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a b s t r a c t

Sharp spatial selectivity is critical to auditory performance, particularly in pitch-related tasks. Most
contemporary cochlear implants have employed monopolar stimulation that produces broad electric
fields, which presumably contribute to poor pitch and pitch-related performance by implant users.
Bipolar or tripolar stimulation can generate focused electric fields but requires higher current to reach
threshold and, more interestingly, has not produced any apparent improvement in cochlear-implant
performance. The present study addressed this dilemma by measuring psychophysical and physiological
spatial selectivity with both broad and focused stimulations in the same cohort of subjects. Different
current levels were adjusted by systematically measuring loudness growth for each stimulus, each
stimulation mode, and in each subject. Both psychophysical and physiological measures showed that,
although focused stimulation produced significantly sharper spatial tuning than monopolar stimulation,
it could shift the tuning position or even split the tuning tips. The altered tuning with focused stimu-
lation is interpreted as a result of poor electrode-to-neuron interface in the cochlea, and is suggested to
be mainly responsible for the lack of consistent improvement in implant performance. A linear model
could satisfactorily quantify the psychophysical and physiological data and derive the tuning width.
Significant correlation was found between the individual physiological and psychophysical tuning
widths, and the correlation was improved by log-linearly transforming the physiological data to predict
the psychophysical data. Because the physiological measure took only one-tenth of the time of the
psychophysical measure, the present model is of high clinical significance in terms of predicting and
improving cochlear-implant performance.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Spatial selectivity, or frequency tuning in acoustic hearing, has
played a pivotal role in auditory research and practice for over 100
years (Helmholtz, 1877). The concept of spatial selectivity has been
used to explain a wide range of auditory phenomena from loud-
ness, pitch and masking to music and speech perception (e.g.,
Fletcher, 1935; Plomp, 1964). Spatial selectivity can be character-
ized either directly by physiological means (e.g., Bekesy, 1952;
Tasaki, 1954) or indirectly by psychophysical means (e.g.,
Chistovich, 1957; Small, 1959; Zwicker, 1974). There is generally
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good correspondence between physiologically and psychophysi-
cally measured spatial selectivity, as sharp tuning is observed with
normal hearing whereas broad tuning is observed with sensori-
neural hearing loss (e.g., Liberman and Dodds, 1984; Moore and
Glasberg, 1986).

Spatial selectivity has also played an important role in the
development of modern multichannel cochlear implants (CI),
which can restore significant functional hearing to deaf people by
conveying acoustic spectral information to different places in the
cochlea. However, compared with 3000 tonotopically-organized
inner hair cells and their sharp tuning (e.g., Ruggero, 1992), the
amount of spectral information in a cochlear implant is severely
limited by not only the small number of intracochlear electrodes
but also thewide spread of electrical stimulation and nerve survival
(e.g., Finley et al., 2008; Khan et al., 2005; Shannon, 1983; Wilson
et al., 1991; Zeng, 2004). As a result, the actual number of inde-
pendent channels is significantly smaller than the number of
physical electrodes in a cochlear implant (e.g., Fishman et al., 1997;
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Table 1
Subject demographical information and speech performance. HINT stands for hearing in noise test. The first column in HINT represents test scores in quiet and the second
column represents scores at 5-dB signal-to-noise ratio.

Subject Gender Age (yrs) Etiology Deafness duration (yrs) CI use (yrs) Device type HINT (% correct)

S1 M 67 Meningitis 59 7 CII 72 33
S2 F 72 Familial 55 8 CII 91 40
S3 M 50 Unknown 1 4 90K 80 0
S4 F 53 Unknown 41 4 90K 50 5
S5 F 55 Congenital 48 7 CII 0 0
S6 F 72 Progressive 9 2 90K 100 70
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Friesen et al., 2001); the CI users’ ability to resolve spectral contrast
is also highly variable and can be directly correlated to their speech
performance in quiet and in noise (Henry and Turner, 2003; Litvak
et al., 2007b; Won et al., 2007).

The need to increase the number of functional channels in
cochlear implants has spurred extensive research from new elec-
trode designs to advanced signal processing (e.g., Koch et al., 2004;
Tykocinski et al., 2001). Recent attention has been paid to manip-
ulating electrode configuration and stimulation delivery to steer or
focus the electrical field (for a review, see Bonham and Litvak,
2008). In particular, different electrode configurations have
shown successively more focused electrical fields from monopolar,
bipolar, to tripolar stimulation (e.g., Jolly et al., 1996; Kral et al.,
1998; Zhu et al., 2010). The increased spatial selectivity with
bipolar and tripolar stimulation modes is also supported by phys-
iological studies in the auditory nerve (Kral et al., 1998; Miller et al.,
2003; van den Honert and Stypulkowski, 1987), the inferior Colli-
culus (Bierer et al., 2010; Bonham and Litvak, 2008; Snyder et al.,
2008), and the auditory cortex (Bierer and Middlebrooks, 2002;
Middlebrooks and Bierer, 2002; Raggio and Schreiner, 1994).
Therefore, it seems reasonable to hypothesize that focused stimu-
lation such as bipolar and tripolar configurations will increase
functional spatial selectivity and hopefully improve the overall
cochlear-implant performance.

Unfortunately, this hypothesis has not been established func-
tionally as recent studies showed little or no improvement in
cochlear-implant performance using focused electric stimulation
(Berenstein et al., 2008; Donaldson et al., 2011; e.g., Mens and
Berenstein, 2005; Pfingst et al., 2001). There are several expla-
nations for this lack of correspondence between physical and
functional measures of focused stimulation. First, focused stim-
ulation requires a higher current level than monopolar stimula-
tion to reach behavioral threshold and comfortable loudness, so
the benefit of focused stimulation may be reduced with the
increased level of input (e.g., Berenstein et al., 2010; Chua et al.,
2011; Kwon and van den Honert, 2006; Pfingst and Xu, 2004).
Second, there are significant differences in physiological and
psychophysical methods in addition to differences in animal and
human studies of spatial selectivity. For example, psychophysical
methods usually employed longer stimulation duration than
physiological methods, which typically used single pulses (e.g.,
Abbas et al., 2004; Hughes and Stille, 2008; Lim et al., 1989).
Animal studies typically used acute preparations with relatively
good nerve survival while human studies usually involved
patients with longer duration of deafness, which is a likely indi-
cation of poor nerve survival, both of which could significantly
influence spatial selectivity (e.g., Goldwyn et al., 2010; Linthicum
et al., 1991; Nadol et al., 2001; Vollmer et al., 2007). Third, there is
a great deal of individual variability from etiology to performance
that often renders direct comparison of psychophysical and
physiological spatial selectivity difficult, if not impossible. For
example, the first study of psychophysical spatial tuning
curve used Nucleus users in bipolar mode and Clarion users in
monopolar mode, with different electrode arrays, electrode-to-
electrode spacing, and reference electrodes (Nelson et al., 2008).
Most notably, reliable psychophysical measures are usually not
obtainable in the growing population of pediatric cochlear-
implant users, requiring physiological measures that can accu-
rately and reliably predict corresponding pediatric psychophysical
and functional performance. An ideal study would obtain
comparable physiological, psychophysical and speech measures
using the same electric stimulation parameters in the same cohort
of subjects so that the hypothetic link between cochlear-implant
performance and physiological or psychophysical spatial selec-
tivity can be directly addressed.

As a first goal, the present study directly compared psycho-
physical and physiological spatial selectivity under a controlled
paradigm. To reduce variability between subjects, all measures
were conducted in the same subjects using the same device. To
control procedural differences, both psychophysical and physio-
logical measures used a similar forward-masking paradigm, except
for the use of pulse trains for psychophysical measurement and the
use of single pulses for the physiological measurement. To control
stimulus differences, all pulses had the same, but relatively long,
pulse duration to achieve sufficient loudness in focused stimula-
tion. In addition, loudness growth was measured for both pulse
trains and single pulses to assure presentation of probe and masker
at a proper level within their respective dynamic ranges. The
second goal was to test whether, under these stringent conditions,
there were significant differences in spatial selectivity between
broad and focused electric stimulation modes. The final goal was to
test whether the psychophysical spatial tuning could be predicted
from the physiological spatial masking curve.
2. Methods

2.1. Subjects

Six cochlear-implant users, using either a Clarion II or a HiR-
es90K device (Advanced Bionics Corp., Valencia, CA), participated in
this study. All subjects had a HiFocus J electrode array consisting of
16 intracochlear electrodes numbered from themost apical (EL1) to
the most basal (EL16) position, with a center-to-center electrode
distance of 1.1 mm. All subjects were native speakers of American
English and were postlingually deafened except S5. S3 received the
implant to control tinnitus and had normal hearing on the non-
implant side (Cullington and Zeng, 2010; Zeng et al., 2011). S4
had 4 disabled electrodes (EL13-16) due to high impedance. S6 was
a bilateral cochlear-implant user with a Clarion I device on one side
and a HiRes90K device on the other. Only the HiRes90K device was
used because the Clarion I lacked telemetry capabilities. Table 1
displays subject demographic information and speech perfor-
mance. The present study was conducted in accordance with
guidelines set by the Institutional Review Board of University of
California, Irvine.



Fig. 1. A schematic diagram of three stimulation modes. Monopolar (top), bipolar
(middle), and tripolar (bottom) stimulations all have the same active electrode (gray
bar; EL¼ electrode), but different return electrodes (hatched bars; EL� 1 or ELþ 1 or
EC¼ extra-cochlear electrode). The solid lines indicates the electric circuit; the dashed
arrow represents the current path from active to return electrode, with (�I) indicating
the cathodic phase.
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2.2. Stimulation modes

Fig. 1 showsmonopolar, bipolar, and tripolar stimulationmodes,
which had the same intracochlear active electrode (EL8) but
different returning or reference electrodes. The monopolar mode
used an extracochlear electrode placed in the temporalis muscle as
the reference. The bipolar mode used an adjacent intracochlear
electrode (EL9), basal to the active electrode, as the reference. The
tripolar mode used two adjacent electrodes (EL7 and EL9) as
references, with each receiving half of the current delivered to the
active electrode. The Bionic Ear Data Collection System (BEDCS,
V1.17.208, Advanced Bionics Corp.) was used to present the stimuli,
and record subject response and telemetry information.

The forward-masked spatial tuning curve has emerged as
a psychophysical method of choice in both acoustic and electric
hearing for its ability to not only characterize the sharpness of
spatial selectivity but also identify the underlying nerve survival
pattern, such as dead regions (e.g., Dingemanse et al., 2006; Moore
and Alcantara, 2001; Nelson et al., 2008). On the other hand,
a forward-masking subtraction method to measure electrical
compound action potentials (ECAP, see Abbas et al., 2004; Miller
et al., 2000) has been used to characterize the physiological
spatial masking curve, a counterpart of the psychophysical spatial
tuning curves (Cohen et al., 2003; Saoji et al., 2009). Both the spatial
tuning and masking curve measures fix the probe position while
varying the masker position. However, they differ in terms of the
criterion used to characterize the spatial selectivity. The spatial
tuning curve method varies the masker level to render a fixed-level
probe just inaudible, producing an “iso-response” curve, whereas
the spatial masking curvemethod fixes themasker level tomeasure
its effect on a fixed-level probe response, producing an “iso-input”
curve (Pickles, 1988). If the system is linear, then the iso-response
curve can be derived by simply inverting the iso-input curve, or
vice versa.
2.3. Psychophysical spatial tuning curve

The forward-masking paradigm has been previously used in the
past and will be briefly described here (e.g., Chatterjee and
Shannon, 1998; Nelson and Donaldson, 2002; Nelson et al., 2008;
Shannon, 1983). The masker duration was 160 ms, and the probe
duration was 10 ms. The masker-probe delay, between masker
offset and probe onset, was 10 ms. The masker and the probe were
both 500 Hz pulse trains. At a single-pulse level, the biphasic pulses
were always charge-balanced with cathodic-leading phase and
zero inter-phase delay. Based on previous studies, long phase
duration of 226.4 ms was chosen to achieve comfortable loudness
within the compliance limit in the implant device, which could be
a problem, especially with tripolar stimulation (e.g., Bierer et al.,
2010; Chua et al., 2011; Litvak et al., 2007a; Srinivasan et al., 2010).

Loudness growth from thresholds (THS) to maximum accept-
able loudness (MAL) was measured for both the 160-ms masker
and the 10-ms probe prior to spatial tuning curve data collection.
The threshold was obtained using a three-interval forced choice
(3IFC) adaptive procedure with a two-down, one-up decision rule
to estimate the stimulus level corresponding to 70.7% correct
detection (Levitt, 1971). The MAL was obtained using an ascending
method of limits procedure, in which the pulse train, presented at
a rate of 1/s, was increased in amplitude until the subject indicated
his or her maximal comfortable loudness (Shannon, 1985). Loud-
ness was estimated for 5e9 stimulus levels spanning over the
entire dynamic range. Each procedure was repeated 3e5 times to
obtain an average value. Fig. 2 shows individual loudness growth as
a function of current level for the 160-ms (filled squares) and 10-ms
(open inverted triangles) stimuli. Except for S3 with bipolar and
tripolar stimulation, which displayed an exponential loudness
growth, the remaining data can be nicely fitted with a logarithmic
function (e.g., Chua et al., 2011; Fu, 2005; Zeng and Shannon, 1992,
1994). Excluding the tail in S3 yielded a mean slope of 7.2 (SE¼ 0.6)
for the 160-ms probe and 8.5 (SE¼ 0.7) for the 10-ms probe, with
no significant difference between the two duration conditions
(t17¼1.59, p¼ 0.13). Including the tail would produce a poorer fit to
the data (e.g., see the solid line in S3 tripolar case) and would
slightly decrease the mean values but still produce no significant
difference between the two duration conditions.

Table 2 shows the averaged threshold, MAL and dynamic range
values from all 6 subjects under the 2 stimulus durations and 3
stimulation modes. Within-subjects repeated-measures ANOVA
indicated a significant effect of stimulation mode on the 160-ms
masker thresholds (F2,70¼ 886.3, p< 0.01) and MAL (F2,70¼ 554.6,
p< 0.01). The averaged masker threshold, or MAL, was the lowest
in monopolar stimulation, followed by an increase by about 12 dB
in bipolar stimulation, and followed by an additional 5 dB in tri-
polar stimulation. A similar difference in stimulationmodewas also
observed for the averaged 10-ms probe threshold (F2,10¼10.1,
p< 0.01) and MAL (F2,10¼11.5, p< 0.01). However, the averaged
dynamic range was not significantly different as a function of
stimulation mode for either the masker (8e9 dB: F2,70¼ 5.8,
p¼ 0.06) or the probe (8e10 dB: F2,10¼ 0.54, p¼ 0.59).

The spatial tuning curve was measured at each of the following
three probe levels: 5e10%, 15e20%, or 25e33% of the dynamic
range. The forward masker level required to mask the probe was
estimated using a 3IFC adaptive procedure, in which the forward
masker was presented in all three intervals and the probe was
presented in one of the three intervals, chosen at random. The
subject’s task was to choose the interval that contained the probe.
Trial-by-trial feedback regarding the correct response was
provided. The amplitude of the masker was initially set to a level
2e4 dB below the anticipated forward-masked threshold. A two-
up, one-down decision rule was used, with an initial step of 1 dB
for the first 4 reversals and 0.25 dB for the remaining reversals. A
run contained 50 trials or fewer if 12 reversals were achieved. The
mean of the final even number of reversals within the 50 trials, or 8
reversals when less than 50 trials were used, was taken as the



Fig. 2. Individual loudness growth (rows) as a function of logarithmic current level (x-axis) using three stimulation modes (columns) and three stimulation durations (symbols). The
data were fitted using a logarithmic function (see text for details).

Table 2
Threshold, maximal loudness level (MAL), and dynamic range for pulse trains used
in the psychophysical spatial tuning curve paradigm. All values were shown as
mean� SE and in dB re: 1 mA.

Threshold MAL Dynamic range

160-ms Masker
Monopolar 30.7� 0.27 39.8� 0.19 9.3� 0.22
Bipolar 43.7� 0.54 52.0� 0.48 8.3� 0.26
Tripolar 48.8� 0.75 57.8� 0.66 9.0� 0.10

10-ms Probe
Monopolar 32.1� 1.2 42.5� 0.54 10.3� 1.0
Bipolar 44.9� 2.9 53.0� 2.5 8.1� 1.8
Tripolar 49.9� 4.0 58.3� 3.2 8.3� 2.4
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forward masker level that just masked the probe. The reported
value of the forwardmasker level was averaged over 3e5 such runs.
2.4. Physiological spatial masking curve

Different from pulse trains used in the psychophysical spatial
tuning curve paradigm, the physiological spatial masking curve
paradigm used a single pulse for both masker and probe, thus
requiring independent measurements of thresholds and MALs.
Fig. 2 shows individual loudness growth as a function of current
level of the single pulse (circles). Compared with both long-
duration pulse-train stimuli, the single-pulse stimulus produced
significantly steeper loudness growth with a mean slope of 10.9
(SE¼ 1.1; t16¼ 2.3, p< 0.05). This slope difference in loudness



Table 3
Threshold, maximal loudness level (MAL), and dynamic range for a single pulse used
in the physiological ECAP paradigm. All values were shown as mean� SE and in dB
re: 1 mA.

Single-pulse masker or probe Threshold MAL Dynamic range

Monopolar 36.9� 0.20 43.4� 0.11 6.5� 0.21
Bipolar 50.5� 0.58 55.9� 0.44 5.4� 0.21
Tripolar 55.5� 0.91 60.1� 0.50 4.6� 0.44
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growth between pulse-train and single-pulse stimuli didn’t change
with the tail adjustment for S3 and will be used to help account for
variability of prediction of the spatial tuning curve from spatial
masking curve (see Discussion later).

Table 3 details the averaged threshold, MAL and dynamic range
values as a function of stimulation mode. Within-subjects
repeated-measures ANOVA showed a significant effect of stimula-
tion mode on all three behavioral measures (F2,10> 35.1, p< 0.01).
The average threshold was the lowest with monopolar stimulation,
increased by about 13 dB with bipolar stimulation, and by an
additional 5 dB with tripolar stimulation. Compared with the
threshold change as a function of stimulation mode, the average
MAL was increased at a shallower rate, resulting in a systematic
decrease in the average dynamic range from monopolar stimula-
tion to tripolar stimulation. Overall, this difference in loudness
growth between a pulse train and a single pulse reflects different
temporal integration between threshold and MAL measures
(Donaldson et al., 1997; Zeng et al., 1998).

A forward-masking subtraction paradigm was utilized to elim-
inate artifact and to record ECAP signals (Abbas et al., 2004; Abbas
et al., 1999; Brown et al., 2000; Cohen et al., 2003; de Sauvage et al.,
1983; Dillier et al., 2002). In this paradigm, both masker and probe
were a single biphasic pulse, with the masker preceding the probe
by 452.8 ms. The BEDCS used a 9-bit analog-to-digital converter that
had a pre-amplifier with 1000-dB gain and a 55-kHz sample rate.
ECAP was recorded from two electrodes (EL6 and E10) that were
located on each side of the active electrode (EL8). The case (IE1 in
Clarion II device and IE2 in HiRes90K device) was used as the
reference. The final reported ECAP value was the average from the
two recording electrodes, with each having 64 sweeps. To obtain
the physiological spatial masking curve at a fixed probe (i.e., EL8),
the ECAP amplitude was measured as a function of the masker
electrode from apex to base. The probe level was also fixed at 30%,
40%, 50%, or 60% of the dynamic range, while the masker level was
always presented at the MAL or 100% of the dynamic range.
Selection of these moderate probe levels and high masker level
reflected a compromise between noise floor and masking effects.
The reported spatial masking curve is the ECAP amplitude of the
probe alone minus the forward-masked ECAP amplitude. If there is
a significant overlap in excited neural population between the
forward masker and the probe, e.g., they were close to one another,
the spatial masking curve will reflect mostly the activity of the
probe alone; if there was a minimal overlap between the two, the
amplitude of the probe alone will be similar to the amplitude of the
forward-masked ECAP, resulting a near zero spatial masking curve
measure.
2.5. Data analysis

Following the definition and methods used by Nelson et al.
(2008), a linear model was used to fit the slope from both apical
and basal sides of the spatial tuning curve or masking curve. To
determine the range of apical or basal electrodes used for the linear
fit, the following two criteria had to be met: (1) The fit was
statistically significant (p< 0.05), and (2) The range either
produced the maximal R2 if R2� 0.90 or included the largest
number of electrodes if several ranges produced R2> 0.90. Q1dB,
defined as the bandwidth in terms of electrode distance that was
either 1 dB above the tuning tip or 1 dB below the masking peak,
was used as the measure of spatial selectivity.

One critical issue examined here was how to predict the
psychophysical spatial tuning curve from the physiological spatial
masking curve. Because psychophysical tuning curve is based on
both peripheral input and central processing, it is logical to assume
not only a correlation, but also more strongly a predictive trans-
formation, between psychophysical tuning and physiological
masking curves. Five different transformations including linear,
logarithmic, exponential, power, and linear-logarithmic functions,
were examined, with the linear-logarithmic transformation
producing the closest prediction (see Section 3.3.):

STC ¼ 100� A
SMCq � 1

q
þ B; (1)

where STC represents the predicted psychophysical spatial tuning
curve data and SMC represents the measured physiological spatial
masking data; A (scaling factor), B (DC factor), and q (0< q � 1,
nonlinear factor) are the three free parameters to be estimated by
minimizing the root-mean-square error between themeasured and
predicted psychophysical spatial tuning curve data. Eq. (1) is called
the linear-logarithmic function because it becomes a linear func-
tion when q¼ 1:

STC ¼ 100� AðSMC� 1Þ þ B; (2)

Eq. (1) becomes a logarithmic function when q approaches 0:

STC ¼ 100� A lnðSMCÞ þ B; (3)
3. Results

3.1. Psychophysical spatial tuning curves

Fig. 3 shows 54 raw spatial tuning curves plotting masker
level (dB re: 1 mA) as a function of masker electrode position,
with rows representing individual subjects and columns repre-
senting stimulation modes. The three different symbols represent
three different probe levels. The dotted vertical line represents
the probe position at EL8. Despite the variability in individuals
and stimulation modes, most spatial tuning curves exhibited a V
shape with a tip close to the probe position. A linear model was
used to fit spatial tuning curves at each of the 3 probe levels
(R2¼ 0.99� 0.03, range¼ 0.78e1.00, p< 0.05). The probe level
produced a significant effect on the mask level at the tuning tip
(F2,51¼5.8, p< 0.01), but no significant effects on the bandwidth,
slope, or tip position (F2,51�0.4, p> 0.7). This lack of the effect of
probe level suggests two things. First, different from the
nonlinear psychophysical spatial tuning curves in acoustic
hearing, spatial tuning curves in electric hearing are linear or
independent of the probe level. Second, the 3 spatial tuning
curves, once adjusted by the probe level, can be averaged to
reduce variability for further analysis of the other spatial tuning
curve parameters.

Fig. 4 shows such averaged spatial tuning curves over the three
probe levels (circles). The same linear model was used to fit the
average spatial tuning data (R2¼ 0.97� 0.03, p< 0.05), producing
a single “V-shaped” fit in 16 of 18 cases, except for 2 cases, both in
tripolar stimulation (S1 and S3), showing a “W-shaped” spatial



Fig. 3. Individual psychophysical spatial tuning curves plotting masker level as a function of masker electrode position. Rows represent individual subjects while columns represent
stimulation modes. Symbols represent different probe levels. The dotted vertical line represents the probe electrode position (EL8).
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tuning curve. To avoid over prediction of the narrowness of spatial
tuning curve with tripolar stimulation, the combined width from
the “W-shaped” tuning curve in these two subjects (S1 and S3) was
used for comparison.

Stimulationmode significantly affected the spatial tuning curve
bandwidth (F2,51¼3.6, p< 0.05). Post-hoc analysis showed that
monopolar stimulation had significantly wider spatial tuning
curve width (2.6� 0.6 EL) than bipolar stimulation (1.1�0.4 EL;
t5¼ 2.7, p< 0.05) or tripolar stimulation (1.8� 0.5 EL; t5¼ 3.1,
p< 0.05). However, there was no significant difference in spatial
tuning curve width between bipolar and tripolar stimulation
(t5¼1.2, p> 0.05).
3.2. Physiological spatial masking curves

Fig. 5 shows 68 raw spatial masking curves plotting ECAP
amplitude (mV) measured at a fixed-level probe (EL8) as a function
of masker electrode position, with rows representing individual
subjects and columns representing stimulation modes. The tripolar
data in S6 could not be collected because the current amplitude
exceeded the compliance limit. The four different symbols repre-
sent four different probe levels. The dotted vertical line represents
the probe position at EL8. There is a great deal of individual vari-
ability in addition to variability in stimulation mode. Many spatial
masking curves exhibited a peaky patternwith the peak close to the



Fig. 4. Individual averaged spatial tuning curves (open circles) and their best fit using a linear function (solid lines). The range of the solid lines represents the electrode range used
to produce the highest R2 value (accounting for the most variance). The solid red symbol shows the tip position of the fitted tuning curve. The horizontal dashed line represents the
Q1dB width of the fitted tuning curve. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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probe position (e.g., S2 monopolar, S6 bipolar, and S4 tripolar), but
the spatial masking curve could either be flat (e.g., S1 monopolar)
or exhibit multiple peaks (e.g., S1, S2, and S3 bipolar, S1 and S3
tripolar). Except for a few cases (e.g., S2 and S3 monopolar) where
the spatial masking curve increases with probe level, most cases
show no clear effect of the probe level or even decreasing spatial
masking curve with probe level (e.g., S3, S4 and S6 monopolar, and
S2 tripolar). The same linear model was used to fit spatial masking
curves at each of the 4 probe levels (R2¼ 0.94� 0.1,
range¼ 0.66e1.00, p< 0.05). The probe level did not produce any
significant effect on the mask level at the tuning tip, nor did it on
the bandwidth, slope, or tip position (F3,64� 0.3, p> 0.7). Again, the
lack of probe level effect suggests that the 4 spatial masking curves
be averaged to reduce variability.

Fig. 6 shows the averaged spatial masking curves over the four
probe levels (circles). Overall, 12 of the 17 spatial masking curves
can be fitted reasonably well by a single linear model, while the
remaining 5 require two linear models (S1 all three modes, S3 bi-
and tripolar modes).

Similar to the psychophysical spatial tuning curve finding, stim-
ulation mode significantly affected the spatial masking curve width
(F2,65¼ 5.2, p< 0.01). Post-hoc analysis showed that monopolar
stimulation had significantly wider spatial masking curve width
(3.1�0.9 EL) than bipolar stimulation (1.5� 0.8 EL; t5¼ 2.7, p< 0.05)



Fig. 5. Individual physiological spatial masking curves plotting electrically-evoked compound action potential (ECAP) amplitude as a function of masker electrode position. Rows
represent individual subjects while columns represent stimulation modes. Symbols represent different probe levels. The dotted vertical line represent the probe electrode position.

Z. Zhu et al. / Hearing Research 283 (2012) 45e5852
and tripolar stimulation (1.0� 0.4 EL; t4¼ 3.9, p< 0.05). However,
there was no significant difference in spatial tuning curve width
between bipolar and tripolar stimulation (t4¼1.2, p> 0.05).

3.3. Prediction of spatial tuning curves from spatial masking curves

Fig. 7 contrasts the predicted spatial tuning curves (solid lines)
against the measured spatial tuning curves (open circles, re-plotted
from Fig. 4). Spatial masking data were selected from a subset of
electrodes as determined by the linear model in the spatial tuning
curves (Fig. 4). These spatial masking data were then subject to
a linear-logarithmic transformation (Eq. (1)) with its parameters
individually adjusted to best fit the psychophysical tuning data from
the same subset of electrodes (mean R2¼ 0.75; range¼ 0.46e0.97).
The top panel of Fig. 8 shows correlation between the
measured spatial tuning and masking curve widths, as derived by
the linear model from Figs. 4 and 6, respectively (r¼ 0.75,
slope¼ 0.48; p< 0.001). Despite highly significant correlation, the
shallow slope of the regression function indicates that the
measured physiological masking width significantly over-
estimated the actual psychophysical tuning width at small
values (<2 electrodes) but under-estimated the width at larger
values. The bottom panel of Fig. 8 shows that the linear-
logarithmic transformation of the spatial masking curve not only
improved the correlation co-efficient to 0.89, but more impor-
tantly increased the regression slope from 0.48 to 0.73, alleviating
the over- and under-estimation problem with the raw physio-
logical masking data.



Fig. 6. Individual averaged spatial masking curves (open circles) and their best fit using a linear function (solid lines). The range of the solid lines represents the electrode range
used to produced the highest R2 value. The solid red symbol shows the peak position of the fitted tuning curve. The horizontal dashed line represents the Q1dB width of the fitted
spatial masking curve. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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4. Discussion

The present study showed that, under controlled experimental
conditions using the same subjects, similar procedures, similar
stimuli, and controlling loudness and dynamic range, focused
stimulation with either bipolar or tripolar mode produced signifi-
cantly narrower spatial activity than monopolar stimulation.
However, there is no significant difference between bipolar and
tripolar modes. This conclusion is supported by both psychophys-
ical and physiological data. A linear function was used to satisfac-
torily model the observed psychophysical spatial tuning curves
and physiological spatial masking curves. Further application of
a linear-logarithmic transformation of the physiological data can
accurately predict the width of the individual psychophysical
spatial tuning curves. Relations to previous studies and implica-
tions on underlying physiological mechanisms and clinical appli-
cations are discussed below.

4.1. Comparison with previous studies

Psychophysical spatial selectivity has been measured using
either a fixed-level forward masker paradigm (Boex et al., 2003;
Chatterjee et al., 2006; Cohen et al., 2001; Kwon and van den
Honert, 2006; Shannon, 1983; Throckmorton and Collins, 1999) or



Fig. 7. Actual (open circles) and predicted (solid lines) psychophysical spatial tuning data by a linear-logarithmic transformation (Eq. (1) in the text) of the selected ECAP spatial
masking data. The selected ECAP range was determined a subset of electrodes that best described the tip of the psychophysical tuning curve in Fig. 4.
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a fixed-probe forward-masking paradigm (Bierer and Faulkner,
2010; Nelson et al., 2008). Generally speaking, the forward-
masked excitation pattern measured by the first paradigm
showed a relatively linear growth of masking function, a relatively
small difference in the width of the excitation pattern between
monopolar and bipolar stimulations, and double peaks, if the two
poles in the bipolar modewerewidely spaced and actually behaved
like two monopoles. On the other hand, two previous studies and
the current study using the second paradigm showed consistently
broader spatial selectivity with monopolar mode than either
bipolar or tripolar modes. They also show a shifted tip position or
multiple tips of the spatial tuning curve, particularly under focused
stimulation. These differences are likely reflective of a relatively
high forwardmasker level used in the first paradigm that generates
a broad excitation to “smooth” or mask any localized differences in
nerve survival near the probe position. We shall return to this point
in the next section discussing the underlying physiological
mechanisms.

The present physiological spatial masking curve data are
consistent with previous physiological studies (Abbas et al., 2004;
Cohen et al., 2003; Eisen and Franck, 2005; Hughes and Stille,
2010). Similar to previous studies that measured both psycho-
physical and physiological spatial selectivity (Cohen et al., 2003;
Hughes and Stille, 2008), the present study also found a signifi-
cant correlation between the two measures. Note, however, that
both previous and present studies were limited in their abilities to



Fig. 8. Correlations between psychophysical and physiological spatial selectivity
measures (solid circles represent monopolar data, inverted triangles represent bipolar
data, and solid squares represent tripolar data). The top panel shows correlation
between spatial tuning curve width (from Fig. 4) versus spatial masking curve width
(from Fig. 6). The bottom panel shows correlation with predicted spatial tuning curve
width by nonlinearly transforming the ECAP masking data (from Fig. 7). The dashed
diagonal line represents perfect prediction of the psychophysical tuning width from
the physiological data.
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accurately estimate the tuning width when the tuning was sharp,
particularly in bipolar and tripolar stimulation where data from 3
electrodes are used (e.g., Fig. 4: S2, S3 and S4 bipolar modes, S2, S4
and S6 tripolar modes; Fig. 6: S5 and S6 bipolar modes, S4 and S5
tripolar modes). In these cases, the tuning was effectively limited to
two adjacent electrodes, a design limitation in the current cochlear
implants.
4.2. Physiological mechanisms

First, the implication for the present data is addressed at
a phenomenological level. In a normal auditory system, which is
highly nonlinear, the iso-intensity and iso-response curves are not
simply reversed images of one another (e.g., Ruggero, 1992). In
a cochlear implant, the electric field is linear but the electrode-to-
neuron interface and the central processes are not (Tang et al.,
2011). The nonlinear neural-to-central transformation can be
modeled by a linear-logarithmic function, with an average
compression ratio (q¼ 0.54 in Eq. (1)) between a linear and a log-
arithmic function. This nonlinear transformation is likely to be
related to the loudness growth difference between the pulse trains
used in spatial tuning curves and the single pulses used in spatial
masking curves. A modest correlation was found to account for
roughly half of the variance between the slope difference of these
two loudness growth functions (Fig. 2) and the degree of
compression in the linear-logarithmic function used to best fit the
STC data from the SMC data (r¼ 0.69, p¼ 0.05). The remaining
variance might be explained by the central expansion process that
converts a peripheral input into a central output (Zeng and
Shannon, 1994).

Second, the overall cochlear-implant spatial selectivity must be
determined by both peripheral and central factors related
anatomical and physiological differences. The spatial tuning curve
measure is likely to include both factors. However the spatial
masking curve measure is likely to reflect peripheral irregularities,
including different current spread and tissue impedance in the
cochlea (Somdas et al., 2007; Vanpoucke et al., 2004), cochlear
electrode placement and distance to the neurons (Finley et al.,
2008; Ketten et al., 1998; Wardrop et al., 2005), and survival
patterns of the degenerated neurons (Nadol et al., 2001; Spoendlin,
1984; Terayama et al., 1979). There has been well-established
evidence for relating shifted or split tuning curve tip to dead
region or poor nerve survival near the probe (e.g., Goldwyn et al.,
2010; Moore and Alcantara, 2001).

Fig. 9 demonstrates schematically how a dead region produces
shifted and split excitation patterns under focused stimulation. In
cases of good and uniform nerve survival (top row), the neural
responses (curves) simply reflects the broad electric field with
monopolar stimulation (the shaded area in the left panel) or the
narrow electric field with focused stimulation such as bipolar and
tripolar mode (the relatively narrower shaded area in the right
panel). In cases of poor nerve survival (bottom two rows), the broad
stimulation can still excite a large number of residual neurons,
showing perhaps an overall reduction, but with no shift or split in
excitation pattern. However, the focused stimulation would
produce a shifted excitation pattern if it mostly excites residual
neurons on one side (left-middle panel) or an excitation pattern
with split peaks if it excites residual neurons on both sides of the
dead region.

4.3. Clinical applications

This section discusses how this improved understanding of
cochlear-implant spatial selectivity can help account for clinical
results and develop new clinical tools. First, it is clear that focused
stimulation is not necessarily a good thing for all cochlear-implant
users or all electrode locations in an individual user. If a user has
one or multiple dead regions due to irregular nerve survival
patterns, focused stimulation will likely produce mismatched or
overlapping frequency-to-place maps as a result of shifted or split
excitation patterns. Such mismatches and overlaps will likely
degrade speech performance (e.g., Shannon et al., 1998), which
probably explains the lack of performance benefits observed in
studies using focused stimulation (Donaldson et al., 2011; Hughes
and Stille, 2008; Mens and Berenstein, 2005; Pfingst et al., 2001).
In other words, the mismatching and overlapping frequency-to-
place maps will likely wipe out any potential benefit of increased
spatial selectivity with focused stimulation because essentially all
implant users will have some degrees of nerve degeneration. This
tradeoff can also explain the apparent discrepancy between the



Fig. 9. Schematic excitation patterns of broad (left column) and focused (right column) electric stimulation (shaded area) and its interactions with nerve survival patterns (row
1¼ good survival; rows 2 and 3¼ poor survival). See text for details.
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human implant data and the animal implant data showing
uniformly increased spatial selectivity with focused stimulation
because the animals studied were acutely deafened and likely to
have good nerve survival (e.g., Bierer and Middlebrooks, 2002).

On the other hand, identification of shifted or split excitation
patterns could potentially solve this tradeoff problemwith focused
stimulation. Imagine a custom fitting system where spatial selec-
tivity is measured using focused stimulation in all electrode posi-
tion and different stimulation modes are employed dependent
upon the status of nerve survival. In cochlear regions with good
nerve survival, focused stimulation can be employed to take
advantage of increased spatial selectivity; whereas in regions with
poor nerve survival, focused stimulation can be either adjusted to
a new place or avoided altogether using broad stimulation.
Cochlear-implant performance may be improved under this type of
custom fitting, but, unfortunately, no commercially available
devices currently support this multi-mode stimulation.

The successful prediction of the psychophysical spatial tuning
curve by the physiological spatial masking curve is of high clinical
significance. First, the psychophysical test is much longer and
potentially less reliable than the physiological test. It would take
longer than 200 min (4 min per run� 3 runs� 16 electrodeþ rest
time to avoid fatigue) to obtain a single spatial tuning curve, while
shorter than 20 min to obtain a comparable spatial masking curve
(1 min for 64 automatic sweeps per electrode� 16 electrodesþ no
rest time needed). Second, as the minimum age for implantation
continues to decrease while the inclusion criteria continue to
expand, the psychophysical test may be challenging or even
impossible for the pediatric and expanded populations. The
objective physiological measure is relatively reliable, fast and
requires no subjective responses, which makes it useful to not only
predict threshold and maximal loudness, but also spatial selectivity
in cochlear implants (e.g., Eisen and Franck, 2004; Gartner et al.,
2010). Combining these physiological measures could allow effi-
cient and effective fitting of the cochlear implant and improve its
overall performance.
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