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Objectives: Although it has been shown previously that changes in tem-
poral coding produce changes in pitch in all cochlear regions, research
has suggested that temporal coding might be best encoded in relatively
apical locations. The authors hypothesized that although temporal cod-
ing may provide useable information at any cochlear location, low rates
of stimulation might provide better sound quality in apical regions that
are more likely to encode temporal information in the normal ear. In
the present study, sound qualities of single electrode pulse trains were
scaled to provide insight into the combined effects of cochlear location
and stimulation rate on sound quality.

Design: Ten long-term users of MED-EL cochlear implants with 31-mm
electrode arrays (Standard or FLEXS%T) were asked to scale the sound
quality of single electrode pulse trains in terms of how “Clean,” “Noisy,”
“High,” and “Annoying” they sounded. Pulse trains were presented on
most electrodes between 1 and 12 representing the entire range of the
long electrode array at stimulation rates of 100, 150, 200, 400, or 1500
pulses per second.

Results: Although high rates of stimulation are scaled as having a Clean
sound quality across the entire array, only the most apical electrodes
(typically 1 through 3) were considered Clean at low rates. Low rates
on electrodes 6 through 12 were not rated as Clean, whereas the low-
rate quality of electrodes 4 and 5 were typically in between. Scaling of
Noisy responses provided an approximately inverse pattern as Clean
responses. High responses show the trade-off between rate and place
of stimulation on pitch. Because High responses did not correlate with
Clean responses, subjects were not rating sound quality based on pitch.

Conclusions: If explicit temporal coding is to be provided in a cochlear
implant, it is likely to sound better when provided apically. In addition,
the finding that low rates sound clean only at apical places of stimulation
is consistent with previous findings that a change in rate of stimulation
corresponds to an equivalent change in perceived pitch at apical loca-
tions. Collectively, the data strongly suggest that temporal coding with a
cochlear implant is optimally provided by electrodes placed well into the
second cochlear turn.

Key words: Apical stimulation, Sound quality, Spectral coding, Temporal
coding.
(Ear & Hearing 2016;37;e149—¢159)

INTRODUCTION

Each place within the cochlea responds to a specific fre-
quency due to the tonotopic organization of the cochlea. Simi-
larly, at each cochlear location, the basilar membrane vibrates
with a corresponding frequency. Therefore, the pitch of an
acoustic tone could theoretically be encoded by either the place
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of stimulation on the cochlea (e.g., von Helmholtz 1912) or the
vibrations at the corresponding frequency (Wundt 1904). More
recent models have been based on temporal coding (Licklider
1959; Meddis & O’Mard 1997), spectral coding (Goldstein
1973; Terhardt 1979), or a combination of the two (Wever &
Bray 1930; Wever, 1940). Because the temporal and spectral
attributes of an acoustic signal are naturally correlated, it is dif-
ficult to disentangle the relative contributions of the two. How-
ever, using clever stimulus design such as providing sinusoidal
amplitude modulations on a sinusoidal carrier of a different fre-
quency (e.g., Oxenham et al. 2004), it is possible to manipulate
the temporal coding separately from the place of stimulation in
an acoustic hearing ear. With electrical stimulation, the rate and
place of stimulation are easily independently manipulated and
can be used to independently study the perceptual attributes of
temporal and spectral coding.

It has been well documented that at a given stimulation rate,
listeners report that changing the place of stimulation (by chang-
ing the electrode used to provide stimulation) provides a change
in pitch (e.g., Eddington et al. 1978; Shannon 1983; Donaldson
et al. 2005). Similarly, on a fixed electrode, listeners also report
that a change in rate of stimulation provides a change in pitch
(e.g., Eddington et al. 1978; Tong et al. 1983; Shannon 1983;
Landsberger & McKay 2005). When both rate and place cod-
ing are changed in complementary or contradictory directions,
the amount of perceived change in pitch is either increased or
decreased accordingly (e.g., Zeng 2002; Stohl et al. 2008; Luo
et al. 2012). Nevertheless, although both changes in rate and
place of stimulation affect pitch, the two are not interchangeable
but are instead perceptually orthogonal (e.g., Tong et al. 1983;
McKay et al. 2000).

Cochlear implant users with significant residual hearing
(ipsilaterally or contralaterally), including those with normal to
near-normal hearing in the contralateral ear (e.g., single-sided
deafened), have allowed experiments to manipulate the tempo-
ral and/or spectral components of an electrical signal separately
and compare the percept with that produced acoustically. Sev-
eral experiments have pitch-matched high-rate single electrode
pulse trains to acoustic tones (e.g., Blamey et al. 1996; Boéx
et al. 2006; Baumann & Nobbe 2006; Dorman et al. 2007,
Vermeire et al. 2008, 2015; Carlyon et al. 2010; Schatzer et
al. 2014; Prentiss et al. 2014; Zeng et al. 2014) and found that
a change in place of stimulation (i.e., a change in electrode)
does indeed correspond to a change in acoustic frequency
pitch match such that more basal stimulation matches a higher
pitch. Similarly, using a multidimensional scaling technique,
Vermeire et al. (2013) demonstrated that a change in acoustic
frequency can be represented by the same perceptual dimen-
sion as a change in electrode. However, it is worth noting that
although a change in place of stimulation produces a change
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in place pitch for all electrode locations on even long (31-mm)
electrode arrays (Landsberger et al. 2014), the changes in pitch
corresponding to the most apical electrodes on these arrays are
relatively small (e.g., Baumann & Nobbe 2004, 2006; Dorman
et al. 2007; Landsberger et al. 2014). The acoustic frequency
producing a pitch match for a high rate of stimulation on the
most apical electrodes of long electrode arrays is rarely below
300 Hz (e.g., Vermeire et al. 2008, 2015; Schatzer et al. 2014;
Prentiss et al. 2014).

In addition to studying place-pitch matches, Schatzer et al.
(2014) used 8 single-sided deafened subjects with a contralat-
eral MED-EL implant (6 with 31-mm FLEXSC'T arrays, 2 with
24-mm M arrays) to explore rate pitch matches. Based on the
results of Oxenham et al. (2004), they hypothesized that reli-
able electrically evoked low-frequency pitch percepts required a
matching temporal and place code. In this experiment, Schatzer
et al. (2014) played a pure tone (at 100, 150, 200, 300, or 450
Hz) to the acoustic hearing ear. The subject compared the acous-
tic tone with a single electrode pulse train and adjusted the rate
of stimulation of that pulse train using an adaptive pitch rank-
ing task until a match to the pitch of the acoustic tone could
be estimated. Initial rates of stimulation were selected in pairs
such that one initial rate would be above the pitch match and
one initial rate would be below the pitch match. The process was
repeated for each subject for each of the 5 acoustic pure tones
and on each electrode between 1 and 6. Subjects were not able
to make successful matches to all pure tones on all electrodes,
regardless of the rate of stimulation. Schatzer et al. (2014) kept
track of not only the rates that produced successful matches but
also how frequently a match could be successfully made for a
given acoustic frequency at a given cochlear location. A success-
ful match was defined as any match such that adaptive tracks
from the different initial rates converged according to a “san-
ity check” rule defined by Carlyon et al. (2010). Considering a
match successful did not imply any particular accuracy or sound
quality for the match, other than a reasonable (i.e., converging)

value could be obtained. The left panel of Figure 1 shows the
percentage of successful matches as a function of the acoustic
frequency for electrodes at different insertion depths. Electrodes
inserted deeper than 430° (plotted in red) are usually able to pro-
vide successful matches to low acoustic frequencies (approxi-
mately 300 Hz and below). Electrodes placed shallower than
362° (plotted in blue) are better at providing pitch matches for
higher acoustic frequencies (approximately >200 Hz) than lower
acoustic frequencies. However, electrodes placed between 362°
and 430° (plotted in green) usually provided a successful pitch
match at all tested acoustic frequencies. From these results, one
might conclude that a successful pitch match does not require
the corresponding correct place of stimulation. Instead pitch can
be presented through temporal coding (at least for frequencies
between 100 and 450 Hz) exclusively on an electrode inserted
between 362° and 430° into the cochlea.

If a pitch is to be conveyed using temporal coding to a
cochlear implant user, it is important that not only can a pitch
be successfully delivered but also that relative pitch relation-
ships can be maintained (i.e., that a doubling of frequency is
perceived as a shift up by an octave). For the successful rate
pitch matches within a given cochlear region, Schatzer et al.
(2014) calculated the ratio of the change in acoustic frequency
(in dB) and the corresponding change in rate required to make
pitch match (also in dB). When the ratio = 1, a change in stimu-
lation rate maintains the correct pitch relationship. In the right
panel of Figure 1, this relationship for the Schatzer et al. (2014)
data is plotted as a function of cochlear region. For cochlear
locations deeper than 430°, the ratio is not significantly differ-
ent from 1, whereas it is significantly different from 1 at shal-
lower cochlear locations. Therefore, although electrodes placed
between 362° and 430° can usually provide a successful pitch
match to low-frequency acoustic stimuli, using a stimulation
rate at a frequency to be perceptually encoded will not maintain
the proper perceptual relationship. It is worth noting that mul-
tichannel temporal coding strategies, including FSP and FS4
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Fig. 1. Summary plots adapted from Schatzer et al. (2014). The left panel (A) is adapted from Figure 4 of Schatzer et al. (2014). It shows the percentage of suc-
cessful matches subjects were able to make by varying the rate of stimulation on a single electrode pulse train to an acoustic pure tone as a function of cochlear
region. Regions more apical than 430° are plotted in red, between 362° and 430° are plotted in green, and the regions more basal than 362° are plotted in
blue. The right panel (B) is a plot of data from Table 3 of Schatzer et al. (2014). The ratio of the change in perceived acoustic frequency (in dB) to the change
in stimulation rate (in dB) is plotted as a function of the mean insertion angle for each of the cochlear regions. Note that for a rate of stimulation to properly
encode pitch, the relationship between the rate of stimulation and the frequency corresponding to the perceived pitch must equal 1.
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(Riss et al. 2014), FOMod (Laneau et al. 2006; Milczynski et al.
2009), FOSync, MEM, and PDT (Vandali et al. 2005), MPeak
(Pijl 1994), SAS (Kessler 1999; Zimmerman-Phillips & Murad
1999), and single-channel analog strategies (Hochmair-Desoyer
et al. 1981; Fretz & Fravel 1985) present the frequencies to be
encoded by the corresponding rate of stimulation.

One potential reason that subjects are able to make pitch
matches to acoustic pure tones between 100 and 450 Hz on
electrodes inserted between 362° and 430° using only a rela-
tively narrow range of stimulation rates might be that the sound
quality at low rates for this region might be different than the
sound quality at more apical locations where the ratio between
pitch and stimulation rate was closer to 1. We hypothesized that
more apical regions would be more sensitive to temporal cod-
ing and therefore have a better sound quality at low rates as
temporal coding is more effective at low rates for CI users (e.g.,
Shannon 1983; Tong et al. 1983). Conversely, at basal locations,
sound quality at low rates would be worse. Furthermore, we
expect that there would be a transitional region in the cochlea
(probably represented by the region between 362° and 430° in
the data collected by Schatzer et al. 2014) in which the sound
quality gradually decreases as low-rate stimulation moves from
the apical to basal edge of this region. To test this hypothesis,
10 Dutch-speaking bilaterally deafened subjects with 31-mm
electrode arrays were asked to scale how “Clean” (using the
term “Zuiver” in Dutch) a single electrode pulse train was when
presented on electrodes representing all regions of the electrode
array at one of five rates of stimulation. Similarly, these sub-
jects were asked to scale how “Noisy” (“Ruis-achtig” in Dutch),
“High” (“Hoog” in Dutch), and “Annoying” (“Vervelend” in
Dutch) each stimulus sounded. We hoped Noisy would pro-
vide an approximately inverse response to Clean and provide
a second measure of sound quality. High data were collected to
verify that the subjects were not actually pitch scaling for Clean
and Noisy responses. Annoying was suggested by the second
subject to be tested (UZA-M3) and was therefore added to the
protocol to see whether it provided any more useful informa-
tion. The first subject tested (UZA-M11) was brought in for a
second visit to collect the data for Annoying.

MATERIALS AND METHODS

Subjects

Ten adult subjects (11 ears) with fully inserted 31-mm
MED-EL electrode arrays (either Standard or FLEXS®fT) were
tested at the Antwerp University Hospital (UZA) in Belgium.
All subjects were native Flemish speakers. All electrodes were
inserted with a cochleostomy approach except UZA-M13.
UZA-M13 is a bilateral user whose insertion was via a cochle-
ostomy in the right ear and a round window approach in the left
ear. Data were collected for both ears for UZA-M13. However,
because responses for the left and right ear cannot be consid-
ered statistically independent, all analyses collapsing across
subjects only use data from UZA-M13R (the right ear of UZA-
M13). In addition, this assures that all data in across-subject
analyses come from ears with full insertions via a cochleos-
tomy approach. Specific subject demographics are presented
in Table 1. Impedances for each electrode are presented in
Table 2. All subjects provided informed consent in accordance
with the Institutional Review Board regulations of the Antwerp
University Hospital.

Stimuli

Stimuli consisted of single electrode, cathodic-first biphasic
pulse trains. All stimuli were presented without an interphase
gap in monopolar mode. All pulses in a pulse train were pre-
sented at an equal amplitude. By default, stimulation used a
32-psec phase duration. However, for some subjects, the phase
duration had to be increased to 65 psec to obtain a comfort-
ably loud level for all stimuli. For a given subject, all stimuli
had the same phase duration. By default, stimuli were presented
on electrodes 1, 2, 3,4, 5, 6, 8, 10, or 12 (where electrode 1 is
the most apical contact) at stimulation rates of 100, 150, 200,
400, or 1500 pulses per second (pps). Electrodes that were not
present in the subject’s clinical maps were excluded from test-
ing. The duration of the stimuli was 500, 750, or 1000 msec,
depending on a subject’s preference for the ease of scaling the
sound quality. For a given subject, all stimuli were presented for
the same duration. Stimuli were presented directly to subjects
using the MAX programming interface box using custom writ-
ten software. Communication with the implant used a prerelease
of the RIB2 DLL modified for use with the MAX programming
interface box instead of the RIB2 hardware (University of Inns-
bruck) typically used for psychophysical experiments with the
MED-EL system. All stimuli were presented at an equally loud
level described as “most comfortable.”

Procedure

The loudness growth for stimuli at all rates and all electrodes
was coarsely estimated. On a single electrode, a stimulus was
played initially below threshold and gradually increased in
10 pA steps until subjects indicated that the sound was at the
maximum comfort level. An 11-point loudness scale from
Advanced Bionics was used by the subjects to indicate the loud-
ness of each stimulus as the dynamic range was estimated. The
experimenter recorded the amplitudes of the pulse trains that
corresponded to barely audible, soft, most comfortable, and
maximum acceptable loudness.

The amplitudes of each stimulus were adjusted to ensure
that all stimuli were equally loud at a most comfortably loud
level using a method similar to Landsberger et al. (2014). Four
stimuli were presented with a 300-msec interstimulus inter-
val at amplitudes corresponding to what had been previously
described as the most comfortable loudness. The stimuli dif-
fered in electrode, rate of stimulation, or both. The subject was
asked if all the sounds were the same loudness. If not, the ampli-
tudes were tweaked until all four sounds were the same loud-
ness. The procedure was then repeated with a new set of stimuli
until the amplitudes required to produce equal loudness on all
stimuli were recorded.

After loudness balancing, all stimuli were presented in series
to the subject to familiarize the subject with the range of stimuli
in the experiment. Before the familiarization, subjects were told
that they would have to rate qualities of the sounds they heard
and that all the possible sounds would be presented to them
during the familiarization process. However, the specific terms
used to scale the sounds were not told to the subjects in advance.
After familiarization, the main perceptual experiment began. In
a single trial, subjects were presented one randomly selected
single electrode pulse train (on any tested electrode at 100, 150,
200, 400, or 1500 pps) using a method similar to Landsberger
et al. (2012). Subjects were asked to scale how well one of the
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TABLE 2. Impedances (kQ) for each electrode and each subject
Subject EL 1 EL 2 EL 3 EL 4 EL5 EL 6 EL7 EL8 EL9 EL 10 EL 11 EL 12
UZA-M11 4.6 5.97 5.32 5.97 3.87 419 4.27 4.44 4.44 4.52 3.63 4.03
UZA-M3 7.94 4.24 7.94 4.72 5 8.31 6.99 9.07 9.07 15.51 15.23 19.87
UZA-MA1 8.33 8.26 9.19 8.2 8.26 8.82 9.19 8.94 9.62 9.93 11.1 >12.3
UZA-M10 6.75 8.15 8.42 7.54 7.8 2.99 3.95 3.6 2.9 3.07 2.81 5.53
UZA-M4 7.85 4.95 5.11 5.32 7.85 6.89 5.92 4.35 4.62 5.86 6.51 5.92
UZA-M12 3.73 2.69 2.24 2.46 2.54 3.36 3.58 2.84 2.54 2.61 2.76 6.27
UZA-M13L 7.9 5.07 5.72 7.61 6.01 4.2 4.71 413 5 6.01 6.88 6.67
UZA-M13R 2.5 3.23 4.19 5.24 4.6 4.6 5.16 419 4.03 4.19 4.84 4.76
UZA-M5 4.46 5.36 6.52 7.68 6.16 6.07 6.16 6.43 8.66 9.38 12.85 10.09
UZA-M14 5.16 5.4 4.76 4.52 4.92 4.68 5.32 419 4.11 6.37 4.68 5.97
UZA-M15 3.88 5.32 5.4 5.08 3.96 3.56 4.52 412 4.52 4.36 3.8 5.72

Values in bold represent electrodes that are not included in the subject’s clinical map.

four terms described the sound by clicking on a line whose
range represented least to most agreeing with the term. The line
was approximately 19cm long on a 15-inch cathode ray tube
with a screen resolution of 1024 x 768 pixels as can be seen in
Figure 2. The location of the line varied between trials to ensure
that the subject had to move the mouse to make a new selection
for every trial. The four descriptors were Clean (Zuiver), Noisy
(Ruis-Achtig), High (Hoog), and Annoying (Vervelend). Within
a block of trials, all stimuli were presented once and subjects
were only asked to scale one term. The procedure was repeated
until 10 measurements were collected for each stimulus with
each of the four descriptors for all subjects.

RESULTS

Each response was encoded by a value between 0 and 100,
where 100 indicated a complete agreement with the descriptor
and 0 indicated complete disagreement with the descriptor. For
each subject, electrode, and stimulation rate, the 20% trimmed
mean was calculated. A trimmed mean is a cross between a mean
and a median. To calculate a 20% trimmed mean, all the data are
rank ordered and then the mean is calculated for the central 60%
of the data (Wilcox et al. 1998; Aronoff et al. 2011). Trimmed
means were used to reduce the effects of asymmetric tails in the
distribution that are likely to occur as a result of floor and ceil-
ing effects created by a restricted response range.

The summary of responses for Clean is presented in Figure 3.
The small contour plots on the right represent 20% trimmed
mean responses of individual subjects, whereas the large con-
tour plot on the left indicates the 20% trimmed mean responses
across subjects (i.e., the data in the small contour plots).
Responses are color coded such that yellow and red colors indi-
cate a clean sound quality, blue and purple colors indicate no
clean sounds, and green colors indicate sounds in between. The

plot representing all subjects indicates that the sound quality for
the most apical three electrodes is Clean for all rates of stimula-
tion. Similarly, the sound quality is Clean for 1500 pps stimuli
at all cochlear locations. However, between electrodes 3 and 5,
the sound quality drops at low rates. For locations more basal
than electrode 5, low rates of stimulation do not sound Clean.
Although the majority of individual subjects demonstrate simi-
lar patterns, there are some notable exceptions. For example,
UZA-M1 shows no consistent pattern across rate and place. It
is worth noting that UZA-M1’s speech scores were much lower
than the other subjects tested in this experiment (see Table 1).
UZA-M4 scales low rates as not Clean, regardless of cochlear
position. Although the reason why low rates are not as Clean
for UZA-M4 is unknown, it is consistent with the observation
that this subject had a significant drop in performance when
switched from HDCIS to FSP. In addition, UZA-M3 finds
high rates and basal electrodes to sound not Clean and UZA-
MS5 scales all rates and places similarly. UZA-M13R described
almost all stimuli as Clean as is indicated by her rating of all
stimuli as above 65 for Clean. Nevertheless, despite using a
limited range of responses (65-100) for Clean, the pattern of
UZA-M13R remains consistent with the overall pattern across
subjects as can be seen in the normalized UZA-M13R plot.
Means of Clean scaling weighted by the corresponding rate
of stimulation were calculated across all rates of stimulation for
each subject and each electrode. A one-way repeated-measures
analysis of variance on the Clean weighted means revealed a
statistical difference in Clean ratings across electrode locations
[F(8,56) = 4.155, p = 0.001]. The initial hypothesis suggested
that the quality of low-rate stimulation would deteriorate as a
function of cochlear position in the apical half of the electrode
array, whereas the sound quality of low-rate stimulation would
remain similar in the cochlear region represented by the basal
half of the array. Therefore, planned pairwise comparisons were

Hoe Hoog Klinkt het geluid?

Minst Hoog

Meest Hoog

Fig. 2. Response interface for the scaling task. The question asked in English is “How high is the sound?” The scale ranges from “least high” to “most high.”
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Fig. 3. Results of scaling the term “Clean” in response to single electrode pulse trains. The smaller plots on the left show 20% trimmed means results for indi-
vidual subjects, whereas the larger plot on the left show 20% trimmed means of all subjects (including UZA-M13 [R] but not UZA-M13 [L]). For each plot, the
x axis indicates the electrode number (where 1 is the most apical and 12 is the most basal) and the y axis indicates the stimulation rate. The colors indicate the
degree to which subjects agree that the sound is Clean ranging from blue (indicating the subject reported that the sound was not very clean) to red (indicating
that the subject reported that the sound was very clean). Note that the bottom right plot (UZA-M13 [R] Norm.) is a normalized plot of UZA-M13 (R) only used
to help visualize the data in UZA-M13 (R). The normalized data are not used for any calculations in the manuscript.

made between electrodes 1 and 6 (representing change over
the apical half of the array), electrodes 6 and 12 (represent-
ing change over the basal portion of the electrode array), and
electrodes 1 and 12 (representing the two ends of the array).
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A significant difference was detected between the Clean scaling
of electrodes 1 and 6 [#9) =—4.773, p < 0.001] and electrodes
1 and 12 [¢(7) = —2.932, p = 0.022], but no significant differ-
ence was detected between electrodes 6 and 12 [#(7) = 1.484,
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Fig. 4. Results of scaling the term “Noisy” in response to single electrode pulse trains. The smaller plots on the left show 20% trimmed means results for indi-
vidual subjects, whereas the larger plot on the left show 20% trimmed means of all subjects (including UZA-M13 [R] but not UZA-M13 [L]). For each plot, the
x axis indicates the electrode number (where 1 is the most apical and 12 is the most basal) and the y axis indicates the stimulation rate. The colors indicate the
degree to which subjects agree that the sound is Noisy ranging from blue (indicating the subject reported that the sound was not very noisy) to red (indicating

that the subject reported that the sound was very noisy).
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Fig. 5. Results of scaling the term “High” in response to single electrode pulse trains. The smaller plots on the left show 20% trimmed means results for indi-
vidual subjects, whereas the larger plot on the left show 20% trimmed means of all subjects (including UZA-M13 [R] but not UZA-M13 [L]). For each plot, the
x axis indicates the electrode number (where 1 is the most apical and 12 is the most basal) and the y axis indicates the stimulation rate. The colors indicate the
degree to which subjects agree that the sound is High ranging from blue (indicating the subject reported that the sound was not very high) to red (indicating

that the subject reported that the sound was very high).

p=0.181]. The differences between electrodes 1 and 6 and elec-
trodes 1 and 12 remain significant after type I error correction
using the Rom method (Rom 1990).

The summary of responses for Noisy, High, and Annoying is

presented in Figures 4, 5, and 6. Responses for Noisy look like
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an inverse of responses for Clean and were highly negatively
correlated with Clean [#(43) = —0.878, p < 0.0005]. Responses
for High show the trade-off between rate and place of stimula-
tion of pitch. Responses for High were not significantly cor-
related with Clean [#(43) = 0.238, p = 0.115]. Responses for
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Fig. 6. Results of scaling the term “Annoying” in response to single electrode pulse trains. The smaller plots on the left show 20% trimmed means results for
individual subjects, whereas the larger plot on the left show 20% trimmed means of all subjects (including UZA-M13 [R] but not UZA-M13 [L]). For each plot,
the x axis indicates the electrode number (where 1 is the most apical and 12 is the most basal) and the y axis indicates the stimulation rate. The colors indicate
the degree to which subjects agree that the sound is Annoying ranging from blue (indicating the subject reported that the sound was not very annoying) to red
(indicating that the subject reported that the sound was very annoying).
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FLEXSOFT Insertions
720 1 from Schatzer et al. (2014)
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Fig. 7. The insertion angle for each electrode of the six FLEX*O'T users
evaluated in Schatzer et al. (2014). The pink dashed line indicates the
20% trimmed mean insertion angle for each electrode position. The 20%
trimmed mean of the most apical electrode is 624°. The symbols and col-
ors are selected to correspond to the symbols and colors used in Figure 1.
Points with white centers represent electrodes that were not evaluated in
Schatzer et al. (2014). The histogram at the bottom (in green) represents
the frequency that a given electrode number was between 362° and 430°.

Annoying seem to be dependent on electrode location and not
the rate of stimulation. A negative correlation was observed
between responses for Clean and Annoying [#(43) =—0.440, p <
0.003]. The significant correlations remain significant after type
I error correction using the Rom method (Rom 1990).

DISCUSSION

The results from the scaling of Clean suggest that although
high rates of stimulation sound Clean at all cochlear locations,
the sound quality of low-rate stimuli is good in the apex and
poorer in the middle and basal regions of the cochlea. When
changing place of stimulation from apex to base using low-rate
pulse trains, the “cleanness” of the sound deteriorates between
electrodes 2 and 6 with the most dramatic changes between elec-
trodes 4 and 5. Although it is impossible to know exactly where
the electrodes lie without radiology, in Schatzer et al. (2014)
the region between 362° and 430° is represented by approxi-
mately electrode 4 (mean electrode position =4.25, median and
mode electrode position =4; see Fig. 7). As all the subjects with
FLEXSOFT arrays in Schatzer et al. (2014) were implanted by
the same surgeon in the same hospital and with the same surgi-
cal approach as all the subjects in the present experiment, it is
likely that electrodes 4 and 5 are also typically placed between
362° and 430°. If so, this would suggest that the region in which
low rates of stimulation begin to sound less Clean is also the
region in which there is no longer a 1 to 1 relationship between
a change in stimulation rate and the corresponding change in
pitch. Results from the descriptor Noisy provide a similar story
as results from Clean, in that the region in which low rates of
stimulation begin to sound more Noisy occurs between elec-
trodes 4 and 5 and therefore likely in the region in which there is
no longer a 1 to 1 relationship between a change in stimulation
rate and the corresponding pitch change.

The results from our High scaling are consistent with previ-
ous findings, in that they show both the independent and the
combined effects of a change in rate and place on pitch percep-
tion. However, the present data represent a more detailed map of
the relationships across multiple rates and the entire electrode
array than has been previously reported (e.g., Zeng 2002; Stohl
et al. 2008; Nobbe, Reference Note 1). As each color in the
High scaling pitch plot represents an equal pitch, the trade-off
between rate and place on pitch is documented. For example,
electrode 1 at 1500 pps has a similar pitch as electrode 8 at 100
pps. Although changes in rate and place both influence pitch,
using multidimensional scaling, it has been shown that the per-
cepts corresponding to rate and place are independent of each
other (e.g., Tong et al. 1983) and that although two different
electrodes at two different rates might provide a similar pitch,
they will have a different sound quality. The lack of correlation
between the Clean scaling data and the High scaling data also
suggests that although different rate and place combinations
may have the same pitch, they have different sound qualities.
For example, although electrode 1 at 1500 pps and electrode
8 at 100 pps may have the same pitch, the stimulus on elec-
trode 1 is described as much cleaner than the stimulus on elec-
trode 8. Therefore, it seems that while a range of pitches can be
provided through a combination of rate and place, low pitches
tend to sound cleaner when provided on more apical electrodes,
despite having the same pitch as stimulus at a lower rate on a
less apical electrode.

Although the manuscript focuses on the overall scaling
results across subjects, it is worth highlighting that there is vari-
ability across subjects in each of the scaling tasks as can be
seen in the individual subject plots of Figures 3, 4, 5 and 6. One
potential source of variability in responses is variability in the
spread of excitation for each stimulus. Landsberger et al. (2012)
demonstrated that narrower spreads of excitation were consis-
tently described as “cleaner,” “more pure,” as well as “higher in
pitch,” whereas broader spreads of excitation were consistently
described as “dirtier,” “noisier,” and “lower in pitch.” Eisen and
Franck (2005) and Stickney et al. (2006) found a smaller spread
of excitation with basal electrodes on arrays (Nucleus Con-
tour and Advanced Bionics HiFocus) designed to be inserted
at a maximal angle of 430°. Modeling data of Kalkman et al.
(2014) suggests that the spread of excitation should be broader
at cochlear locations beyond 540°. Combining these results, one
could predict that apical electrodes would sound less Clean and
basal electrodes would sound more Clean. This prediction is con-
trary to what was observed in the present experiment. Because
an increase in amplitude yields an increase in current spread
and presumably spread of excitation, the amplitudes at which
stimuli were delivered in this experiment are likely to correlate
with the spread of excitation. Nevertheless, for all subjects but
UZA-M1, the correlation between amplitude and Clean scaling
was negative although after type I error correction (Rom 1990),
none of the correlations were statistically significant. Similarly,
for all subjects but UZA-M13 (left and right ears), a positive
correlation was found between amplitude and Noisy scaling.
After type I error correction, only one subject’s correlation
[UZA-M10; #(43) = 0.72, p = 0.000266] remained significant.
Because higher rates of stimulation require lower amplitudes
to maintain a fixed loudness, one would expect a negative cor-
relation between amplitude and pitch. Eight of 11 ears have a
negative correlation between amplitude and High scaling. Even
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after type I error correction (Rom 1990), the negative correla-
tion is significant for three subjects [UZA-M4: 1(43) =—0.8118,
p =0.000000858; UZA-M10: r (43) = —0.694, p = 0.000825;
UZA-M13R: #(43) =0.7405, p = 0. 0000962]. Interestingly, one
of the two subjects with a positive correlation between ampli-
tude and high was also significant [UZA-M1: r (43) = 0.6526,
p = 0.002544] after type I correction. In summary, the data col-
lected in the present experiment does not strongly support the
hypothesis that the spread of excitation affects the sound quality
of single electrode stimuli. To make a stronger statement about
the relationship, a direct measure of spread of excitation (as was
measured in Landsberger et al. 2012) is needed.

Similar results were found for unpublished experiments pre-
sented in a PhD thesis by Nobbe (Reference Note 1). Nobbe
asked patients to scale the pitch and the sound quality of single
electrode pulse trains at various stimulation rates on electrodes
1,3,7,and 10 of MED-EL Standard (31-mm) array users. Simi-
lar to our results, Nobbe found that high rates tend to sound
better than low rates, and apical electrodes tend to sound bet-
ter than basal electrodes. However, the most apical electrode
was reported to sound worse at low rates in the Nobbe data set,
while the sound quality at all rates was similar for electrode 1
in the present data set. Nobbe’s pitch scaling results were also
similar to ours (and Schatzer et al. 2014), in that a change in
rate provided a greater change in pitch for the basal locations.
The range of pitch changes was larger for the present experi-
ment than found in Nobbe, which is likely to be the result of
slightly different methodologies. Nobbe played every stimulus
paired with a reference that was “middle pitch” and subjects
were told to avoid the extreme points of the scale. This protocol
would inherently compress the range of responses. Conversely,
in the present experiment, subjects were prefamiliarized with
the stimuli and as a result had a concept of the highest and low-
est potential sounds. Therefore, subjects were not discouraged
from using the extreme points of the scale. This protocol would
predictably result in an expanded response range relative to the
methodology of Nobbe.

One limitation of the data collected for this manuscript is
that postoperative temporal bone CT scans were not available.
Therefore, we are unable to determine the precise locations of
the electrodes on each array for each individual subject. There-
fore, we collapsed our data across subjects by electrode number
and not cochlear location, effectively assuming that each sub-
ject has the same exact insertion depth and cochlear geometry.
However, it should be noted that there is likely to be great deal
of variation in the insertion angles of the arrays used in this
study as there is a great deal of variation in cochlear anatomy
(e.g., Erixon et al. 2009). The users evaluated in Schatzer et al.
(2014) were implanted by the same surgeon at the same hos-
pital as the subjects in this study. Therefore, the mean place-
ments of the electrode arrays for Schatzer et al. (2014) should
be similar to the mean placements of the arrays in the pres-
ent study, despite the across-subject variations. The placements
for each electrode from Schatzer et al. (2014) are presented in
Figure 7. Although it is impossible to know the specific loca-
tion of the array for any given subject in the present study, it
is assumed that the population in our study is represented by
the 20% trimmed mean (624° £+ 62° SD) of the Schatzer et al.
(2014) positions (plotted in a pinked dashed line in Fig. 7). It is
worth noting that the Schatzer et al. (2014) insertion is similar
to other insertions in the field. The 20% trimmed mean insertion

of 31-mm MED-EL electrodes from the eight additional studies
(Baumann & Nobbe 2004; Kos et al. 2005; Hamzavi & Arnold-
ner 2006; Gani et al. 2007; Radeloff et al. 2008; Vermeire et al.
2008; Trieger et al. 2011; Landsberger et al. 2015) reported
in Table 1 of Landsberger et al. (2015) is 627°. We therefore
anticipate that collapsing across electrode numbers instead of
electrode angles will produce a similar but noisier result than
had we collapsed across electrode position. Preoperative CT
scans were available for seven of the ears, and therefore, we
were able to calculate the basal diameter of cochlea (known as
“A” in the literature). “A” can be used to estimate the size of the
cochlea (e.g., Escudé et al. 2006; Wiirfel et al. 2014; Alexiades
et al. 2015). As a larger “A” value predicts a larger cochlear
duct length, it can be assumed that subjects with larger “A” val-
ues have shallower insertions for an equivalent surgery with the
same electrode array model. The “A” values we have for the
seven ears are presented in Table 1.

All the subjects in the present experiment are MED-EL users
with 31-mm electrode arrays (i.e., either the FLEXSO'T or the
Standard) who have been clinically mapped with a fine struc-
ture strategy (see Table 1). The specific results in this experi-
ment could be due to adaptation to low-rate temporal cues on
the apical electrodes, as well as adaptation to the frequency to
electrode allocation that corresponds to FSP/FS4. Although the
effect of adaptation to stimulation from the specific electrode
array configuration and processing strategy cannot be estimated
from this data set, it is worth noting that the related results from
both Nobbe (Reference Note 1) and Schatzer et al. (2014) were
obtained with users of the CIS+ strategy (an envelope extract-
ing strategy without fine structure channels). It is also worth
noting that Blamey et al. (1996) conducted a rate pitch match-
ing experiment with bimodal Nucleus 22 users. On the most
apical electrode with an average insertion of 349°, the ratio of
a change in stimulation rate to a change in pitch-matched fre-
quency was 0.36. This point (plotted on Fig. 1) is consistent
with the data collected with the MED-EL users by Schatzer
et al. (2014). Although unspecified, it is likely that the Nucleus
users all used the SPEAK speech processing strategy, which is
an envelope extracting strategy with only a 250-pps stimulation
rate. Despite these findings with different strategies and/or elec-
trode arrays, follow-up replications of the current experiment
with users of different electrode arrays or strategies are required
to understand the potential effect of adaptation on sound quality
as a function of rate and place.

The combined results from this experiment and Schatzer
et al. (2014) suggest that temporal coding beyond 430° into the
cochlea provide both a better sound quality and also a better
relationship between the temporal code provided by the implant
and the corresponding perceived pitch. These results might sup-
port the decision of the cochlear implant field, which primarily
uses electrodes inserted shallower than 430° to use strategies
that emphasize spectral coding over temporal coding by encod-
ing place of stimulation but discarding temporal fine structure
information. Similarly, this might suggest that a sound coding
strategy that provides fine structure via temporal coding (like
FSP or FS4) might be desirable for longer electrode arrays
like the MED-EL FLEXS°FT, which typically provide electrical
stimulation well beyond 430° into the cochlea but may be less
desirable for electrode arrays that are typically inserted less than
430° such as the MED-EL FLEX,?** Advanced Bionics HiFo-
cus 1], or Cochlear Contour Advance (Landsberger et al. 2015).
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Nevertheless, follow-up experiments need to be conducted to
verify that the results observed in the present experiment are
not dependent on adaptation to the specific properties of the
electrode array and speech processing system used in the pres-
ent study.
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