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ABSTRACT

In cochlear implants, variation across stimulation
sites in psychophysical detection thresholds (T levels)
and maximum comfortable loudness levels (C levels)
can be large when narrow-bipolar (BP) stimulation is
used. This across-site variation is typically smaller
when monopolar (MP) stimulation is used. At least
two models can account for across-site variation and
the effects of electrode configuration on the magni-
tude of the variation. According to one model, across-
site variation reflects site-to-site differences in the
distances between the stimulating electrodes and the
sites of action-potential initiation. Under this model,
the lower across-site variation with MP stimulation is
due to shallower current versus distance gradients. An
alternative model assumes that T and C levels depend
on integration of activity across the whole population
of neurons and that MP stimulation activates neurons
over a larger spatial extent than does BP stimulation.
If T and C levels are determined by integration of
activity across large overlapping populations of neu-
rons, then their values at adjacent sites should be
more similar than if these levels result from integra-
tion across smaller, more independent populations.
We tested the models by examining the effects on
across-site variation of three variables believed to af-
fect the spatial extent of activation: electrode con-
figuration, stimulus level within the dynamic range,
and electrode-array design. T levels and C levels were
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measured in 13 subjects with Nucleus® CI24M
(straight array) and 9 subjects with Nucleus®
CI24R(CS) (Contour) cochlear implants using bipo-
lar (BP) and monopolar (MP) electrode configura-
tions. Site-to-site variation in T and C levels for BP
stimulation was 2.1-3.3 times larger than that for MP
stimulation. Contrary to the across-neuron integra-
tion hypothesis, no significant differences were found
between across-site variation for T levels and that for
C levels for the BP configuration. There was consid-
erable overlap in site-to-site variation values for the
two types of implants but mean site-to-site variation in
C levels for CI24M implants was significantly lower
than that for CI24R(CS) implants. Control studies
suggested that these results were not an artifact of the
scale, and not due to differences in inherent varia-
bility of the psychophysical measures, or to the
method of quantifying across-site variation.

Keywords: auditory prosthesis, cochlear implant, detec-
tion threshold, loudness, electrode configuration, implant
design, human

INTRODUCTION

A principal goal of current auditory-prosthesis
research is to increase the number of functional
channels available to the listener. With current tech-
nology, implanted subjects seem to have only about
8 functional channels, even when the number of
electrodes and processor channels is much larger
(Fishman et al. 1997; Fu et al. 1998; Friesen et al.
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2001). Studies using acoustic simulations of auditory
prostheses have shown that under difficult listening
conditions or with challenging stimuli, subjects need
more than 8 channels of information (Shannon et al.
1995; Dorman et al. 1998; Friesen et al. 2001; Xu et al.
2002). Several strategies have been proposed to in-
crease the number of functional channels. One hy-
pothesis is that if electrodes can be placed near the
excitable neural elements, there will be less overlap in
adjacent excited neural populations and more func-
tional channels can be achieved.

For stimulating electrode arrays in the scala tym-
pani, several factors probably contribute to the vari-
ation in length of current paths between the
electrodes and the neurons. These include the me-
dial-lateral position of the electrodes in the scala
tympani (Kawano et al. 1998; Saunders et al. 2002),
variation in the pattern of survival of neurons near
the electrode array (Hinojosa and Marion 1983;
Nadol 1997), and growth of tissue, particularly new
dense bone, in the implanted cochlea. Considerable
effort is being directed toward increasing the prox-
imity of electrodes to neural tissue, including engi-
neering implants that position electrodes close to the
modiolar wall and tissue engineering to increase
nerve survival in the implanted cochlea and/or to
grow new neural tissue in close proximity to the im-
plant. A noninvasive measure of the functional
distance from the electrodes to the sites of action-
potential initiation is needed in order to assess the
success and/or functional benefits of these efforts.
This study examines one potential measure: detec-
tion thresholds for narrow-bipolar stimulation.

In previous studies, we along with others have
found large variation in psychophysical detection
thresholds among nearby stimulation sites in the
electrode array when narrow-bipolar stimulation is
used (Busby et al. 1994; von Wallenberg et al. 1994;
Pfingst et al. 1997). We suggest that this variation in
thresholds is due in part to variation in the distance
between the stimulation sites and the sites of neural
activation. Since current level decreases as a function
of distance from the electrodes, more current is re-
quired to activate neurons that are more distant from
the electrodes. A second observation from previous
studies is that the across-site variation in psycho-
physical detection thresholds for monopolar or
broad-bipolar stimulation is lower than that for nar-
row-bipolar stimulation. These data are consistent
with the threshold versus distance model because
with monopolar stimulation, the activating current
decreases less rapidly as a function of distance from
the electrodes than is the case for narrow-bipolar
stimulation (Kral et al. 1998).

However, another mechanism might also account
for the smaller across-site variation seen with mono-
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polar stimulation compared with narrow-bipolar
stimulation. With monopolar stimulation, the shal-
lower rate of current dissipation as a function of dis-
tance from the electrodes results in a broader
activation pattern than when narrow-bipolar stimula-
tion is used. Broader activation for monopolar stim-
ulation has been confirmed by neurophysiological
data (Hartmann and Klinke 1990; Bierer and Mid-
dlebrooks 2002). If detection thresholds (T levels) or
maximum comfortable loudness levels (C levels) de-
pends on integration of activity across the population
of activated neurons, then one would expect elec-
trode configuration to affect across-site variation in
those levels. Specifically, the hypothesis is that when
narrowly spaced BP stimulation restricts the spatial
extent of neural activation to a small population of
neurons, across-site variation can be large when there
is local variation in the sensitivity of these small
populations. In contrast, with MP stimulation, this
hypothesis suggests that thresholds for nearby sites of
stimulation depend on integration across large over-
lapping populations of neurons which reduces sen-
sitivity to local variation in small populations of
neurons. If this hypothesis is correct, then we would
expect maximum comfortable loudness levels for
narrow-bipolar stimulation to be much less variable
from site to site compared with detection thresholds
for the same configuration, because current spread
and overlap of nearby stimulation sites increase as a
function of stimulus level (Pfingst et al. 1985; Snyder
et al. 1990; Kral et al. 1998; Bierer and Middlebrooks
2002). To test this hypothesis, in this study we com-
pared across-site variation in C levels with that for T
levels obtained from the same subjects.

In addition, we performed these experiments us-
ing two types of implants manufactured by Nucleus
Ltd. (Lane Cove, Australia): the CI24M and the
CI24R(CS). In the CI24M implant, the stimulating
electrodes consist of platinum bands that encircle a
silicone-rubber carrier. Prior to implantation this
implant is straight; when it is inserted into the curved
scala tympani, it tends to lie near the lateral wall
(Shepherd et al. 1985; Kennedy 1987; Saunders et al.
2002). In contrast, the CI24R(CS) (Contour) implant
has the electrodes positioned on only one side of the
silicone-rubber carrier and the carrier is precurved
and designed with the intention that, after insertion,
the electrodes will lie close to the modiolar wall of the
scala tympani (Cohen et al. 2002; Parkinson et al.
2002). Because of the intended proximity to the
modiolus and having the electrodes on only one side
of the carrier, this implant is assumed to require
lower currents to activate neurons and reduce chan-
nel overlap. This is a relatively new strategy and its
functional characteristics have not been studied
extensively.
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TABLE 1

Subject information

Duration Age at onset Age at Pre-op acoustic Sessions
S Age” (yr) Sex of deafness” (yr) of deafness (yr) activation (yr) thresholds (PTAC in dB HL) run®
CI24M Subjects

1 51 M 1 48 49 No response 1

2 34 F 0.9 31 32 82 1

3 53 F 3 47 50 102 1,2,3
4 75 M 2 70 72 103 1

5 51 F 3 46 49 No record 1

6 39 F 6 32 38 No response 1

7 33 F 7 25 32 102 1

8 50 M 14 34 48 No record 1,2,3
9 48 F 1 45 46 98 1

10 70 F 19 50 69 103 1

11 50 F 29 20 49 112 1,2,3
12 48 M 4 43 47 No response 1,2,3
13 78 M 30 47 77 118 1,2,3

CI24R(CS) Subjects

14 61 F 23 37 60 No record 1,2,3
15 67 F 30 36 66 100 1,2,3
16 54 M 29 25 54 120 1,2,3
17 41 F 5 35 40 110 1,2,3
18 68 M 3 65 68 105¢ 1,2,3
19 38 F 1 37 38 118 1,2,3
20 29 M 0.6 28 29 82 1,2,3
21 39 M 0.5 38 38 100 1,2,3
22 45 M 14 30 44 105 1

“Age at time of participation in this experiment.
PDifference between age at onset of deafness and age at activation.

“Pure-tone average unaided thresholds (500 Hz, 1 kHz, and 2 kHz) in implanted ear prior to implantation. “’No response” indicates that the subject did not

respond at the maximum output of the audiometer.

9PTA for this subject is based on 2 values; there was no response at 2 kHz.

“See Methods.

Assuming that electrode configuration, implant
design, and/or stimulus level affect across-site varia-
bility, it is important to know whether these variables
affect T and C level variability in general, or whether
the effects are specific to variation across stimulation
sites. To test this, we compared variation across
stimulation sites to variation over repeated tests as a
function of electrode configuration and level on a
within-subjects basis. In addition, we tested detection
thresholds using two psychophysical methods, in-
cluding the relatively criterion-free two-interval
forced-choice method to determine if a subject’s re-
sponse criterion might contribute to across-site vari-
ation.

METHODS
Subjects

Twenty-two postlingually deaf subjects participated in
the study. Thirteen had the Nucleus® CI24M implant
and nine had the Nucleus® CI24R(CS) (Contour)

implant. Subjects ranged from 29 to 78 years of age.
They all received cochlear implants in the Depart-
ment of Otolaryngology at the University of Michigan
Health System. All subjects had at least six months of
experience with the implants and were followed at
the Cochlear Implant Program at the University of
Michigan. Details for each subject are given in
Table 1 with summary statistics in Table 2. Preimplant
characteristics (age, duration of deafness, preopera-
tive acoustic thresholds, etc.) did not differ appreci-
ably between the groups of subjects with the two
implant types. The use of human subjects in this re-
search was reviewed and approved by the University
of Michigan Medical School Institutional Review
Board.

Research design

Independent variables. The independent variables in
this study were (1) electrode configuration, (2) im-
plant design, (3) stimulus level, and (4) psychophys-
ical procedure.
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TABLE 2
Group summary statistics (mean = standard deviation) of subject characteristics shown in Table 1
Implant Duration of Age at onset Age at Pre-op acoustic
type Age (yr) deafness (yr) of deafness (yr) activation (yr) thresholds (dB HL)
Cl24M 52 + 14 9+10 41 +13 51 £ 14 103 + 11
CI24R(CS) 49 + 14 12 £ 13 37 £ 12 49 + 14 105 = 12
All 51+ 14 10+ 11 40 + 12 50 = 14 104 + 11

Each subject was tested on two electrode configu-
rations: BP and MP. In the BP configuration, stimu-
lation was between two electrodes located next to
each other in the electrode array. The spacing of the
electrodes varied depending on the implant design.
For CI24M implant the spacing of all adjacent elec-
trodes was approximately 0.75 mm center to center.
For the CI24R(CS) implant, the center-to-center
spacing ranged from about 0.8 mm at the basal end
of the implant to about 0.6 mm at the apical end,
averaging about 0.64 mm. The MP configuration was
a monopolar configuration (MP2 or MP1+2) in which
the intracochlear electrode was labeled the ‘‘active”
electrode. MP2 used a plate electrode located on the
casing of the implanted receiver/stimulator as the
return electrode, and MPI1+2 used both the plate
electrode and a ball electrode buried underneath the
temporalis muscle as the return electrodes. For this
study we treated MP2 and MP1+2 as equivalent and
used the label “MP”’ for both.

Two implant designs were used: CI24M (13 sub-
jects) and CI24R(CS) (9 subjects). As noted above,
these implants differed in the geometry (shape, lo-
cation, and spacing) of the electrodes and in the
shape of the Silastic rubber carrier. The CI24M im-
plant used band electrodes that surrounded the
Silastic carrier and the array was straight prior to
insertion into the scala tympani. The CI24R(CS)
implant used half bands located on only one side of
the Silastic carrier and the implant was precurved to
match the medial aspect of the scala tympani with
the intention that, when inserted into the cochlea, it
would position the electrodes near the modiolar
wall.

Testing was performed at two levels within the
dynamic range. At the low level we measured psych-
ophysical detection thresholds (T levels and Ty lev-
els, as described below). At the high level we
measured C levels.

To assess effects of psychophysical procedure, two
procedures were used to estimate psychophysical de-
tection thresholds: a method of adjustment and a two-
interval forced choice (2IFC) method, as described in
the Psychophysical Procedures subsection below. For

this study, thresholds measured with the method of
adjustment are called T levels and those measured
with the 2IFC procedures are called Ty levels.

Dependent variables. The dependent variables in
this study were across-site variation and test-retest
variation in C levels and in T levels. For across-site
variation, data were collected from all available sites
in the 22-electrode arrays in the 22 subjects. “‘Stimu-
lation site’” was defined as the physical location of the
electrodes through which current was passed to
stimulate neurons. For MP stimulation there were 22
possible sites and for BP stimulation there were 21. A
few sites in a few subjects were not tested because the
sites were not functional or because stimulation at
those sites produced uncomfortable sensations.
Stimulation sites were labeled using the number of
the “‘active’ electrode. By convention, the more basal
electrode in a bipolar pair was labeled as the ‘‘active”
electrode and the more apical electrode was labeled
the “‘return” electrode. For MP configurations, the
scalar electrode was labeled “‘active.”” The electrodes
were numbered from 1 to 22 with electrode 1 being
the most basal and 22 being the most apical electrode
in the array. Thus, for example, for BP stimulation
using electrodes 4 and 5, the stimulation site would
be labeled site 4. The corresponding stimulation site
for MP stimulation would be scalar electrode 4 ref-
erenced to an extracochlear return.

Three metrics were used to assess across-site vari-
ation. We defined ‘‘site-to-site variation’’ within sub-
jects as the average absolute difference between
adjacent electrodes in the level of current required to
reach a given perception (detection threshold or
maximum comfortable loudness). This was calculated
by determining the differences in T levels, Tgc levels,
or C levels for each electrode in the array and its
adjacent neighbor and then averaging the absolute
values of all of these differences. Comparisons were
included only if psychophysical values were obtained
at two adjacent sites. Usually data were obtained for
20 adjacent sites in the BP condition and 21 adjacent
sites in the MP condition. Ranges and standard de-
viations of all measured T, Tgc, and C levels in the
array were also calculated.
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To test for inherent differences in variability of
data collected under various conditions, we calculat-
ed standard deviations across repeated measures un-
der fixed stimulus conditions (test-retest variability).
For each of two independent variables, electrode
configuration and stimulus level, standard deviations
of 10 repeated measurements at each of 4 different
sites were determined, and the mean test-retest
standard deviation for the four sites was compared
with standard deviation for one measurement each
across 10 sites (across-site variability).

Test sessions. The experiment was divided into
three sessions. Session 1 was always run first and all
subjects participated in this session. Sessions 2 and 3
were run only for some of the subjects (as detailed in
Table 1) and the order in which these sessions were
run depended on the individual subject’s schedule.

In Session 1, the subjects’ T levels and C levels were
measured for all available stimulation sites using the
method of adjustment. The order of testing the two
electrode configurations (BP or MP) was random-
ized. All 22 subjects participated in this session of the
experiment.

In Session 2, 10 nonadjacent stimulation sites (i.e.,
the odd numbered sites 1 through 19, or the even-
numbered sites 2 through 20) were selected to repeat
the measurements of T and C levels for both BP and
MP configurations. From these 10 sites, 4 were se-
lected for 10 threshold measurements each. The 4
sites were selected to include those with high, low,
and intermediate T and C levels. Thresholds for the
remaining 6 sites were measured only once. The or-
der of a total of 184 measurements (46 measurements
of T levels plus 46 measurements of C levels times 2
configurations) was randomized. Thirteen of the 22
subjects participated in this session of the experiment
(see Table 1).

In Session 3, Tpc levels were measured at all
available stimulation sites using the 2IFC method with
flanking cues and adaptive tracking. In the begin-
ning, the subjects practiced once or twice with the
procedure. Feedback was provided during practice.
No feedback was provided during the subsequent Tr¢
level measurements. The measurements started with
the most apical site and advanced to the most basal
site. Thirteen of the 22 subjects participated in this
session of the experiment (Table 1).

Hardware and software for electrical stimulation

A single, laboratory owned, SPrint® processor
(Cochlear Corporation, Englewood, CO) was used for
all subjects to assure uniformity in the external
hardware. The measurements of T levels and C levels,
using the method of adjustment, were controlled by
the Cochlear Corporation’s Diagnostic and Pro-
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gramming System (DPS) software: Windows version
R116 running on an IBM-compatible personal com-
puter (PC). The measurements of detection thresh-
old levels wusing the two-interval forced-choice
method (Trc) were controlled by custom software
run on the PC. This software generated sequences of
frames and sent instructions to the SPrint processor
utilizing Nucleus Implant Communicator® (version
3.27) software libraries. The custom software also
provided a user interface that was used to collect the
psychophysical responses from the subjects, as de-
tailed below.

In both cases, the software communicated with the
SPrint processor using an IF5 ISA card and a Proc-
essor Control Interface (PCI) (Cochlear Corpora-
tion). The SPrint processor controlled transmission
of radio frequency (RF) pulses to the subject’s im-
planted receiver/stimulator. The implanted receiver/
stimulator then decoded the RF information to the
correct stimulation pulse parameters and delivered
appropriate current pulses to the implanted cochlear
electrode array.

Stimuli

Stimuli consisted of 200 us/phase (in 20 subjects) or
300 us/phase (in 2 subjects, S9 and S11) symmetric-
biphasic pulses presented at a rate of 250 pulses/s.
The longer pulse durations were required for two of
the subjects in order to reach the C level within the
current-output limits of the implanted receiver sti-
mulators. For purposes of this experiment we treated
these two pulse durations as equivalent. The polarity
of the initial phase of each pulse to the ‘‘active”
electrode was negative. The stimulus burst duration
was 500 ms.

The implanted receiver-stimulators delivered cur-
rent in 256 steps, specified in current level units
(CL). Currents ranged from approximately 10 pApcax
at CL = 0 to approximately 1750 pApcqx at CL = 255
with a step size of approximately 2.046% (0.176 dB).

Output of the implanted receiver-stimulators at a
given CL varied from stimulator to stimulator over a
range of about +10%. A calibration of the individual
receiver-stimulators for each of the subjects was ob-
tained from Cochlear Corporation. These calibra-
tions gave the maximum output of the stimulator
(Imax; 1.e., the output in microamps peak at
CL = 255). The stimulator output in microamps peak
[{(uApear)] at any given CL was derived using the
formula:

I(:uApeak) = 10uApear X (Inax/1750) x 175(CL/255)

(Chris van den Honert, Cochlear Corporation, per-
sonal communication).
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FIG. 1. Examples of C, T, and T levels across stimulation sites for
8 subjects. The subject number is indicated in the lower left corner of
each panel. Stimulation sites (number of the active electrode) are
given on the abscissa with 1 being at the basal end and 21 near the
apical end of the implant. The top row of panels shows data for four
subjects with the CI24M implant and the bottom row shows data for

Current in dB re 1 mA.,x was calculated using the
formula:

I1(dB) = 201log[T(1A)/10004A]

Psychophysical procedures

Two psychophysical procedures were used: a method
of adjustment and a two-interval forced-choice (2IFC)
procedure with flanking cues coupled with a 2-down-
l-up adaptive-tracking procedure. The method of
adjustment was used to measure T levels and C levels.
The procedure for the method of adjustment was
similar to that used in fitting implants clinically. In

four subjects with the CI24R(CS) implant. Black symbols and lines
are used for BP stimulation and gray symbols and lines are used for
MP stimulation. Filled triangles are used for T levels, open triangles
for Tec levels, and filled circles for C levels. Triangles pointing to-
ward the left ordinate indicate means of levels across the whole
array.

this procedure, the stimuli were presented repeatedly
with a 500-ms on/off duty cycle. A control knob for
adjusting the level of the current was utilized. The
subject was instructed to adjust the level of the signal
until it was “‘barely audible.”” First, T levels were de-
termined in sequence from the apical electrodes to
the basal electrodes. Then C levels were determined
in the same direction. In order to check for adapta-
tion to the test procedures, the T and C levels for the
apical four stimulation sites were retested. If variation
by more than 5 CL units was seen on the retest, the
measurements were repeated. After determining T
and C levels at each stimulation site, apical to basal
sweeps were made to determine if any of the sites dif-
fered in loudness from the others. For this procedure,
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each panel.

sweeps were made across overlapping subsets of 4-5
sites. Stimuli were 500 ms in duration with 500 ms
between stimuli. Levels were adjusted, if necessary,
for loudness balance. Later, a sweep across all sites
was made. The first sweeps were made at the previ-
ously determined T levels, and the subjects were
asked to be sure that each presentation in the sweep
was heard and that all presentations were of equal
loudness. Adjustments to T levels were made if
needed and then the sweeps were repeated. Then
sweeps at the C levels were presented. The subject was
asked to be sure that none of the presentations was
uncomfortably loud and that all presentations were of
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FIG. 3. Comparison of site-to-site variation in C, T, and Tgc levels
for BP stimulation with that for MP stimulation. Site-to-site variation
was defined as the average absolute difference between each adja-
cent stimulation site in C, T, or Tgc level (see Methods). Each circle
represents an individual subject. Means of the distributions are in-
dicated by the triangles on the axes. Open symbols are for CI24M
implant and filled symbols are for the CI24R(CS) implant.

equal loudness. Adjustments to C levels were made if
needed and then the sweeps were repeated. This
process continued until the subject reported that all
presentations were equally loud.
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A 2IFC procedure with flanking cues was used to
measure the Trc levels. Custom software presented
four buttons labeled 1, 2, 3, and 4 from left to right
on the computer screen. The buttons were illumi-
nated in sequence for 500 ms each with a 500 ms
interval between each. These buttons indicated the
timing of the 4 observation intervals. Presentation of
the electrical stimulus occurred during either interval
2 or interval 3, assigned at random. The other inter-
vals contained no electrical stimulus. The subjects
were instructed to use a computer mouse to point
and select the button corresponding to the interval
(interval 2 or interval 3) during which they heard the
stimulus. The subjects were instructed to guess when
they were not sure which interval had contained the
stimulus. An adaptive 2-down-l-up procedure was
used in which the stimulus amplitude was decreased
by one step after two consecutive correct responses
and was increased by one step after each incorrect
response. The step size was 1 CL unit. The tracking
was started 6 CL units above the T levels that had
been measured previously with the method of ad-
justment. The procedure was run until 14 reversals
were achieved. To estimate the Ty levels, the levels at
the final eight reversals were averaged. This estimate
corresponded to 70.7% correct responses (Levitt
1971).

RESULTS
Overview

Examples from 8 of the subjects of the C, T, and Tg¢
levels obtained at each of the tested stimulation sites
are shown in Figure 1. The examples in Figure 1
illustrate several important features of the data that
are described quantitatively for data from all of the
subjects in the following sections.

Across-site variation

C levels and T levels showed a large range across all
subjects and all stimulation sites: 31 dB for C levels
and 34 dB for T levels with BP stimulation and 14 dB
for C levels and 19 dB for T levels with MP stimula-
tion. The distributions of C levels and T levels for all
subjects at all tested sites are shown in Figure 2. The
large range of T levels and C levels reflects a combi-
nation of variation across stimulation sites within
subjects and across-subject variation. In this study we
focused on across-site variation within subjects.

Site-to-site variation within subjects (mean of the
absolute values of the differences for each electrode
from its neighbor) is shown in Figure 3 where we
compare site-to-site variation for MP and BP stimula-
tion for each subject as discussed below.
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Effects of electrode configuration

For BP stimulation, there was a considerable range
across subjects in the amount of site-to-site variation
in T, Tgc, and C levels. However, in almost all cases,
site-to-site variation within subjects was larger for BP
stimulation than for MP stimulation (Fig. 3, points
above the diagonal). The only exception in this data
set was one subject for which T levels for MP stimu-
lation showed a slightly higher site-to-site variation
than those for BP stimulation. Mean site-to-site vari-
ation values across subjects (triangles at the axes in
Fig. 3) were 2.1-3.3 times larger for BP stimulation
than for MP stimulation. These differences were sta-
tistically significant (paired #tests, p < 0.001).

Lower site-to-site variation for MP stimulation was
not due to the fact that the current levels for MP
stimulation were lower than those for BP stimulation
(i.e., it was not due to the scale used for T and C
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FIG. 5. Comparison of effects of electrode configuration (top row)
and stimulus level (bottom row) on test-retest standard deviations
(ordinates) with the effects of these variables on across-site standard
deviations (abscissas). Effects of electrode configuration are repre-
sented by the ratios of standard deviations for BP stimulation to those

levels) because even when the levels for MP and BP
stimulation were similar, the difference in across-site
variation for BP versus MP could be large (e.g., for
S12 in Fig. 1, compare C levels for MP stimulation
with T levels for BP stimulation).

Across-site variation was also evaluated using two
other within-subject metrics: range of T, Tg¢, and C
levels across all stimulated sites and standard devia-
tion of these levels across all stimulated sites. These
metrics also showed significantly larger across-site
variation for BP stimulation than for MP stimulation
(paired #tests, p < 0.001).

for MP stimulation. Effects of level are represented by the ratios of
standard deviations for T levels to those for C levels. Medians of the
distributions are indicated by the triangles on the abscissas and or-
dinates. The three outliers represent cases with very small standard
deviations in the denominators.

Effects of level

The C and T levels measured along the electrode
array showed a similar pattern in most individual
subjects (Fig. 1). To quantify the degree of similarity
between the patterns of T and C level variations
across the electrode arrays, we computed the stand-
ard deviations of the C and T level differences for each
subject. For reference, consider the C and T patterns
in the MP configuration, which were very similar to
each other since both T and C levels showed little
variation across the electrode array. The median of
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the standard deviations of the C and T differences for
MP configuration for the 22 subjects was 1.87 dB. The
C and T patterns in the BP configuration were also
similar to each other. Although the site-to-site varia-
tion of the C and T levels for BP stimulation
were high, the median of the standard deviations of
the C and T differences for the BP configuration in
the 22 subjects was only 2.66 dB. In two exceptional
cases (S2 and S19), the across-site patterns of C levels
in the BP configuration differed dramatically from
those of the T levels. In these cases, the standard
deviations of the C and T differences were 7.98 dB
for S2 and 6.62 dB for S19 (data for S19 are shown in
Fig. 1).

C levels and T levels for BP stimulation showed not
only similar patterns of variation across stimula-
tion sites, they also showed similar magnitudes of
variation. This is shown in Figure 4, which compares
site-to-site variation of C levels with that of T levels.
For BP stimulation, statistical analysis revealed no
significant differences in the ranges or site-to-site
variation between C and T levels (paired ttests, p >
0.0.5). For MP stimulation, however, site-to-site
variation of T levels was higher than that for C
levels in the majority of cases (Fig. 4, right panel)
and the mean site-to-site variation for T levels was
significantly higher than that for C levels (paired
ttest, p < 0.01).

Effects of level on across-site variation were also
evaluated using the range of levels across all
stimulated sites and standard deviation of levels
across all stimulated sites. These metrics showed the
same trends as the site-to-site variation metrics.
However, neither measure showed a significant dif-
ference in across-site variation between C levels
or T levels for BP or MP stimulation (paired ttests,
p>0.05).

Effects of implant design

T levels and C levels for CI24M and CI24R(CS) im-
plants showed considerable overlap (Fig. 2). In ad-
dition, it can be seen in Figure 3 that the range of
site-to-site variation within subjects with the CI24M
implant (open circles) overlapped that of the
CI24R(CS) implant (filled circles). However, the dis-
tribution of variation data for the CI24M implant was
skewed toward lower values whereas that for the
CI24R (CS) implant was not. The means of site-to-site
variation in C levels for the CI24M implant were sig-
nificantly lower statistically than those for CI24R(CS)
implant (paired #tests, p < 0.05). For T levels, the
means of site-to-site variation were also lower for the
CI24M implant, but the differences from those for
the CI24R(CS) implant were not statistically sig-
nificant (paired #test, p > 0.05).
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Comparison of test-retest and across-site variation

In Session 2, effects of electrode configuration and
stimulus level on variability of repeated measure-
ments (test-retest variability) were compared with the
effects of these variables on across-site variability. In
general, we found that electrode configuration had a
smaller and less consistent effect on test-retest vari-
ability than it did on across-site variability measured
in the same session (Fig. bA, B). For C levels, the ratio
of standard deviations for data collected across stim-
ulation sites using BP stimulation to that for MP
stimulation was always greater than 1, ranging from
1.7 to 5.0, across subjects (Fig. BA, abscissa). They
indicate that across-site variation in C levels was always
greater for BP stimulation than for MP stimulation in
these subjects. In these same subjects, the ratio of
standard deviations for repeated tests with BP stimu-
lation to that for MP stimulation was also greater than
1 in 10 of the 13 cases, indicating that electrode
configuration also had an effect on test-retest varia-
tion. However, when the BP/MP ratios of standard
deviations for repeated measures were compared with
these ratios for standard deviations across stimulation
sites in the same subjects (Fig. bA), we found that the
ratios for across-site variation were larger in all cases.
The mean BP/MP ratio for across-site standard devi-
ations was significantly larger than that for test-retest
standard deviations (paired #test, p< 0.01), indicating
that the effect of electrode configuration on across-
site variation was greater than the effect of this vari-
able on test-retest variation.

A similar pattern was seen in the data from Session
2 for T levels (Fig. 5B). For these data, there were
three cases where the BP/MP ratios for test-retest
variation were larger than those for across-site varia-
tion (points above the diagonal), but for the most
part the ratios for across-site variation were larger
(points below the diagonal). For test-retest variation,
the ratios ranged from 0.8 to 2.1 with a median of 1.4,
while for across-site variation they ranged from 1.0 to
4.8 with a median of 2.6. The ratios for across-site
variation were significantly larger than those for test—
retest variation (paired ttest, p < 0.01).

For BP stimulation (Fig. 5C), the T/C ratios were
close to 1 for both test-retest and across-site variation
indicating that, on average, variation for T levels was
similar to that for C levels. The effects of level on test—
retest variation were not distinguishable from those
for across-site variation (paired #test, p > 0.05).
Stimulus level had a small effect on both across-site
and test-retest variation for MP stimulation (Fig. 5D).
In both cases the median T/C ratio was greater than
1, indicating that across-site and test-retest variations
were slightly lower on average at C levels compared
with those at T levels. However, effects of level on
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test-retest variation were not distinguishable from
those on across-site variation (paired ttest, p > 0.05).

Effects of psychophysical procedure

T levels were higher than Tgc levels in 84.2% of cases
with BP stimulation and 80.3% of cases with MP
stimulation. On average, the 2IFC method yielded
thresholds that were 1.9 dB lower than T levels for BP
stimulation and 1.5 dB lower for MP stimulation.
These differences corresponded to about 11 and 8 CL
units, respectively. The differences between T and
Trc levels were statistically significant (paired #test, p
< 0.01). Despite such differences, the pattern of site-
to-site variation in Tg¢ levels was similar to that for T
levels (Fig. 1).

The site-to-site variation for the two psychophysical
procedures did not differ significantly with either BP
or MP configurations (paired ttests, p > 0.05). As
noted above, the site-to-site variations of Ty levels for
the BP configuration were larger in all cases than
those for the MP configuration (Fig. 3).

DISCUSSION
Mechanisms underlying across-site variation

The current study assessed across-site variation in T
and C levels as a potential metric related to variation
in the distance between the electrodes and the ex-
citable neural elements and/or the spatial extent of
neural activation. As noted in the Introduction, two
models of the mechanisms underlying across-site
variation and effects of electrode configuration were
considered.

According to one model, which we will call the
electrode-neuron-distance model, threshold for a
given stimulation site depends on the length and
condition of the pathway between the stimulation site
(electrodes) and the excitable neural elements. The
length of this pathway can be affected by the location
of the electrodes within the scala tympani and by the
condition of the neural population. For a narrow-bi-
polar electrode configuration, if the path from the
stimulation sites to the most sensitive neurons is
short, relatively little current will be required to excite
the most sensitive neurons. If the most sensitive
neurons are remote, more current will be required.
Hence, across-site variation in T levels for narrow-
bipolar stimulation will be large in cochleae where
the relationship between the stimulation sites and the
responsive neurons is not uniform across the elec-
trode array. For a monopolar electrode configura-
tion, the voltage gradient is shallow so that the
current level will be similar at nearby and more re-
mote sites of excitation. Hence, across-site variation
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in T levels for monopolar stimulation will be small.
Electrode-neuron-distance models include one in
which excitation of only one neuron is required to
achieve stimulus detection, although these models
are not limited to that condition.

An alternative model requires neural integration
of activity across multiple activated neurons in order
to achieve stimulus detection. We will call this the
neural-integration model. Similar to the electrode—
neuron-distance model, the neural-integration model
assumes that variation in detection thresholds is a
result of variation in the sensitivity of the neurons
along the length of the scala tympani and/or varia-
tion in the current paths from the stimulation sites to
the neurons. Conditions that produce large spatial
extents of neural activation can achieve psychophysi-
cal detection thresholds at low current levels by in-
tegrating across a large number of neurons that are
activated at low discharge rates (Bruce et al. 1999).
Because the number of neurons activated at the de-
tection threshold is large, the detection threshold will
be based on the average of high-threshold and low-
threshold neurons and will be similar to the average
threshold of neurons activated by a nearby site, par-
ticularly if there is a large overlap in the activated
neural populations. In contrast, conditions that pro-
duce spatially restricted activating-current fields will
achieve detection threshold by activating only a re-
stricted population of neurons, but it might require
higher discharge rates in each of the activated neu-
rons in order to produce the number of neuronal
discharges required to achieve stimulus detection.
Because these configurations achieve threshold by
stimulating a more spatially restricted population of
neurons, they will be more sensitive to local variations
in the sensitivity of the neurons to electrical stimula-
tion. If nearby subpopulations of neurons that are
activated by different stimulation sites differ in sen-
sitivity, then across-site variability will be high.

Both electrode configuration and stimulus level
affect sizes of activating-current fields and the sizes of
the activated neural populations. However, the pre-
dictions regarding effects of these independent vari-
ables on across-site variation depend on the model
employed.

Now, consider the effects of current level under the
electrode-neuron-distance model. When the current
level is increased from the detection threshold level
(T level) to the maximum comfortable loudness level
(C level), there is certain to be an increase in the size
of the activated neural population (Snyder et al. 1990;
Bierer and Middlebrooks 2002). At the same time,
the discharge rates of the most sensitive neurons,
which were activated at threshold, will increase
(Hartmann and Klinke 1990). Both the increase in
number of neurons recruited and the increase in
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discharge rate of previously recruited neurons might
lead to increases in loudness. However, the effect of
the increase in spread of activation on across-site
variation in C levels might be much different than the
effect observed at the T levels for the following rea-
son. Once the most sensitive neurons have been ac-
tivated at the psychophysical detection threshold
level, increases in stimulus level will have similar ef-
fects both for neurons that are close to the stimula-
tion sites and/or most sensitive and for those that are
more remote and/or less sensitive. Thus the across-
site variations seen at the threshold level will be
maintained at suprathreshold equalloudness levels.
Our data support this model.

In contrast to the electrode-neuron-distance
model, the neural-integration model accounts for
across-site variation in terms of the size of the acti-
vated neural population. If the across-site variation in
the current required to reach just-detectable loudness
(T levels) can be reduced by increasing the size of the
neural population contributing to the threshold
percept, then it follows that increasing the size of the
neural population by increasing current level (and
loudness) should also reduce across-site variation.
Thus, variation at maximum-comfortable loudness
level (C level) should be smaller than that at the
threshold-loudness level (T level) for the same elec-
trode array, provided that the measure of C levels is
not inherently more variable than the measure of T
levels. Our data from Session 2 showed that C levels
were not more variable across repeated tests under
the same conditions than were T levels (T/C ratios
were usually slightly greater than 1). In Session 2 as
well as in Session 1, for BP stimulation we found no
consistent evidence of reduced across-site variation in
C levels relative to that for T levels. Thus, for BP
stimulation, the prediction of the neural-integration
model was not supported by our data.

This is not to say that loudness per se does not
depend on integration of activity across multiple
neurons. Rather, the data simply indicate that
across-site variation in the amount of current re-
quired to achieve a given loudness level (T or C) is
not altered by increasing the number of neurons
across which the activity is integrated. This in turn
suggests that the mechanism by which electrode
configuration affects across-site variation in C levels
and T levels is not based on across-neuron integra-
tion. Thus, our data favor the electrode-neuron-
distance model to account for across-site variation
and to account for the effects of electrode configu-
ration and level.

For MP stimulation, there was evidence for smaller
across-site variation in C levels relative to T levels.
Clearly, the effect of level on across-site variation
for MP stimulation is not as large or as consistent
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as the effect of electrode configuration (compare
Fig. 4 with Fig. 3). It is known that spread of neural
excitation increases markedly with increases in stim-
ulus level (Hartmann and Klinke 1990; Snyder et al.
1990; Bierer and Middlebrooks 2002). Given this
and given the weak effect of level on across-site vari-
ation for MP stimulation and the lack of a consist-
ent effect for BP stimulation, we conclude that spread
of neural excitation at levels above the stimulus
detection threshold has little effect on across-site
variation.

We found a great deal of overlap in the distribu-
tion of BP and MP thresholds for the CI24M and the
CI24R(CS) implants. The average values for these
measures were in the expected direction, i.e., lower
thresholds for the CI24R(CS) implant relative to the
CI24M implant. However, these differences were rel-
atively small. Other studies have also found small ef-
fects of implant type. The difference in mean MP
thresholds for CI124M and CI24R(CS) implant groups
found by Saunders et al. (2002) was 13.8 Cochlear
Level units, equivalent to about 2.4 dB. In our study,
this difference was 0.8 dB. The wide distribution of
these values and the considerable overlap in the dis-
tributions for the two types of implants suggest that
there is a great deal of variability from site to site in
the distances between the electrodes and the neurons
in both types of implants. For the CI24R(CS) implant,
this variability is also evident in the distance between
the electrodes and the modiolar core as assessed by
analysis of radiographic images (Saunders et al
2002). Another factor that would affect the variability
in distance between the stimulated electrodes and the
responsive neurons is the large variability in nerve
survival patterns that is typically found in deaf ears
(Hinojosa and Marion 1983; Nadol 1997). Even if
electrodes are consistently placed near the medial
wall of the scala tympani, there is no guarantee that
there will be responsive neurons near all of the
stimulation sites.

There was also a great deal of overlap in the dis-
tributions of site-to-site variation for the CI24M and
CI24R(CS) implants. However, the site-to-site varia-
tion for the CI24M implant was lower on average (Fig.
3). These data are consistent with a more uniform
positioning of the CI24M implant against the lateral
wall of the scala tympani compared with the
CI24R(CS) implant, which may vary in its medial-
lateral position as suggested by the radiographic data
of Saunders et al. (2002).

Control experiments

In order to interpret the effects of electrode config-
uration and stimulus level on across-site variation of
thresholds and maximum comfortable loudness



PrINGST AND XuU: Across-Site Variation

levels, it is necessary to know how these two inde-
pendent variables affect threshold and maximum
comfortable loudness measures in general. To assess
this, in Session 2 we compared the effects of electrode
configuration and stimulus level on across-site varia-
tion with their effects on variation over repeated
measures (test-retest variation) for the same subjects
under the same conditions. Although we did find
small effects of electrode configuration on test-retest
standard deviations, the effects on across-site stand-
ard deviations were more pronounced suggesting
that there was a specific effect of electrode configu-
ration on across-site variation.

Surprisingly, test-retest standard deviation was very
similar for T levels and C levels indicating that sub-
jects were equally reliable in their estimation of
threshold and maximum comfortable loudness levels
when they were calculated in decibels.

We found that Ty levels were slightly lower than T
levels in the majority of cases, suggesting that, in
general, subjects are a little conservative when esti-
mating minimum detectable levels. However, impor-
tantly, we did not find a difference in acrosssite
variation assessed by these two threshold measure-
ment procedures. Thus it seems that the commonly
used clinical procedure is adequate for assessing
across-site variation.

Applications

Data from this study suggest that detection thresholds
for BP stimulation might serve as a metric for deter-
mining the functional distance between the elec-
trodes and the sites of action-potential initiation on a
site-by-site basis. An advantage of a psychophysical
measure over imaging measures of electrode-to-neu-
ron distances is that it reflects the functional dis-
tances to the sites of neural activation, which cannot
be assessed noninvasively with current imaging tech-
niques. This measure might be useful for assessing
the functional effects of techniques that are intended
to decrease the functional distance between elec-
trodes and neurons, including implant designs
(Shepherd et al. 1993) and tissue engineering pro-
cedures intended to increase nerve survival and/or
promote growth of neurons toward the electrodes
(Miller et al. 2002). In addition, the measure might
be useful for selecting the most effective sites for
stimulation from a high-density electrode array.

The advantages or disadvantages of reducing
electrode-to-neuron distance are poorly understood
at the present time. Use of the across-site variation
metrics in conjunction with other functional meas-
ures should help to clarify the relationship between
implant and tissue engineering procedures and in-
formation transmission in cochlear prostheses. Un-
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derstanding these relationships should provide useful
guidance in determining optimal treatments and
stimulation strategies for individual patients.
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