for subject Bl.

For the main part of the experiment, a number of
different methods were used. The aim was not to
perform a formal comparison of the different methods,
but rather to try different methods for each subject in
an attempt to minimise non-sensory effects. A further
reason for this approach was that the matches
obtained soon after implantation were used to inform
the frequency-to-electrode map that the patient was
fitted with; those maps usually involved a compromise
between an appropriate pitch match and the desire
not to drop too much low-frequency information. For
each method, we alternated between obtaining meas-
urements with two different electrodes and/or stimuli
(pure tone vs. pulse trains), in order to minimise the
possibility of the subject basing responses on the
memory of the previous measure. Trials always con-
sisted of a comparison between either a 1,031-pps
pulse train and a pure tone, or of a 12- or 25-pps
electric pulse train and an acoustic pulse train of the
same rate.
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Constant stimuli

In each trial, the subject was presented with an
acoustic and an electric stimulus in random order
and asked to indicate which had the higher pitch. In
each block of trials, the electric pulse train was
always the same, and the acoustic stimulus was
selected from one of seven or eight stimuli spanning
a wide (1.5-2 octave) range in equal logarithmic
steps. Ten trials per point were completed for each
block, and the subject was then tested on another
stimulus. The two stimuli were then tested again but
with a different range of acoustic stimuli. The difference
in center frequencies between the two ranges was
0.86 octaves for all subjects except B1, for whom it was
0.89 octaves. An exception to this was for electrode
12—the most basal electrode tested—where the range
difference was reduced to 0.4 octaves in order to avoid
exceeding the range of center frequencies in our wave
files. This procedure was then repeated until a total of
30 trials per point had been completed for each
combination of range and stimulus. The point of
subjective equality (PSE), corresponding to the 50%
point on the psychometric function, was determined by
probit analysis (SPSS, 2008).

For one subject, Cl, a set of additional measures
was obtained with the level of the acoustic stimuli
reduced by 25 dB, and with the level of the electric
stimuli re-balanced in loudness to them. For each
electrode tested, we measured a psychometric function
with 10 trials/point with the reduced level, alternating
with blocks at the original higher level, in the following
order: (low level, range 1)—(high level, range 2)— (low
level, range 2)—(high level, range 1). This was then
repeated twice more in the same order to give 30 trials
per point.

Interleaved adaptive procedures

In each trial, subjects were presented with an electric
and an acoustic stimulus and asked to judge which was
higher in pitch. Each block of trials consisted of two
interleaved adaptive procedures ("tracks": Jesteadt
1980), which converged on points where the acoustic
stimulus was judged higher than the electric stimulus
on 29% and 71% of trials, respectively. The PSE was
estimated from the geometric means of these two
values. The initial (center) frequencies of the acoustic
stimuli used for the two tracks differed by 2 octaves.
For both tracks, the change from increasing to
decreasing frequency or vice versa was called a turn-
point, and the procedure ended after eight turn-
points. The acoustic frequency step size was reduced
from 22% to 8% after four turnpoints. The value for
each track was estimated from the geometric mean of
the last six turnpoints. The probability of presenting
the upper or the lower track on a given trial was
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initially 50%. In order to reduce the chances of one
track ending long before the other, this probability
was then adjusted as follows. If one track was two
turnpoints ahead of the other, its probability of
presentation switched to 40% (and 60% for the “late”
track). Similarly, if one was four turnpoints ahead, its
probability switched to 20% (and 80% for the late
track). When both tracks were completed, the proce-
dure was repeated for another condition. These two
conditions were then repeated but with the starting
values for the two procedures shifted by 0.86 octaves
(0.4 octaves for electrode 12). The whole procedure
was repeated until the subject had completed three
sets of adaptive procedures for each set of starting
values.

Pitch matching by adjustment

In each trial of each pitch-matching run, the subject
was presented with an electric pulse train followed,
500 ms later, by an acoustic stimulus presented to the
other ear. The (center) frequency of the acoustic
stimulus to be presented on the next trial could then
be adjusted by a factor of 2%, 8%, or 37% up or down
by clicking on one of six virtual buttons on a
computer screen, labelled “+++7, “+47, “47, “7, < 7,
and “- - -7, respectively. The subject was encouraged to
“bracket” the match, and, when satisfied, could end
the run by pressing a seventh button. Eight matches
were obtained for each condition, and the starting
frequencies used for each match were selected at
random; the range of values used for a given
condition varied between one and 2 octaves. The
criteria for choosing the center of this initial range
differed across subjects: for Bl and B2 it was equal to
that of a sound that gave roughly the same pitch as
the electric stimulus, based on informal observations.
This is similar to the approach of choosing the range
of acoustic sounds that has been adopted for several
measurement techniques in previous studies (Boéx
et al. 2006; Dorman et al. 2007). For C1 and C2, the
center of the range was chosen either from the results
obtained previously with the method of constant
stimuli, or from the predictions of our computational
model of the cochlea.

Determination of each subject’s tonotopy

For all subjects a pre- and postoperative multidetector
CT scan was obtained using the parameters given by
Verbist et al. (2005; 2008). These scans were used to
estimate the frequency alignment of each individual’s
electrode array, as computed with a computational
model of the implanted cochlea (Frijns et al. 2001;
Briaire and Frijns 2005), developed at the University
of Leiden in the Netherlands. Patient-specific
computational models were created by matching the
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pre-operative CT scan with scaled versions of one of
two basic cochlear shapes. These basic shapes were
constructed from histological cross sections. The
resulting 3D electrical volume conduction model was
combined with an active model of the cochlear nerve.
The trajectories of the modeled fibres were defined
using data from Stakhovskaya et al. (2007).

The location of the most lateral point of the
horizontal semicircular canal was used as a reference
point for determining cochlear angles in the model,
by assuming the round window was located 34.6° from
the line between that point and the central axis of the
cochlea (Verbist et al. 2010). Next, a realistic model
of the Clarion HiFocus electrode array was posi-
tioned in the scala tympani of the individualized
cochlea model corresponding with the contact
locations from the post-operative CT scan. The
locations of the electrode contacts along the basilar
membrane of the model were determined to find
their corresponding pitch as predicted by the
Greenwood map (Greenwood 1990).

Using both the volume conduction model and the
active nerve fibre model with this patient-specific
geometry, the excitation pattern (EP) of each
inserted electrode contact was calculated. Current
levels were set to excite the fibres along 4 mm of the
basilar membrane, as this is assumed to correspond
to MCL (Briaire and Frijns 2006). The predicted
pitch was determined by the peripheral ending
along the BM of the fiber at the spatial centre of
gravity of the EP.

Results
Reliability of matches

In this subsection, we consider the reliability of the
pitch comparisons obtained by the various methods,
and describe some checks that should be performed
when interpreting such measures. The interpretation
of matches that pass these checks will be discussed in
the next section.

Method of constant stimuli

Figure 1A shows psychometric functions obtained for
pitch comparisons between a 1,031-pps pulse train
and a pure tone (triangles) and between 25 pps
electric and acoustic pulse trains (circles), for
patient Bl, electrode 6. The two curves on the left,
joined by dotted lines, show the data obtained when
the (center) frequencies of the acoustic stimuli
ranged from 686 to 2,252 Hz. The curves are
monotonic, span a wide range of values on the
abscissa, and are similar for the two stimulus types.
PSEs, estimated from probit analysis, were 1,565 and
1,636 Hz, respectively. However, when the same
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FIG. 1. Part A shows psychometric functions obtained by subject
B1 on electrode 6. Data obtained with a 25-pps pulse train in each
ear and with a 1,031-pps pulse train vs. a pure tone are shown by
circles and triangles, respectively. Psychometric functions measured
using the lower and higher ranges of acoustic stimuli are shown by
dotted and solid lines, respectively. Part B shows functions obtained
for 12-pps pulse trains presented to subject C1’s electrode 1.

electric stimuli were compared to a range of
acoustic sounds that was 0.86 octaves higher, the
psychometric functions shifted markedly, as shown
by the solid lines, and the PSEs increased to 2,164
and 2,516 Hz, respectively. Hence, in these condi-
tions, the PSEs obtained depended strongly on the
range of acoustic stimuli used. Where this occurred,
it is hard to rule out the possibility that the subject
largely ignored the electric stimuli, and simply
judged each acoustic stimulus as “higher” whenever
it was towards the top of the range of acoustic
stimuli presented in that block of trials. An essential
check is that psychometric functions are obtained
with more than one range of acoustic stimuli, and
that the results obtained with the two ranges are
compared. Here, we adopt the arbitrary criterion
that a match is reliable if the PSEs obtained with two
different ranges differ by less than half the differ-
ence in the center frequencies of the two ranges. An
example of a reliable measurement is shown in
Figure 1B, for 12-pps pulse trains on electrode 1 for
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subject CI.

Interleaved adaptive tracks

The results obtained with this procedure also showed
that some, but not all, matches were influenced by the
experimenter’s choice of acoustic stimuli. An example
comes from patient Cl, for 12-pps pulse trains
presented to electrode 3. When the initial frequencies
for the lower and upper adaptive tracks were 350 and
1,400 Hz, respectively, they converged to 1,120 and
1,260 Hz. The PSE, estimated from the geometric
mean of these two values, was 1,229 Hz. However,
when these two values were shifted upwards by
0.86 octaves, the PSE increased substantially by
0.55 octaves to 1,805 Hz. In contrast, the same patient
tested on electrode 1 showed only a 0.15-octave
change in the PSE when the starting frequencies were
shifted by 0.86 octaves. As in the previous subsection, we
adopt the criterion of reliability that the PSE should not
shift by more than half the shift in starting values.

Pitch matching by adjustment

Figure 2A shows pitch matches obtained on electrode
9 for patient B2, prior to activation of her microphone
input. Matches were alternated between a 25-pps
pulse train in each ear and between a 1,031-pps
electric pulse train and a pure tone. The eight
matches in each condition were obtained using a
1 octave range of starting frequencies centered on
2,160 Hz. The matches were 2,280 and 2,413 Hz,
respectively, in the two conditions. However, further
inspection of the data revealed that the match
obtained on any one trial correlated strongly with
the starting frequency used for that trial, as shown in
Figure 2B; this correlation was 0.81 and 0.90 in the
two conditions, respectively. Essentially, the subject
could have obtained these data by ignoring the
electric stimuli and simply adjusting the acoustic
sound to a frequency close to that at the start of each
run. Hence, one check for data obtained from pitch
matches is that there should be no significant
correlation 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 that of the starting frequencies.
In this article, we adopt the criterion that the standard
deviation of the final matches should be significantly
smaller ($<0.05) than that of the initial starting
frequencies.

An example of a reliable match occurred when
subject C1 matched a 12-pps acoustic pulse train to
an electric pulse train of the same rate on electrode
10, the standard deviation of the matches was
0.24 octaves—substantially smaller than that of the
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FIG. 2. A Average pitch adjustments, together with 95% confidence
limits made by subject B2 for electrode 9. Results obtained with 25-pps
pulse trains in each ear are shown by the open circle; those obtained
with a pure tone and a 1,031-pps pulse train are shown by the filled
triangle. The range of starting frequencies is shown by the vertical
bar. Part B shows the correlation between final match and starting
frequency for the data shown in part A. Part C shows a similar
correlation obtained by subject C1 on electrode 10 with a 12-pps
pulse train in each ear.
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starting frequencies—and the correlation between
them was negative and non-significant (Fig. 2C).

Generalizability of non-sensory biases

The results described so far indicate that non-sensory
biases can have a substantial effect on pitch matches
obtained using a wide range of techniques. An
important issue is whether such biases are specific
to our patient population and/or to the choice of
methods used here. This issue is addressed in the
Appendix, where we show that biases occur for two
other methods that have been used previously, and
do so even in NH listeners when comparing
qualitatively different sounds presented to different
ears.

The remainder of the main part of this article
concerns the matches that passed the reliability
criteria described in the previous section. Such
successful matches were obtained for subjects Bl,
C1, and C2. We focus on matches obtained with low-
rate pulse trains in each ear. Complete data are
provided in Tables 2, 3, and 4 for reference.

Changes over time and across methods

For subjects C1 and C2, there were instances where
reliable matches were obtained for the same stimuli
and electrodes at different stages of the experiment,
and, sometimes, with different methods. Such instan-
ces are shown in the five panels of Fig. 3, with
progressively later measures obtained for each subject
and condition plotted further to the right of each
panel; the different symbols refer to the different
methods used, as shown by the legend in the bottom
right of the figure. In three cases—electrode 1 for
subject C1 and electrodes 8 and 10 for subject C2—
the range of matches obtained is less than 0.2 octaves.
In the case of subject C1 and electrode 1, this is quite
remarkable given that the measures were obtained
over a period of 15 months using three different
measures. Indeed, the largest variation observed for
any subject and electrode was 0.3 octaves, suggesting
that the results obtained here were reasonably stable
over time and across methods.

In the light of suggestions that everyday experience
can influence electric-acoustic pitch matches, it is
interesting to compare the matches obtained for each
electrode with the frequencies to which that electrode
was mapped in the subject’s clinical processor, in the
period immediately prior to each measurement. For
subject CI, the points labelled “S” were obtained after
3 months in speech mode, using a standard clinical
map and where electrodes 1 and 10 were mapped to
center frequencies of 432 and 2,134 Hz, respectively.
The points labelled “SW” and “SWM” were obtained
after the washout and “mp3” stages, respectively,
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during which times the patient did not hear any
sounds simultaneously through both ears. The meas-
ures labelled “Post”, “Post3”, and “Post4” were
obtained 3, 6, and 12 months after the end of the
study, again using a clinical map. It can be seen that
the matches on both electrodes were generally con-
stant throughout this period, and were much higher
than the patient experienced in everyday life. For
patient C2, the only instance where she had listened
to sounds simultaneously through the two ears was at
time “MWS” for electrode 4. At this point, she had
been listening for 3 months using an experimental
map in which electrode 4 was mapped to 1,285 Hz.
This was lower than the matches obtained, and, if
anything, the matches had shifted up after exposure
to the speech mode of the study. We therefore
conclude that the matches obtained here were not
strongly affected by experience. This is fortunate
because the primary aim of this study is to compare
the place of excitation produced by acoustic and
electric stimuli, unconfounded by the listener accli-
matizing to any mismatch. We should stress, however,
that this does not mean that acclimatization would not
occur in patients without normal hearing in the
unimplanted ear.

Effects of level on the matches obtained

The 12 and 25-pps pulse trains used here were
presented at a higher level per pulse than would
normally occur in a cochlear implant speech-processing
strategy using higher pulse rates. It is therefore interest-
ing to observe whether the matches obtained here
strongly depended on signal level. Matches were there-
fore obtained for subject Cl at the original level and
with the acoustic 12-pps pulse trains attenuated by
25 dB, using the method of constant stimuli, for
electrodes 1 and 10. When the 12-pps electric stimuli
were re-balanced to these lower levels, the current levels
were reduced from —8.5 to —9.9 dB and from —4.8 to
—6.2 dB 7 1 mA, respectively. These measures were
obtained approximately 6 months after the end of the
tinnitus treatment trial, during which time the subject
had been listening through her implant in “speech”
mode on a daily basis. For electrode 1, the matches were
very similar (1,029 and 1,071 Hz). This was also true for
electrode 10 (4,437 vs. 4,579 Hz), although in this case
the measures obtained at the quieter level failed to pass
our check for range effects. We therefore conclude that
there is no evidence for strong effects of stimulus level
on the matches obtained.

Comparison of reliable vesults to predictions based
on cochlear place

The three panels of Figure 4 show the data of the
three subjects—B1, C1, and C2—for whom reliable
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TABLE 2

Results of pitch matches

Subject | Condition | Time Start (Hz), Mean s.d start | s.d (oct) | Correl
Range (oct) (Hz) (oct)
Bl E6, 25 Pre 966, 1 1239 0.76 0.49 0.23
E6, 1031 Pre 966, 1 1034 0.76 0.29 0.86
E9, 25 Pre 1589, 1 1749 0.68 0.27 0.48
E9, 1031 Pre 1589, 1 1874 0.68 0.36 -0.03
B2 E9, 25 Pre 2160, 1 2279 0.39 0.25 0.81
E9, 1031 Pre 2160, 1 2143 0.39 0.29 0.90
Cl E6, 25 Pre 1941, 1.1 1698 0.33 041 0.64
E9,25 Pre 1941, 1.1 3346 0.33 0.78 0.25
El, 1031 Pre 544.1.3 537 0.46 0.34 0.65
E3, 1031 Pre 804, 1.3 910 0.46 0.03 0.35
E1, 12 swm 942,1.9 975 0.62 0.06 0.30
E10, 12 swm 4160, 1.9 5338 0.62 0.24 -0.29
El, 1031 swm 942, 1.9 783 0.62 0.48 0.49
E10, 1031 | swm 4160, 1.9 4272 0.62 0.50 0.89
C2 E6, 12 Pre 2000, 2 1300 0.70 0.43 0.80
E10, 12 Pre 6365, 2 2573 0.70 0.93 0.93

Conditions are abbreviated by the electrode number followed by the pulse rate of the electric pulse train. Conditions that were run together are enclosed in a solid
box in the second column. “Time”, in this and Tables 3 and 4 refer to the experience of the listener prior to the measures being obtained: Pre at the start of the tinnitus
study, prior to any microphone or mp3 input. Post after all stages of the tinnitus study, and after some additional period of listening in “speech” mode (i.e., through the
microphone input). Other abbreviations refer to the phases of the tinnitus study, in the order completed before the measures, where m after listening through mp3
player via auxiliary input, w washout period (speech processor removed), and s speech mode (microphone activated). The column labelled “start” shows the
geometric mean of the range of starting frequencies used for each match, followed by the range in octaves. The next three columns show the mean match in Hz and
the SD’s in oct of the start frequencies and of the final matches. The last column shows the correlation between the start and final frequency Conditions where the SD
of the matches was significantly less than that of the start values, and where the correlation between match and start value was insignificant, are shown in bold

matches were obtained for one or more electrodes.
Those matches are plotted using a solid square when
based on the geometric mean of more than one
reliable match, and by an open symbol when based on
a single measure, with the shape of the symbol
indicating the particular method used.

The dashed and solid lines in Figure 4 show the
predicted frequency-to-place functions derived from
Greenwood’s formula and the Leiden model, respec-
tively. The dotted lines show frequencies that are
half an octave above and below the Greenwood

function. It can be seen that the two curves are quite
similar, the most consistent difference being a
tendency for the Leiden model to predict slightly
lower frequencies, at least for the more apical
electrodes. For subject C1, two scans were obtained.
The first was obtained shortly after implantation and
before switch-on, and is shown by the thick gray line.
The second was obtained 12 months after the end of
the tinnitus study, and is shown by the dashed and
solid black lines. It can be seen that these two curves
differ substantially, due to the electrode array having
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TABLE 3

Results of constant-stimuli measures

Subj. Cond Time | Range 1 (Hz) | PSE (1), | PSE(2), | APSE PSE,
Hz Hz (Oct.) Hz
B1 E6, 1031 Pre 686-2252 1565 2164 0.47 1840
E6, 25 Pre 686-2252 1536 2516 0.71 1966
B2 E3, 25 post 552-2208 1790 2710 0.60 2202
E9, 25 post 1219-4875 3983 5574 0.48 4712
Cl E3, 12 s 350-1400 1087 1526 0.49 1288
E10, 12 s 1104-4415 3650 4905 0.42 4231
E1,12 s 260-1040 917 1090 0.25 1000
E6, 12 s 758-3031 2208 3844 0.80 2913
E1,12 SW 260-1040 918 968 0.07 943
E10, 12 SW 1104-4415 3996 4842 0.28 4399
E3, 12 swm 350-1400 1081 1379 0.35 1221
ES, 12 swm 1104-4415 3805 4539 0.25 4156
E1, 12 post3 317-1288 937 1225 0.39 1071
El, 12Q post3 317-1288 957 1106 0.21 1029
E10, 12 post3 1346-5382 4124 5085 0.30 4579
E10,12Q | post3 1346-5382 3656 5383 0.56 4437
E1, 12 post4 260-1040 939 1021 0.12 980
E10, 12 post4 1104-4415 3946 4568 0.21 4246
Cc2 Ee6, 12 Pre 743-2971 1893 1736 -0.12 1813
E10, 12 Pre 1373-5490 3334 4591 0.46 3912
E4, 12 mws 552-2208 1431 1704 0.26 1562
E12, 12 mws 1884-7536 4350 5544 0.35 4911

Conditions are abbreviated by the electrode number followed by the pulse rate of the electric pulse train. “Time” refers to when the measures were obtained:
abbreviations are described in the legend to Table 2. “Post3” and “Post4” refer to measurements obtained approximately 6 and 12 months after the end of the “mp3”
arm of the tinnitus study. “Q” after the name of the condition describes results obtained at a lower acoustic and electric level. Range 1 shows maximum and minimum
acoustic frequencies in the lower range; range 2 was always 0.86 oct higher except for B1 (0.89 oct) or for electrode 12 (0.4 oct). PSE is the point of subjective
equality, shown separately for the two ranges; and the difference between these values, in octaves, is given in the next column. Matches where this difference was
less than half the range difference (i.e., 0.43 oct) are shown in bold. The last column shows the (geometric) mean PSE



634

CARLYON ET AL.: Acoustic-Electric Pitch Matches

TABLE 4

Results of interleaved adaptive procedures

Subj. Cond Time | Range 1 Start | PSE (1) | PSE(2) | APSE PSE
freqs (Hz) Hz Hz (Oct) Hz

C1 El, 12 post 261, 1040 9200 1002 0.15 950
E3, 12 post 350-1400 1229 1805 0.55 1490

E1, 1031 post 261, 1040 9206 1045 0.21 973

E10, 12 post 1104, 4415 5004 5475 0.11 5265

E12,12 post2 1847, 7536 6669 7074 -0.08 6869

ES8, 12° post2 1373, 5490

C2 E6, 12 m 743,2971 1644 2230 0.44 1915
E10, 12 m 1373, 5490 3313 3773 0.19 3536

ES, 12 m 1149, 4594 2393 2628 0.14 2508

E3, 12 m 471, 1884 1121 1644 0.55 1358

E1,12 mw 336, 1346 922 982 0.09 952

E10,12 mw 1373, 5490 3350 3438 0.04 3394

E4, 12 mw 552, 2208 1298 1610 0.31 1446

E12,12 mw 1847, 7536 4158 4033 -0.04 4095

ES8, 12 mw 942, 3768 2372 2609 0.14 2488

ES, 1031 mw 942, 3768 2369 3578 0.60 2911
E4, 12" mws 552, 2208 1448 1948 0.42 1679

Conditions are abbreviated by the electrode number followed by the pulse rate of the electric pulse train. “Time” refers to when the measures were obtained;
abbreviations are described in the legend to Table 2. “Post2” refers to measurements obtained approximately 3 months after the end of the “mp3” arm of the study.
Range 1 shows minimum and maximum starting acoustic frequencies in the lower range; range 2 was always 0.86 oct higher except for electrode 12 when it was
0.4 oct higher. PSE is the point of subjective equality, shown separately for the two ranges; and the difference between these values, in octaves, is given in the next
column. Matches where this difference was less than half the range difference (i.e., 0.43 oct) are shown in bold. The last column shows the (geometric) mean PSE

“Testing for this condition was stopped after one run for each range because the subject complained that the sound quality in the two ears was too different

PThis condition was initially interleaved with measures on electrode 14. However, for that electrode one of the adaptive tracks requested a higher frequency than
was available, so we switched after two runs to electrode 12, for which the same problem occurred. We therefore report only data for electrode 4

slipped. Indeed, the reason for performing the
second CT scan was that the pitch matches fell
above the predictions based on the initial scan, and
because we could not think of a reason for this
discrepancy. We choose to compare the matches to
the results of the second scan, for the following
reasons (a) matches on electrodes 1 and 10,
obtained at time “Post4” (Fig. 3), were consistent
with those obtained previously throughout the study,

and were obtained on the same day as the second
scan, and (b) an analysis of the routine clinical
measurements obtained with subject C2 revealed an
increase in impedance for electrode 16 three months
before the end of the speech phase—i.e., 3 months
before the earliest measurements in Figure 3 for that
subject. This was accompanied by an increase in
threshold levels for electrodes 15 and 16 relative to
the other electrodes, and is consistent with the
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methods are shown by different symbols, as illustrated by the key in the
bottom right of the Figure. The abbreviations used for the different time
points are as follows: Pre at the start of the tinnitus study, prior to any
microphone or mp3 input; m after listening through mp3 player via

results of the second scan showing that electrode 16
was close to the edge of the cochlea®.

For all subjects, the matches generally fall within
half an octave of the Greenwood and Leiden pre-
dictions. Importantly, there is no evidence of the
trend, reported by Boéx et al. (2006) and by Dorman
etal. (2007), for matches to fall between 1 and 2 octaves
below the predictions of Greenwood’s model. Indeed,
the fact that a deviation from those predictions promp-
ted a second scan for subject Cl, and that the results
then matched that prediction, is further evidence both
for the reliability of our matches and for the validity of
the Greenwood and Leiden fits.

? The possibility that the electrode array may have slipped was
suggested by Prof. Hugh McDermott. Another interesting point is
that a pitch adjustment to a 1,031-pps pulse train on electrode 3,
made at the start of the tinnitus study (time “pre”, Table 2)—close
to the time of the first CT scan and prior to the elevation in
thresholds and impedance for electrode 16—was 804 Hz. This was
close to the prediction of 771 Hz based on that first scan.

It is improbable that a similar slip could have occurred for
subject C2 because her electrodes 15 and 16 were already close to
the edge of the cochlea, and so any further slip would have been
noticed from a change in thresholds and impedances for those and
neighboring electrodes.

mode (microphone activated). Post after all stages of the tinnitus study,
and after some additional period of listening in “speech” mode (i.e.,
through the microphone input). "Post2", "Post3" and "Post4" refer to
sessions run 3, 6, and 12 months after the end of the mp3 phase.

GENERAL DISCUSSION

Problems in comparing between two ears

We have reported several instances where the pitch
matches obtained between the two ears are strongly
influenced by non-sensory biases. The fact that such
biases can occur not only for implant patients but also
(as shown in the Appendix) in NH listeners suggest
that this is not likely to be specific to the particular
CI users or to the stimuli used in experiment 1.
Instead, we argue that non-sensory factors are likely
to prove a ubiquitous problem when interpreting
studies that require subjects to judge the pitches of
stimuli that are likely to differ on other perceptual
dimensions.

Although our study is the first to check formally for
range biases, it is likely that non-sensory factors of
some sort influenced the results of other studies. For
example, Vermeire et al (2008) plotted not only the
average matches between acoustic and electric
stimuli, obtained using their magnitude estimation
method, but also the results of individual matches.
These could, strikingly, vary by several octaves for a
given electrode and subject. This sizeable variation
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FIG. 4. The dashed line in each panel shows the predicted (center) p»

frequency corresponding to each electrode for a given subject,
according the formula proposed by Greenwood (1990). Dotted lines
show +0.5 octaves re this prediction. The solid line shows the
predictions of the Leiden model. For subject C2, the thick gray line
shows predictions based on Greenwood’s formula for the first of the
two scans obtained (see text for details), with the other lines showing
predictions based on the second scan. Insertion angles, using the
reference point described in the Methods section, are shown on the top
of each plot. Where more than one reliable match was obtained for a
given electrode, the geometric mean is shown by a solid square; in this
case, the error bars show the 95% confidence limits estimated from the
PSEs obtained with the individual measures. Where only one reliable
match was obtained, the PSE is shown by an open symbol, with the
shape of the symbol reflecting the method used (see key). In this case, and
for the constant-stimuli and interleaved adaptive procedures, the error
bars span the distance from the PSE obtained with the lower range to that
obtained with the higher range. For the pitch-matching procedure, it
spans the 95% confidence limits around the average match. Where
error bars are not visible they are smaller than the symbols.

could simply arise from stimulation of an electrode
yielding an ill-defined pitch. Alternatively, or addition-
ally, pitch estimates for a given stimulus could be
influenced by the stimuli presented shortly before it
(“sequential bias”: Poulton 1979); as stimuli were
presented in a random order, the stimuli presented
immediately before any given pure tone or pulse train
would vary from block to block. This issue is addressed
further in the Appendix. Substantial variability, of up to
an octave, was also observed across and within sessions
by Reiss et al (2007).

It is also possible that the range biases observed
here may have introduced a systematic bias in previous
estimates of pitch matches between electric and
acoustic stimuli. When the patient has residual hear-
ing only at low frequencies, one is obliged to present
acoustic stimuli in that restricted audible range.
Because the range of acoustic stimuli can affect the
match obtained, this factor may partly or wholly be
responsible for the observation that, with such
patients, the obtained matches often fall below those
predicted by Greenwood’s (1990) function (Blamey et
al. 1996; Boéx et al. 2006; Dorman et al. 2007). An
exception to this finding was reported by McDermott
et al (2009), who found matches close to those
predicted by a cochlear model in five patients who, as
in the present study, had not worn their CI in everyday
life prior to testing. Those matches were also higher
than obtained from subjects who had worn their device
for some time, a finding tentatively attributed to
acclimatization effects. Indeed, McDermott et al’ s
results are consistent with our findings that the matches
obtained with recently-implanted patients match the
predictions of Greenwood’s model. However, as with all
previous studies, we would recommend caution when
interpreting results obtained in the absence of checks
for non-sensory biases.
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Effect of stimulus type and experimental methods
on reliability of matches

Stimulus type

In a few cases, we were able to use the same method
for a given electrode and subject, using more than
one type of stimulus. There is some evidence that, at
least for the 12-pps stimuli, matches were more
reliable than for 1,031-pps pulse trains vs. pure tones.
Pitch matches obtained with subject C1 on electrodes
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1 and 10 (Table 2) showed a smaller correlation
between starting and matched frequencies for 12-pps
pulse trains than for 1,031-pps/pure tones. The same
subject also showed slightly smaller range effects using
the interleaved adaptive procedure for 12-pps than
for 1,031-pps/pure tone stimuli, although in this
case the difference was small. Finally, subject C2
showed a large difference in the same direction
using interleaved adaptive procedures and electrode
8 (Table 4). We should note, however, that these two
stimuli were directly compared for only a few
subjects and electrodes, and so our conclusions as
to the overall superiority of the 12-pps stimuli
remain tentative. It is, however, certainly the case
that one can reduce bias for a given condition and
electrode by switching to a different stimulus type,
and that we have never encountered a situation
where the 12-pps stimuli produce larger range
effects than another stimulus.

Experimental method

In previous articles, the first author has observed that,
when comparing two electrical stimuli, it is easier to
obtain reliable matches using the method of constant
stimuli than allowing the subject to adjust one
stimulus in order to obtain a match (Carlyon et al.
2002). This is probably because, at the end of a pitch-
adjustment procedure, the stimuli should have very
similar pitches, but may differ in some other percep-
tual dimension. This can make it hard for the
inexperienced listener to focus on pitch. In contrast,
with the method of constant stimuli, pitch varies over
quite a wide range from presentation to presentation,
perhaps encouraging the subject to focus on that
dimension. Similarly, our interleaved adaptive proce-
dures converge on the 71% and 29% points of the
psychometric function, so that, even at the end of the
procedure, acoustic sounds with quite different
pitches are presented. We therefore prefer the latter
two methods to the former on theoretical grounds.
However, we should stress that we did not systemati-
cally compare the effectiveness of the different
methods, but rather tried different methods in an
attempt to reduce range biases and to obtain mean-
ingful data. Although there are more “unacceptable”
matches obtained using adjustment than for the other
procedures (compare Table 2 to Tables 3 and 4), this
could well be due to differences in the subjects tested
and stimuli used rather than to the procedures
themselves.

Variation across electrodes

The reliability of the matches obtained could differ
substantially across electrodes, even for the same
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subject and stimulus type. One example comes from
patient B1, when adjusting the pitch of a pure tone to
that of a 1,031-pps electric pulse train: the correlation
between starting frequency and final match was only
—0.03 for electrode 9 but 0.86 for electrode 6. Perhaps
more strikingly, although subject C1 reliably obtained
consistent matches for 12-pps pulse trains on elec-
trode 1, using a variety of procedures (Fig. 3), an
attempt to obtain matches on electrode 6, using the
method of constant stimuli, resulted in substantial
range effects (Table 3). At present, we do not know
why some electrodes produce more reliable matches
than others, although differences in the pattern of
neural survival are one obvious possibility.

SUMMARY

1. We have reported pitch comparison data from four
patients having normal hearing in one ear and a CI
in the other. Three different techniques were used:
pitch adjustment, constant stimuli, and interleaved
adaptive procedures.

2. By introducing a number of checks, we showed that
all three techniques are subject to non-sensory biases,
and argued that such biases may have influenced the
results of previous findings. In the Appendix we show
that similar biases occur even for NH listeners and for
other widely used procedures.

3. Itis nevertheless possible to obtain reliable electric-
acoustic matches that are relatively free from range
biases, for a subset of CI subjects and conditions.
Those matches do not deviate consistently from
the predictions of Greenwood’s (1990) function
and of a cochlear model.
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APPENDIX: SIMULATIONS WITH NH SUBJECTS
Rationale

Experiment 1 showed that electro-acoustic matches
were subject to non-sensory biases. It is important
to know whether such biases were specific to our
subjects—who, for example, had tinnitus that might
have rendered pitch matches more difficult—or to the
specific procedures used. This additional experiment
therefore studied the effect of one non-sensory bias—
the “range” bias—in NH subjects, using two procedures:

1. The magnitude estimation procedure has been
used in two studies involving electric-acoustic pitch
comparisons (Vermeire et al. 2008; McDermott et
al. 2009), including the only one to test patients
with normal hearing in the unimplanted ear.
Subjects assign numbers to the pitches of acoustic
and electric stimuli, with electric and acoustic
stimuli that are assigned the same number being
deemed to have the same pitch.

2. The “Midpoint Comparison Procedure” (Long et
al. 2005) procedure requires the subject to make
comparisons betweens pairs of stimuli, and places
the entire stimulus set in a ranked order. As with
magnitude estimation, it does not involve subjects
comparing an arbitrary range of acoustic stimuli to
a single electrode, but, by using forced-choice
comparisons, overcomes some of the biases inherent
in the assignment of numbers to sensations.

Method

Stimuli consisted of pure tones and one third octave-
band noises, generated digitally at a sampling rate of
44 100 Hz, played out of a VideoLogic Sonic Fury
sound card attached to a computer and attenuated
(Tucker-Davis Technologies, Model PA4). Noise bands
were generated by summing a large number of
harmonics (1-Hz spacing) in random phase. The
stimulus duration was always 500 ms, including 20-ms
linear ramps. The levels of the tones were determined
as in experiment 1, using the loudness model of
Moore and Glasberg (1996), and the levels of the
noises were adjusted to have the same RMS as that of
the tones for a given frequency. The sound pressure
level at 1,000 Hz was 60 dB SPL. The tones were
always presented to the left ear and the noises were
presented to the right ear. Six normal-hearing subjects
listened individually in a double-walled sound-insulat-
ing room through a Sennheiser HD650 headset.

Magnitude estimation

Each subject was tested on two conditions, on three
separate days, using an ABA design, with the con-
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dition that was performed twice split equally between
the six subjects. In both conditions, each block
consisted of eight tones and eight noises presented
in random order, five times each, giving a total of 80
presentations. The eight tones had frequencies that
were logarithmically spaced between 375 and
3,000 Hz. After each presentation the subject was
required to assign a number, of between zero and 100,
to the pitch. At least eight such blocks were run in each
session, yielding at least 40 estimates per sound. The
conditions differed in whether the center frequencies of
the noise bands ranged from 125-1,000 Hz (“range 17)
or from 1,000-8,000 Hz (“range 2”). As in previous
studies (Vermeire et al. 2008; McDermott et al. 2009),
two stimuli that were assigned the same number were
deemed to have the same matched pitch. Prior to this
stage of the experiment, all stimuli were presented four
times (in ascending and descending order) so as to give
the subject an idea of the range of pitches that s/he
would hear. Subjects were also encouraged to use the
whole range of numbers in every session.

Midpoint comparison procedure

In this part of the experiment, the same subjects were
tested on two additional sessions. The magnitude
estimation task was replaced with the midpoint
comparison procedure, which has been described in
detail elsewhere (Long et al. 2005). Briefly, it consists
of a series of forced—choice judgements between
pairs of sounds, with the decision as to which two
sounds to compare on each trial being driven by the
results of previous trials, using an algorithm that
arrives at a rank order for the whole set using as few
comparisons as possible. Typically, 16 sounds can be
rank-ordered using only about 40 comparisons. How-
ever, because subjects sometimes make errors, we
repeated each procedure 25 times, allowing us to
derive a mean and standard error for each rank.

Results

The plots to the left of Figure 5a shows the magnitude
estimation results obtained in the first two sessions for
one representative subject. Data obtained when the
noises were in range 1 are shown on the top and those
for range 2 are shown on the bottom; recall that the
order in which these datasets were obtained differed
across subjects. Recall also that, although data are
shown separately for noises (open symbols) and tones
(filled symbols), these two types of stimulus were
always mixed within each block

It is clear that the results obtained depended on
the range used for the noises. When the noises were
in range 1 (top graphs), the curve for the noises
(open symbols) falls to the left of that for the tones
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(filled symbols). In other words, when a tone and a
noise are assigned the same number, the noise usually
has a lower frequency than the tone. However, just the
opposite finding occurs when the noises are in range
2. In other words, a range bias is observed using this
procedure, consistent with subjects scaling the two
types of sound independently. These data also show
evidence for the centering bias (Poulton 1979), in
which subjects use the entire range of numbers
available; this caused subject S2 to assign a lower
number to the lowestfrequency tone when presented
in the context of “Range 2” noises—in which case it
was the lowest-frequency stimulus in the block—than
when presented with “Range 1” noises. Evidence for
the contraction bias (Poulton 1979), whereby num-
bers close to 50 are assigned for all stimuli, is shown by
the data for another subject, shown to the right of
Figure 5A.

To illustrate the size of the range bias for each
subject, we obtained, from the magnitude estimation
functions, the pure-tone frequency that was judged to
have the same numerical pitch value as the 1,000-Hz
noise, both when that noise was presented as part of
range 1 and when it was presented as part of range 2.
(The 1,000-Hz noise was the only one that was
included in both ranges). These data were then
plotted using solid symbols in Figure 5B, with the
“range 1” matches on the abscissa and the corre-
sponding “range 2” matches on the ordinate. The solid
diagonal line shows the prediction for no bias, and the
dashed lines show the predictions for biases of 1 and
2 octaves. It can be seen that the bias ranges in size from
about 0.25 to about 2 octaves, across subjects.

The range biases obtained by the MPC procedure
are shown for each subject by the open symbols in
Figure 5B. These biases are generally similar to those
obtained with the magnitude estimation procedure.
One difference (not shown in the summary data) is that
no contraction or centering bias could occur, because
the procedure involved forced-choice comparisons
rather than number assignment. Part ¢ shows that,
although subjects showed different range effects, the

FIG. 5. Part A shows results obtained from the first two sessions for
two of the normal-hearing subject participating in the magnitude-
estimation experiment. Functions are shown separately for tones and
noises, even though they were always mixed within each block. The top
and bottom rows show data obtained with the noises in the lower and
upper ranges, respectively. The filled symbols in part B show the
estimated frequency for each tone, corresponding to a noise centered on
1,000 Hz, when the noises were in the upper range, versus the estimated
frequency when the noise was in the lower range. Data are shown for all
subjects, using different symbols for each one; the open symbols show
the same comparison for the midpoint comparison procedure. Part C
shows the frequency of a pure tone assigned the same number as the
1,000-Hz noise in sessions 1 (abscissa) and 3 (ordinate), during which
the noise center frequencies were in the same range.
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matches obtained in the first and third sessions of the
magnitude-estimation experiment (which used the
same ranges) were consistent. This is important, because
it suggests that the repeatability of a measurement is no
guarantee that it is free from non-sensory biases.
Overall, our results show that the magnitude
estimation and MPC procedures show range biases
of about the same magnitude. We have also obtained
measurements with four NH subjects, similar to those
obtained here, but using the method of constant
stimuli, and have also observed substantial biases. The
main difference between the procedures appears to
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be that magnitude estimation is prone to additional
biases—such as the contraction and centering biases—
that are specific to subjects’ use of numbers, and which
do not occur for the MPC procedure or for the method
of constant stimuli.

REFERENCES

Bramey PJ, Doorey GJ, Parist ES, Crark GM (1996) Pitch compar-
isons of acoustically and electrically evoked auditory sensations.
Hear Res 99:139-150

Boix C, Baup L, Cosenpal G, SiGrist A, Kos M-I, PeLizzone M (2006)
Acoustic to electric pitch comparisons in cochlear implant
subjects with residual hearing. JARO 7:110-124

Briare JJ, Fryns JHM (2005) Unraveling the electrically evoked
compound action potential. Hear Res 205:143-156

Brialre JJ, Fryns JHM (2006) The consequences of neural degener-
ation regarding optimal cochlear implant position in scala
tympani: a model approach. Hear Res 214:17-27

Burns EM, ViemeisteR NF (1981) Played again SAM: Further
observations on the pitch of amplitude-modulated noise. ]
Acoust Soc Am 70:1655-1660

CariyoN RP (1997) The effects of two temporal cues on pitch
judgements. ] Acoust Soc Am 102:1097-1105

CaRrLYON RP, vAN WIERINGEN A, Lone CJ, DEeks JM, WouTers J (2002)
Temporal pitch mechanisms in acoustic and electric hearing. J
Acoust Soc Am 112:621-633

DaumaN R, Bacurey D, CariyoN RP er AL (2009) The Bordeaux-
Cambridge Programme for unilateral sudden deafness with
disabling tinnitus. Assoc Res Otolaryngol Abs 32:154

DormaN MF, Spanr T, Girrorp R, LoiseLLE L, McKarns S, HoLpeN T,
SKINNER M, FiNLEY C (2007) An electric frequency-to-place map
for a cochlear implant patient with hearing in the nonimplanted
ear. Jaro J Assoc Res Otolaryngol 8:234-240

Fryns JHM, Briare JJ, Grote JJ (2001) The importance of human
cochlear anatomy for the results of modiolus-hugging multi-
channel cochlear implants. Otol Neurotol 22:340-349

Greexwoon DD (1990) A cochlear frequency-position function
for several species - 29 years later. ] Acoust Soc Am 87:2592—
2605

HarrMaNN WM, McApawms S, SmitH BK (1990) Hearing a mistuned
harmonic in an otherwise periodic complex tone. J Acoust Soc
Am 88:1712-1724

Jesteapt W (1980) An adaptive procedure for subjective judge-
ments. Percept Psychophys 28:85-88

KrumBHOLZ K, PATTERSON RD, PRESSNITZER D (2000) The lower limit of
pitch as determined by rate discrimination. ] Acoust Soc Am
108:1170-1180

Lankau J, Boers B, MOONEN M, vAN WIERINGEN A, WouTers | (2005) A
flexible auditory research platform using acoustic or electric stimuli
for adults and young children. ] Neurosci Meth 142:131-136

LiBErMAN MC (1984) Single-neuron labeling and chronic cochlear
pathology. I. Threshold shift and characteristic-frequency shift.
Hear Res 16:33-41

Lonc CJ, Nommo-Smith I, Bacurey DM, O'DriscoLl. M, RamspeN R,
OtT0 SR, AXON PR, CaRtyoN RP (2005) Optimizing the clinical fit
of auditory brain stem implants. Ear Hear 26:251-262

McDervotT HJ, Sucher C, SmvpsoN A (2009) Electro-Acoustic
stimulation: acoustic and electric pitch comparisons. Audiol
Neurotol 14(suppl 1):2-7

CARLYON ET AL.: Acoustic-Electric Pitch Matches

McDermoTT HJ, SucHER CM (2006) Perceptual dissimilarities among
acoustic stimuli and ipsilateral electric stimuli. Hear Res 218:81-88

McFappen D (1986) The curious half octave shift: evidence for a
basalward migration of the travelling-wave envelope with
increasing intensity. In: Salvi R], Henderson D, Hamernik RP,
Colletti V (eds) Basic and applied aspects of noise-induced
hearing loss. Plenum, New York

McKay CM, McDErvoTT HJ, CARLYON RP (2000) Place and temporal
cues in pitch perception: are they truly independent? Acoustics
Research Letters Online, http://scitationaiporg/arlo/ 1: 25-30.
Last viewed 14 October 2009

Meppis R, Hewrrt M (1991) Virtual pitch and phase sensitivity
studied using a computer model of the auditory periphery: pitch
identification. J Acoust Soc Am 89:2866—-2882

MichHeyL C, Moore BCJ, CariyoN RP (1998) The role of excitation-
pattern cues and temporal cues in the frequency and modu-
lation-rate discrimination of amplitude-modulated tones. ]
Acoust Soc Am 104:1039-1050

Moore BCJ (1973) Frequency difference limens for short-duration
tones. J Acoust Soc Am 54:610-619

Moore BCJ, GLasBerc BR (1996) A revision of Zwicker's loudness
model. Acustica United with Acta Acustica 82:335-345

ParTersoN RD (1987) A pulse ribbon model of monaural phase
perception. | Acoust Soc Am 82:1560-1586

Py S, Scuwarz DWF (1995) Melody recognition and musical
interval perception by deaf subjects stimulated with electrical
pulse trains through single cochlear Implant electrodes. | Acoust
Soc Am 98:886-895

PourroNn EC (1979) Models for the biases in judging sensory
magnitude. Psychol Bull 86:777-803

Reiss LAJ, Turner CW, ErenBErG SR, Gantz BJ (2007) Changes in
pitch with a cochlear implant over time. ] Assoc Res Otolaryngol
8:241-257

SHACKLETON TM, CariyvoN RP (1994) The role of resolved and
unresolved harmonics in pitch perception and frequency
modulation discrimination. J Acoust Soc Am 95:3529-3540

SHANNON RV (1983) Multichannel electrical stimulation of the
auditory nerve in man. I. Basic psychophysics. Hear Res
11:157-189

STAKHOVSKAYA O, SripDHAR D, BonnHam BH, Leake PA (2007)
Frequency map for the human cochlear spiral ganglion:
Implications for cochlear implants. Jaro | Assoc Res Otolaryngol
8:220-233

TownsHEND B, CoTTER N, vAN ComPERNOLLE D, WHiTE RL (1987) Pitch
perception by cochlear implant subjects. J Acoust Soc Am
82:106-115

VerpisT BM, Fryns JHM, Geregns J, van BuchEm MA  (2005)
Multisection CT as a valuable tool in the postoperative assess-
ment of cochlear implant patients. Am ] Neuroradiol 26:424—
429

VERBIST B M, JoEMAI R M S, BRIAIRE ] ], TEEUWISSE W M, VELDRAMP W | H,
Fryns ] HM (2010) Cochlear coordinates in regard to cochlear
implantation: a clinically individually applicable 3 dimensional CT-
based method. Otology & Neurotology (in press)

VErBisT BM, Joemar RMS, Teeuwisse WM, VELDRAMP W], GELEINS ],
Fryns JHM (2008) Evaluation of 4 multisection CT systems in
postoperative imaging of a cochlear implant: a human cadaver
and phantom study. Am ] Neuroradiol 29:1382-1388

VERMEIRE K, NoBBE A, ScHrLEIcH P, Nopp P, VoorMOLEN MH, VAN DE
Hevwine PH (2008) Neural tonotopy in cochlear implants: an
evaluation in unilateral cochlear implant patients with unilateral
deafness and tinnitus. Hear Res 245:98-106

ZiNG F-G (2002) Temporal pitch in electric hearing. Hear Res
174:101-106


http://scitationaiporg/arlo/

	Pitch Comparisons between Electrical Stimulation �of a Cochlear Implant and Acoustic Stimuli Presented �to a Normal-hearing Contralateral Ear
	Abstract
	Introduction
	Experiment 1
	Methods
	Results

	General Discussion
	Problems in comparing between two ears
	Effect of stimulus type and experimental methods on reliability of matches
	Variation across electrodes

	Summary
	Acknowledgments
	Appendix: Simulations with NH subjects
	Rationale
	Method
	Results

	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


