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Effects of phase duration on detection of electrical stimulation
of the human cochlea
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Detection thresholds for biphasic symmetric pulses were measured in fourteen human subjects implanted with the Cochlear Corporation
Nucleus 22 Implant. The effects of phase duration on thresholds were studied using single pulses, and 500 ms pulse trains at 100 pps.
Psychophysical detection thresholds decreased as a function of phase duration with a change in slope at approximately 0.5 ms/phase. Mean
single-pulse and pulse-train slopes were —3.60 and —4.25 dB/doubling of phase duration for pulse durations of less than about 0.5 ms/phase.
For pulse durations greater than 0.5 ms/phase, mean slopes were —5.71 and —7.54 dB /doubling for single pulses and pulse trains, respectively.
Thresholds for pulse trains decreased as a function of stimulus duration for durations up to at least 300 ms, with the rate of decréease being
dependent on the phase duration of the pulse. Effects of stimulus duration were greater for longer phase duration signals. We hypothesize that
the longer phase duration pulses activate multipie spikes in a single fiber and /or more effective patterns of spikes across fibers, which may
explain why slopes of psychophysical threshold functions are steeper than those of functions for single auditory nerve fibers for longer duration
pulses. Thresholds were compared to respective speech perception scores (CID sentences) since thresholds for long phase duration signals have
been shown previously to be correlated with nerve survival patterns, and nerve survival patterns may affect speech perception. Correlation

coefficients ranged from —0.59 to —0.81, depending on stimulus parameters and subject selection.
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Introduction

Electrical stimulation of the cochlea, via electrodes
implanted in the scala tympani, produces sensations of
sound, and the auditory information transmitted by
such stimulations is sufficient to support prosthetic
devices for the deaf. Over 3,000 profoundly deaf indi-
viduals currently use these cochlear prosthetic devices,
but the quality of information received, as indicated,
for example, by speech perception performance, varies
widely from subject to subject (Gantz et al., 1988).
Recently, significant improvements in speech percep-
tion scores have been achieved by alterations in proces-
sor design (Wilson et al., 1991). We assume that ideal
design and calibration of these prosthetic devices would
be facilitated by a better understanding of the neural
mechanisms underlying detection and discrimination of
the electrical stimuli. While those mechanisms are un-
derstood in general terms, many specifics, such as the
exact pattern of neural activity required for detection
of electrical stimulation, are not known. The study
reported here is one of a series of investigations of the
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stimulus features important for detection of electrical
stimulation of the deaf ear.

One question to be asked in these studies is to what
extent the psychophysical detection of electrical stimuli
can be accounted for by known properties of electri-
cally stimulated nerve. Physiological studies have shown
that phase duration of electrical signals is-an important
variable determining the current level sufficient to
elicit neural action potentials (Hill, 1936; Franken-
haeuser and Huxley, 1964). Phase duration is the dura-
tion of each half cycle of the stimulus in which the
current affecting the neurons is in one phase (positive
or negative) and in which the neural membrane inte-
grates charge over time until the threshold for dis-
charge is reached. This study begins with determina-
tion of detection thresholds as a function of phase
duration for single, biphasic, charge balanced pulses.

Single pulses are used for the initial experiment
because they represent a relatively simple case for
determining the effects of phase duration. Previous
studies in humans and animals have shown that stimu-
lus features other than phase duration, particularly
pulse rate (Shannon, 1985; Pfingst and Morris, 1992)
and stimulus duration (Shannon, 1989; Pfingst et al.,
1991; Pfingst and Morris, 1992) have significant effects
on detection thresholds, and that these variables can
interact with phase duration. Thus, detection of sinu-



soids and pulse trains is influenced by a combination of
stimulus features. In subsequent experiments in this
study, effects of these additional stimulus features are
studied in conjunction with phase duration.

These studies were conducted using a population of
human subjects with Nucleus 22 Cochlear Prostheses
(Clark et al., 1987; Skinner, 1991). In these subjects,
pulsatile stimuli are generated by implanted re-
ceiver /stimulator modules that drive electrodes placed
in the scala tympani. For safety reasons, all stimuli are
charge balanced biphasic pulses. The pulses have a
unique characteristic waveform, which is described in
the Methods section.

Previous studies in animals have shown that individ-
ual differences in thresholds across subjects are corre-
lated with differences in nerve-survival patterns (Pfingst
et al., 1985), although the mechanisms underlying these
correlations are unknown. It has long been assumed
that individual differences in more complex functions
such as speech perception with cochlear implants are
also due, in part, to differences in nerve-survival pat-
terns across patients. These two considerations lead to
the hypothesis that speech perception differences
across subjects will be correlated with differences in
detection thresholds. Previous studies using sinusoidal
stimuli have shown that the best correlations between
nerve-survival patterns and thresholds occur for thresh-
olds measured using low frequency signals (around 100
Hz). Subjects with the best nerve-survival patterns have
lower thresholds at 100 Hz, and threshold vs frequency
functions with steeper slopes, than subjects with poorer
nerve survival. Whether these differences in shape of
the threshold functions are related to phase duration,
rate, or a combination of stimulus features, has not
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been determined. Attempts to use thresholds to pre-
dict performance with cochlear implants have met with
varying degrees of success (Kileny et al., 1991; Kuk et
al., 1990; Blamey et al., 1992). In the experiments
reported here we examined the relationship between
single pulse and pulse train detection thresholds and
speech perception test scores.

Methods

Subjects and equipment

Data were collected from fourteen postlingually
profoundly deaf human subjects who had been im-
planted with the Cochlear Corporation Nucleus 22
Cochlear Implant System. Details about the subjects
are given in Table 1. The Nucleus prosthesis consisted
of an electrode array that was surgically implanted in
the scala tympani via the round window. There were 22
electrodes in the array with adjacent electrodes sepa-
rated by 0.75 mm center to center. The electrodes were
labelled 1-22, starting at the basal end of the array.
The electrodes were driven by a receiver /stimulator
implanted in the temporal bone. The receiver /stimula-
tor was powered and programmed by a radio-frequency
signal from a transmitter coil that was aligned and
retained over the receiver/stimulator magnetically.
Signals were sent to the transmitter coil from a
Cochlear Corporation Dual Processor Interface (DPI)
containing a Mini Speech Processor (MSP). The DPI
was controlled by an IBM PC, fitted with Cochlear
Corporation IF3 and IF4 boards, using the Nucleus
Voice Input Promontory Stimulator (VIPS) software.

Temporal parameters of the stimuli were checked

Subjects listed in order of descending threshold level for 96 usec/phase single pulse stimuli (as shown in table 1)

Subject Sex Age Tinnitus Duration of Duration of “lectrodes
D profound prosthesis use used for
deafness prior prior to these threshold
to implantation experiments testing
{years} {months)
MC F 78 N 4 10 14-16
BT M 60) Y 8 32 15-17
GE F 49 Y 42 S5 12-14
MO M 66 Y 46 45 14-16
MKe M 67 N 5 12 7- 9
CcT M 61 Y 29 13 14-16
RH M 58 Y 3 17 12-14
MD F 68 Y i 17 12-14
BC M 48 Y 2 50 10-12
HP M 50 Y 19 28 12-14
MKl F 40 Y 4 23 10-12
EW F 67 Y 1 7 14-16
KF F 43 N 1 4 810
PD M 32 N 1 10 10-12
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by monitoring the output of a VIPS receiver /stimula-
tor, which was an external hardware device similar to
the implanted receiver/stimulator. The VIPS re-
ceiver /stimulator was driven by the same hardware
and software used to control the subjects’ implanted
receiver /stimulators. During calibration sessions, the
temperature of the VIPS receiver /stimulator was held
constant at 38°C by a heating pad. Voltage across a 1|
k{2 load at the output of the VIPS receiver /stimulator
was monitored using a Tektronix 2230 digital storage
oscilloscope.

Psychophysical procedures

Two different audiologic test procedures were used
to obtain thresholds: a method of adjustment and a
modified Hughson-Westlake (method of limits) proce-
dure.

In the method of adjustment, subjects were in-
structed to set a current level control knob to a point at
which they could definitely recognize a stimulus and
then lower the level to the point at which the stimulus
was barely audible. Subjects with chronic tinnitus were
instructed to set the current to a level that made the
stimulus barely audible over the tinnitus. All subjects
were familiar with setting detection levels by this
method because it was the procedure routinely used
for clinical calibration of processors. Although the
method of adjustment was the quicker method to set
detection level, its use was restricted by the VIPS
software to 500 ms pulse trains. Presentation rate was
once every 1 s. The control knob was set to allow the
current to be adjusted in increments of one current
level unit (about (.16 dB on average, as detailed below)
with a small change in the knob.

The modified Hughson-Westlake method (Carhart
and Jerger, 1959), a standard audiological procedure,

was used to obtain thresholds for stimuli less than 500
ms in duration as well as some 500 ms pulse-train
thresholds for comparison to thresholds obtained using
the method of adjustment. In this procedure, the ex-
perimenter controlled the presentation of test signals.
Subjects were asked to acknowledge detection of an
audible signal by raising their hand or finger. Presenta-
tion rate was determined arbitrarily by the experi-
menter but was not more than once every 1 s or less
than once every 5 s. The experimenter increased the
level of current in five current-level steps until the
subject could hear three consecutive signals then de-
creased the current to an inaudible level. Current was
then increased by single unit steps until the subject
could hear three consecutive signals. The threshold
was calculated by subtracting three current level units
from the final setting.

For both procedures, the stimulus was begun at the
lowest current level setting, which ranged between 20
and 24 uA peak depending on the particular im-
planted receiver /stimulator being used. Stimuli of dif-
ferent phase durations or stimulus durations were pre-
sented in random order, and all stimuli in the series
were run before starting a new random series. Five
series were run so that five detection levels for each
different stimulus were recorded. The mean threshold
was calculated for each of the stimuli.

Stimulus description studies

Subjects were asked to describe the stimuli to which
they were responding. For this purpose, single pulse
and 100 pps 500 ms pulse train stimuli were presented
at short and long phase durations: 96 and 768 or 1536
us/phase. Interstimulus interval was 500 ms. All sig-
nals were presented at the previously determined
threshold levels. Subjects were first asked to describe

|
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Fig. 1. Plot of a typical pulse produced by the Nucleus VIPS receiver /stimulator. Phase duration was set at 24 us/phase and amplitude was

adjusted to about 1 mA peak. Voltage was measured across a 1 k{2 resistor at the output of the VIPS stimulator. Small-amplitude

radio-frequency noise can be seen preceding and during each phase of the pulse. Due to the relatively low sampling rate of the oscilloscope, atl
frequencies generated in this high frequency noise are not represented in the plot.



their perceptions and then were asked if the stimuli
were heard or felt.

Speech tests

CID Everyday Sentences were used to evaluate the
subjects’ auditory-alone speech recognition. Test stim-
uli were presented to subjects via a loud speaker at
their most comfortable listening level (MCL) while
they were seated in a sound-attenuated chamber. Sub-
jects wore their processors in a normal fashion. MCL
was set by adjusting the level of a sample sentence.
The test consisted of 20 taped sentences containing 100
key words administered in an open-set manner. Sub-
jects were asked to write whatever words they could
recognize following presentation of each sentence. A
percentage-correct score was derived from the key
words in the test.

Stimuli and experimental design

Symmetric biphasic rectangular pulses were used in
all experiments. The initial phase to the more basal
electrode was always negative. Pulse durations ranged
from 12 to 4344 us /phase. However, since the limits of
the current deliverable by the implanted receiver/
stimulators ranged from a minimum of 20-24 u A peak
to a maximum of 1.5-1.8 mA peak, not all subjects
could be tested at all pulse widths.

A typical pulse is illustrated in Fig. 1. There were
three special features characteristic of all pulses. First,
there was an overshoot at the beginning of each phase
in the pulse that was independent of the pulse duration
or amplitude. With a 1 k£ load on the VIPS re-
ceiver /stimulator the amplitude of this overshoot was
measured at 2.7 mA, and had a duration of less than 1
ws. Second, high frequency noise bursts from the trans-
mitter occurred before and during each pulse. Third,
there was a 40 us gap between negative and positive
phases of the pulse.

Current level was controlled by the VIPS software.
There were 238 usable current levels. The current at
each level was determined by Cochlear Corporation
prior to implantation of each receiver /stimulator. Cali-
bration tables from Cochlear Corporation were used to
translate the stimulus level units to microamperes. The
step size in dB of current was variable from step to
step but the average step size was about 0.16 dB, and
at least 95% of step sizes were less than 0.45 dB.

The electrode pairs used for threshold testing are
given in Table I. These pairs were determined by
selecting an electrode pair that displayed a typical
dynamic range in the array and that was not closer
than 5 electrodes basally or apically to the ends of the
array. All pulse thresholds were measured at a bipolar
+ 1 (BP + 1) configuration. In the BP + 1 mode, one
inactive electrode separated the two stimulated elec-
trodes, so the separation between the two stimulated
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electrodes was 1.5 mm center to center. Speech per-
ception tests were conducted at the subjects’ normal
electrode configuration, which was BP + 1 for all sub-
jects except subject RH whose normal spacing was
bipolar + 2 (BP + 2). In BP + 2, the stimulated elec-
trodes were separated by 2.25 mm center to center.
Subjects utilized the Multi-Peak encoding strategy
(Skinner et al., 1991) during the speech perception
tests.

Experiment 1 used single pulses, i.e. subjects were
asked to detect a single, biphasic pulse on each trial.
The modified Hughson-Westlake procedure was used
for all of the subjects.

In Experiment 2, subjects were asked to detect pulse
trains. Pulse train parameters used were 500 ms stimu-
lus duration at 100 pps. The method of adjustment was
the primary psychophysical procedure used. During
Experiments 1 and 2, subjects were asked to describe
their perceptions of the single pulses and pulse trains.

Experiment 3 focused on effects of stimulus dura-
tion and used pulse trains with a discrete number of
pulses ranging from 1 to 30 pulses. Two phase dura-
tions were used: 96 and 1536 us/phase.

In Experiment 4, thresholds for 500 ms pulse trains
at 100 pps were measured using the method of adjust-
ment and the modified Hughson-Westlake procedure,
alternately in the same session.

Speech perception was tested as part of the subject’s
clinical evaluation. Subjects were tested approximately
twice every year. The most recent scores available were
used for comparisons to thresholds in this study.

Results
Effects of phase duration

Single pulses

Threshold vs phase duration functions for single
pulse signals for the fourteen subjects are shown in Fig.
2. The longest pulse duration at which we could test all
subjects was 768 us/phase. For that stimulus, thresh-
olds covered a 21 dB range across subjects from —27.13
to —6.05 dB re 1 mA peak (44 to 498 p A peak) (See
Table IT). The majority of subjects’ thresholds (exclud-
ing the two subjects with the highest and lowest thresh-
olds) fell within an 8 dB range at this pulse duration.
The shortest pulse duration at which we could test all
subjects was 96 us/phase. Thresholds for 96 us/phase
pulses covered a 13 dB range from —11.68 dB and
+1.37 dB re 1 mA peak (about 261 to 1171 g A peak).

Reliability of threshold measurements was deter-
mined by examining individual subjects’ standard devi-
ations over five threshold measurements for each phase
duration. The mean standard deviation across all sub-
jects for all single pulse stimuli was 0.50 dB. In 71 cases
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Fig. 2. Psychophysical detection threshoids plotted as a function of

phase duration for single pulse stimuli for 14 subjects. Each data

point gives the mean of five repeated threshold measurements. See

Tables I and 1I for individual subject identification. The bold line

(lower left) illustrates a slope of —6 dB/doubling of phase duration,
indicating constant charge.

(73%), standard deviation was less than 0.50 dB. One
subject MKe had particularly high standard deviations,
averaging 1.88 dB. Excluding data for this individual,
the mean standard deviation for the remaining subjects
was 0.37 dB.

The threshold vs phase duration functions had nega-
tive slopes with slopes becoming steeper for phase
durations longer than 0.5 ms (See Table III). At pulse
durations of less than 0.5 ms/phase, the mean slope
was —3.60 dB/ doubling of phase duration while for
longer pulse durations, mean slope was —5.71
dB/doubling. A paired-samples f-test run on columns

TABLE III

TABLE I

Single pulse and pulse train detection thresholds in dB re 1 mA peak
for two of the pulse durations tested. Subjects are listed in order of
decreasing threshold for single pulses at 96 us/phase

Subject 96 us/phase 768 us/phase

single pulse single pulse

pulses trains pulses trains
MC +1.37 -1.77 - 6.05 -10.97
BT -1.75 -2.75 —13.81 —18.71
GE -3.30 —4.25 —11.84 - 15.64
MO ~-4.35 -6.32 —14.98 - 21.05
MKe -5.00 -4.97 —15.63 -16.37
CT -5.03 -6.88 —18.06 ~23.45
RH -5.32 -4.79 - 14.13 —14.11
MD -5.34 —5.98 —15.26 - 19.95
BC —-5.94 —6.64 - 16.02 ~22.36
HP —-8.47 -9.25 —20.33 —20.61
MK1 —8.54 -9.22 —20.63 ~21.03
EwW —8.54 ~9.92 —18.79 —-23.02
KF —8.78 -9.84 -21.71 —23.93
PD —11.68 —14.57 -27.13 —-29.37

A and B in Table III allowed us to reject the null
hypothesis of no difference in slopes of the functions
for the long vs short duration pulses (t = 4.43, df = 12,
p = 0.001).

The shapes of the threshold vs phase duration func-
tions varied slightly from subject to subject. Of 13 cases
where we could measure slopes for pulses greater than
768 us/phase, 9 (69%) showed slope (absolute value)
increases of greater than 1 dB/doubling as phase
duration increased above 0.5 ms/phase (see Table III,
column 6). The remaining 4 cases (31%) showed only
minor increases or decreases in slope. The point on the

Slopes in dB/doubling of phase duration of threshold functions shown in Figs. 2 and 4. Subjects are listed in same order as in Table II

Single pulses Pulse trains A-B C-D A-C B-D
A B C D
(us/phase) 12-384 768-4344 12-384 768-4344
Subject
MC —2.63 ~5.92 -5.92 —5.89 3.29 —-0.03 3.29 —0.03
BT —-3.62 —-4.77 -7.26 —-7.49 1.15 0.23 3.64 2.72
GE -327 —-5.64 -3.33 -7.36 2.37 4.03 0.06 1.72
MO -3.67 —6.81 —4.10 -6.95 3.14 2.85 0.43 0.14
MKe —3.00 —6.81 —2.41 -7.70 3.81 5.29 -0.59 (.89
CT —-3.65 —8.81 —4.34 5.16 0.69
RH —-3.49 —-3.16 —-3.28 ~7.73 -0.33 4.45 -0.21 4.57
MD —-3.28 -6.11 —3.78 —-8.98 2.83 5.20 0.50 2.87
BC —-3.29 —7.69 —-3.48 —9.78 4.40 6.30 0.19 2.09
HP —-4.19 —6.48 —4.63 2.29 0.44
MK1 -3.77 —4.16 -3.72 —5.05 0.39 1.33 —-0.05 0.89
EW —-3.38 —3.61 —3.69 -9.12 0.23 543 0.31 5.51
KF —4.33 —4.25 —-4.72 —6.85 —0.08 213 0.39 2.60
PD —4.85 —4.86 0.01
Mean —3.60 —-5.71 —4.25 —-7.54 2.20 3.38 0.65 2.18




threshold vs phase duration function where slope in-
creased varied slightly from subject to subject. In 7
cases, there was an increase in slope starting at 384
us/phase. Four cases showed the first increase in
slope at 768 us/phase. Several cases showed an initial
increase in slope at 384 us/phase and additional in-
creases at higher phase durations.

The data from Fig. 2 are replotted in Fig. 3 showing
total charge per phase at threshold as a function of
phase duration. Maximum charge ranged from about
33 to 392 nC/phase. Charge per phase at threshold
increased as a function of phase duration up to a peak
at between 768 and 4344 us/phase and then, in most
cases, decreased with further increases in phase dura-
tion, The inflection points in these curves, where slopes
change from positive to negative, indicate the phase
durations at which the slope of the threshold current vs
phase duration functions change from a slope of less
than 6 dB per doubling of phase duration to more than
6 dB /doubling. When the slope is less than 6 dB/dou-
bling, thc system is acting as a leaky integrator, imper-
fectly integrating current over the length of the pulse,
so more charge is required for longer pulses. When the
slope of the threshold vs phase duration function ex-
cceds 6 dB of current per doubling of phase duration,
less charge is needed to reach threshold for longer
pulses than for shorter pulses.

Pulse trains

Fig. 4 shows threshold vs phase duration functions
for 500 ms pulse trains at 100 pps. For most subjects,
thresholds for pulse trains were lower than those for
single pulses. The difference between the threshold
levels for single pulses and pulse trains generally in-
creased as a function of phase duration. Data for two
phase durations are shown in Table I1. For 96 us/phase
pulses, thresholds for pulse trains were an average of
1.18 dB lower than those for single pulses. A paired-

400
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Fig. 3. Threshold data from Fig. 2 replotted in units of charge per
phase.
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Fig. 4. Psychophysical detection thresholds plotted as a function of
phase duration for pulse train stimuli. Subjects were the same as in
Fig. 2. Stimuli were 500 ms in duration at 100 pps. The bold line
(lower left) illustrates a slope of —6 dB/doubling of phase duration.

samples f-test indicated that this difference was signifi-
cantly different from zero (t = 4.36, df = 13, p = 0.001).
For 768 us/phase pulses, the difference in threshold
between single pulses and pulse trains averaged 3.30
dB (t = 5.44, df = 13, P < 0.001).

Standard deviations of repeated threshold measure-
ments for pulse trains were slightly larger than those
for single pulses. The mean standard deviation across
all subjects for all stimuli in Experiment 2 was 0.62 dB.
One subject, MKe, had mean standard deviations
greater than 1 dB. With data for MKe removed, mean
standard deviation across subjects was 0.46 dB.

Threshold vs phase duration functions for pulse
trains exhibited slightly greater negative slopes than
those for single pulses (Table I11). Slopes of threshold
vs phase duration functions were compared for pulses
less than 0.5 ms/phase (Table III columns A and C,
and for pulses greater than 0.5 ms/phase (Table 111,
columns B and D) using paired-samples f-tests, For the
shorter phase duration pulses the differences in slopes
between the functions for single pulse and those for
pulse trains was small, averaging 0.65 dB /doubling and
we were not able to reject the null hypothesis that this
difference was significantly different from zero {t=
1.96, df =13, p=10.071). For the longer pulses the
differences were larger, averaging 2.28 dB/doubling
and were significantly different from zero (t =4.15,
df = 10, p = 0.002).

Similar to the single pulse threshold functions,
threshold vs phase duration functions for pulse trains
exhibited a change in slope at around 0.5 ms/phase in
most cases. For phase durations shorter than 0.5 ms,
the mean function slope was —4.25 dB/doubling. The
mean slope for longer durations was —7.54 dB/dou-
bling. Comparison of the slopes for pulses less than 0.5
ms/phase with those for pulses greater than 0.5
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ms/phase(Table III, columns C and D) using a
paired-samples ¢-test showed that the slope differences
were significantly different from zero (¢ = 5.08, df = 10,
P < 0.001).

Like single pulse threshold vs phase duration func-
tions, functions for pulse trains varied slightly in shape
from subject to subject. Of the 11 cases where we could
measure slopes for pulses greater than 768 us/phase,
9 (82%) showed slope (absolute value) increases of
greater than 1 dB/doubling as phase duration in-
creased above 0.5 ms/phase. In 12 cases, the first
increase in slope occurred at 384 us/phase. For one
subject, the first increase occurred at 768 us/phase,
and for another subject, the slope change could not be
determined.

Effects of Stimulus Duration

Fig. 5 shows thresholds collected for five subjects in
Experiment 3. Thresholds decreased as a function of
stimulus duration. Single pulse thresholds, which are
not shown in this figure, were an average of 0.65 dB
higher than two-pulse thresholds. Slopes of threshold
vs stimulus duration functions were steeper for longer
phase duration stimuli. Mean slope for 1536 ws/phase
stimuli was —0.81 dB/doubling of stimulus duration,
while mean slope for 96 us/phase stimuli was —0.22
dB/stimulus doubling. Single pulse thresholds were
not used in determining these slopes. A paired-samples
t-test comparing the slopes of the threshold vs stimulus
duration functions for short (96 us/phase) vs long
(1536 us/phase) pulses allowed us to reject the null
hypothesis of no difference (t = 3.94, df = 4, p = 0.017).

Effects of Psychophysical Procedure

The two psychophysical procedures used in this
study, the method of adjustment and the modified
Hughson-Westlake procedure were compared using
pulse train thresholds in three subjects. All pulse trains
were produced at 100 pps and 500 ms duration.
Threshold functions are shown in Fig. 6. Functions
obtained with the two procedures were similar.

Descriptions of Stimulus Perception

Subjects reported that the stimuli they were re-
sponding to were auditory in nature. When asked fur-
ther if the stimuli were heard or felt, all subjects
reported that the stimuli were heard. For single pulses
near threshold, subjects reported that the signals
sounded like a ‘click’, and they found it difficult to
distinguish pulses of different durations. For pulse
trains, subjects described long phase duration pulses as
different from short phase duration puises, though the
descriptions of each varied widely from subject to
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Fig. 5. Psychophysical detection thresholds plotted as a function of
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the top axis. Threshold functions for 96 us/phase stimuli are shown
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subject. Some typical descriptions for pulse trains were:
‘buzzing’, ‘sawing’, and ‘large bell sound.” Perceived
pitch at different phase durations varied from subject
to subject.

Speech Perception

In Fig. 7, speech perception scores from the CID
sentence test are compared to absolute thresholds for
1536 us/phase pulse trains obtained from the same
subjects. Thresholds were available for only 11 subjects
at this pulse duration. The correlation for all 11 sub-
jects was —0.63, which was statistically significant (P <
0.05). If the two subjects (GE and MQ) with the
longest durations of deafness (greater than 30 years)
were excluded from the analysis, the correlation was
—0.81. Correlations of CID sentence scores with
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Fig. 6. Detection thresholds obtained by two psychophysical proce-

dures: a method of adjustment (square symbols) and a modified

Hughson-Westlake method (circles). Subjects were, from top, MKI,
GE, and HP.

100 ..
80 +

60 —

CID SENTENCE SCORE

0 e @b P I
-35 -30 -25 -20 15
THRESHOLD (dB re 1 mA peak)

Fig. 7. Speech perception test scores compared to threshold levels
for 1536 ws/phase pulse trains for 11 subjects. See Table II for
subject identification. CID Everyday Sentences were used in the
speech perception tests. Filled circles represent subjects (GE and
MO) with durations of profound deafness greater than 30 years. Best
fit (least-squared deviation) straight lines are shown. The solid line
and accompanying correlation coefficient represent data in which
GE and MO were omitted. The dashed line represents all subjects
for which thresholds were available for this phase duration.

173

TABLE IV

Correlation coefficients for CID test scores vs threshold levels

All All subjects
available with < 30 years
subjects profound deafness
Single pulse
96 usec/phase -0.59 —0.59
768 usec/phase -0.62 -0.62
1536 usec/phase -0.62 —0.66
Pulse train
96 psec/phase —-(.62 —0.70
768 usec/phase —0.63 —0.78
1536 usec/phase —0.63 —.81

thresholds obtained for other stimuli are given in Table
Iv.

Discussion
Summary of Results

The major findings from this study are:
1. Thresholds decrease as a function of pulse duration.
The rate of decrease depends on pulse duration, being
greater at durations greater than 0.5 ms/phase (up to
at least 4.3 ms/phase) than at durations less than 0.5
ms /phase.
2. Thresholds decrease as a function of stimulus dura-
tion. Thresholds for pulse trains are lower than those
for single pulses.
3. Phase duration and stimulus duration interact in
determining thresholds. The rate of threshold decrease
as a function of pulse duration is greater for pulse
trains than for single pulses. The rate of threshold
decrease as a function of stimulus duration is greater
for long duration pulses than for short duration pulses.
4. Slopes of psychophysical threshold vs phase duration
functions for pulses shorter than 0.5 ms/phase are
similar to those reported for single auditory nerve
fibers: about —3.5 dB/doubling of phase duration. For
pulses greater than 0.5 ms/phase, slopes of the psy-
chophysical threshold functions (—5.7 to —7.5 dB per
doubling) are greater than those seen for single audi-
tory nerve fibers. These relationships to published neu-
rophysiological data are discussed below.
5. Absolute threshold levels for pulses less than 0.5
ms /phase are similar to those reported for single audi-
tory nerve fibers, but levels of psychophysical thresh-
olds for pulses greater than 0.5 ms/phase are lower
than those for single auditory nerve fibers. These rela-
tionships are also discussed below.
6. Psychophysical detection threshold levels for pulses
are correlated with intersubject differences in speech
perception with cochlear prostheses.
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Qualifications

Several factors must be considered in estimating the
generality of the results obtained in this study. One set
of considerations concerns unique features of the pulses
generated by the Nucleus 22 receiver /stimulator. We
estimate that the radio-frequency signal has little effect
on detection thresholds because it is a very high fre-
quency (very short phase duration) signal and thresh-
olds for such a signal would be very high. Similarly, the
overshoot seen at the beginning of each pulse is short
in phase duration and thus should have a very high
threshold. Neither of these aspects of the signal were
detected by the subjects once the amplitude of the
pulse was decreased below the subject’s detection
threshold. This fact does not rule out the possibility
that these aspects of the signal might influence the
detection thresholds of the pulses, but we estimate that
these effects are minimal. Observations we made in a
nonhuman primate subject with a hard-wired scala
tympani implant indicated no significant difference in
thresholds for pulses with an overshoot compared to
those with no overshoot. In that experiment, the over-
shoot was created by peaking the input amplifier of a
constant current stimulator to approximate the over-
shoot produced by the Nucleus VIPS receiver /stimula-
tor. In the no-overshoot (normal) condition, peaking
was disabled. Thresholds were measured with and
without the overshoot for two pulse widths, 48

TABLE V

us/phase and 1536 ws/phase. Mean thresholds for
the two conditions (with and without overshoot) dif-
fered by no more than 0.2 dB and these differences
were not statistically significant.

Studies were done in one nonhuman primate subject
to estimate the effect of the 40 us gap between the
negative and positive phases of the pulse. We found
the greatest effect of this gap at the shortest pulse
duration tested (12 us/phase), where thresholds with
the 40 us gap present were 3 dB lower than when the
gap was zero (for both single pulses and pulse trains).
The effect of the gap decreased as a function of phase
duration of the pulses, being almost zero for 96
us/phase pulses. Thus the effect of the gap was a
decrease in slope of the threshold vs phase duration
function by about 1 dB/doubling for pulses less than
96 us/phase. It is unlikely that the interphase gap in
the pulses was solely responsible for lower slopes of
the threshold vs phase duration functions for pulses
less than 0.5 ms/phase since such slopes have been
seen previously for single pulses in nonhuman primates
(Pfingst et al., 1991) and for pulse trains in a human
subject (Shannon, 1983) using stimuli with no gap be-
tween the pulse phases.

Another factor to be considered is reliability of the
data. This was assessed within sessions by repeated
measures within subjects. We found that variability
within subjects was low. Standard deviations over 5
trials averaged 0.5 dB for single pulses and 0.62 dB for

Mean slope of threshold vs phase duration functions (in dB /doubling of phase duration) for single pulses

< 0.5 ms/phase

> 0.5 ms /phase

Mean K N Mean K N
Psychophysical thresholds
humans
this study -3.60 0.565 14 -57 1.660 13
macague monkeys
Pfingst et al,, 1991 —-4.10 0.866 -6.23 1.464 12
bipolar cases - - - —-5.30 0.265 3

Mean slope of threshold vs phase duration functions (in dB/doubling of phase duration) for 100 PPS, 25-500 ms trains

< 0.5 ms/phase > 0.5 ms /phase
Mean K N Mean s N
Psychophysical thresholds
humans
this study —4.25 1.215 14 —7.54 1.394 11
Shannon et al., 1990 —4.65 0.498 7 —7.09 2.638
Shannon, 1983 —4.5 - 1 -85 ~ 1
Neural threshold
squirrel monkeys
Parkins and Colombo, 1987 —-4.33 - * -1.69 - *
cats
Kiang and Moxon, 1972 ~4.61 - *x —2.61 - *x
Javel et al., 1987 -5.99 0.516 - - -

* Slopes are derived from variable population data (N =11-27); ** Slopes are derived from four sample functions.



pulse trains. While variability within subjects within a
single test session was low, we suspect that variability
over days was somewhat higher. We did not measure
that variability systematically in this study, but we know
from previous work that variability from day to day for
electrical stimulation can be several dB for some sub-
jects. This day to day variability could influence com-
parisons of data from different experiments such as
Experiments 1 and 2. However, if this variability is
random, resulting in increased thresholds for some
subjects and decreased thresholds for others, we would
expect it to have less influence on comparisons of
mean thresholds for all subjects across the two experi-
ments.

Psychophysical techniques can also influence the
levels of measured thresholds. Since we used different
procedures for Experiments 1 and 2, caution must be
used in comparing data from these two experiments.
Comparisons of the two methods, made in Experiment
4, suggest that these effects should be small. However,
those comparisons involved a small number of subjects.

Relation to Published Data

Comparisons of these data with previously published
thresholds (Table V) reveal a similarity with psy-
chophysical thresholds from human and nonhuman
primates, but important differences from thresholds for
auditory nerve fibers from experiments in cats and
squirrel monkeys. Threshold vs phase duration func-
tions for detection of single electrical pulses by human
subjects have not previously been reported, to our
knowledge. However, thresholds for these stimuli have
been published for nonhuman primates (Pfingst et al.,
1991). Most of the data published previously for the
monkey are for longer pulse durations than those tested
here, but where the two data sets overlap, the slopes of
the threshold vs phase duration functions are similar
(Table V). Both data sets show a change in slope of the
threshold vs phase duration functions at around 0.5
ms /phase. Note that in the nonhuman primate studies,
slopes decreased as phase duration exceeded 5
ms/phase (Pfingst et al., 1991, Fig. 1 and Table II).
However, we were unable to test stimuli of those long
pulse durations with the Nucleus 22 Prosthesis. The
absolute levels of single pulse thresholds for the human
subjects reported here overlap those reported for the
monkey but are higher on average. At about 1
ms /phase, thresholds for the human subjects in this
experiment were between —5 and —30 dB re 1 mA
peak while those for the nonhuman primates reported
by Pfingst et al. were between —20 and —45 dB.
These differences in threshold levels could be due to a
number of factors, including differences in electrode
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Fig. 8. Threshold vs phase duration functions for psychophysical and
single fiber auditory nerve data. Square symbols denote mean psy-
chophysical thresholds from this study. Mean single auditory nerve
fiber thresholds for bipolar stimulation from Parkins and Colombo
(1987) are represented by circles.

configurations and nerve survival patterns in the im-
planted ears.

Thresholds for pulse trains have been reported for
human subjects by several investigators. Shannon et al.
(1990) give thresholds for 2 subjects with Nucleus 22
implants, for pulse trains at 100 pps. Slopes for pulse
durations of less than 0.5 ms/phase were similar to
those found in the experiment reported in this paper
(Table V). Shannon et al. measured thresholds only up
to pulse widths of 909 us/phase, but there is evidence
for most of the electrode pairs tested of a change in
slope of the threshold vs phase duration functions near
0.5 ms/phase. In addition, Shannon (1983) measured
thresholds for one subject with a UCSF implant for
phase durations up to 8 ms/phase and this subject also
showed a greater negative slope for pulses greater than
0.5 ms/phase.

Absolute values of the thresholds measured by
Shannon et al. (1990) for the two subjects with Nucleus
22 prostheses are similar to those of subjects reported
here, given corrections for differences in electrode
separation. Thresholds for subjects tested with the
UCSF electrode (Shannon, 1983) are lower than those
for the subjects in this study but are within the range of
values obtained from nonhuman primates.

Psychophysical thresholds are compared to single
auditory nerve fiber thresholds in Table V and Fig. 8.
Levels and slopes for single fiber threshold functions
are similar to those of human threshold functions for
phase durations less than 0.5 ms/phase. However,
slopes of the neural functions are less steep for longer
phase durations, while those for psychophysical detec-
tion are steeper. For phase durations longer than 0.5
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ms, single neuron absolute threshold levels are higher
on average than the psychophysical thresholds.

Potential Mechanisms

We assume that neurons must discharge in response
to a stimulus if that stimulus is to be detected by the
subject. The fact that subjects in this study described
the signals they were detecting as auditory suggests
that neural discharges underlying those perceptions
were in the auditory pathway. Alternatively, this obser-
vation might be accounted for by some type of reorga-
nization of the brain.

Evidently, the neurons responsible for detection of
signals with amplitudes of less than about 25 u A peak
have not been sampled in single fiber studies in ani-
mals, although psychophysical detection is possible at
much lower currents (see Pfingst, 1988). Thus we hy-
pothesize that there must be some, as yet unsampled,
neurons that respond at lower levels of electrical stimu-
lation. There are at least two alternative hypotheses
regarding the characteristics of these unsampled neu-
rons. (a) These neurons may have the same character-
istics as the sampled neurons: i.e. they may act as leaky
integrators of charge for which threshold current de-
creases as a function of phase duration at about 3
dB/doubling up to phase durations where the slope
decreases due to accommodation. (b) They may have
characteristics more similar to those of the psychophys-
ical threshold-vs-phase duration functions. These hy-
potheses must be tested by single-unit recording. How-
ever, it seems unlikely that the threshold vs phase
duration functions for individual fibers would have
slopes of greater than 6 dB/doubling since that would
imply that some mechanism other than integration of
charge over time was responsible for those slopes.
Perfect integration of charge over time would give a
slope of 6 dB/doubling.

Hypothesis ‘a’ requires an additional mechanism to
account for the differences in slope between the psy-
chophysical and neural functions. If some neurons are
responsive to long-phase-duration pulses at levels less
than 25 p A, and if the thresholds of those neurons
increase with decreasing phase duration at a rate of
about 3 dB per halving of phase duration, then those
neurons would discharge in response to short-phase-
duration pulses at levels well below the psychophysical
detection thresholds. This means that single spikes
from those neurons would not be sufficient for psy-
chophysical detection of short duration pulses. Rather,
integration of multiple spikes, produced by the fibers
at neural-suprathreshold levels, would be required for
detection. Those multiple spikes could occur in a single
fiber or across a population of fibers.

There are at least two known characteristics of the
responses of auditory nerve fibers to electrical stimula-
tion that could account for differences in the integra-

tion of multiple spikes produced by short vs long single
pulses, giving rise to threshold vs phase duration func-
tions steeper than 6 dB/doubling. First, multiple spikes
are more likely to occur within a single fiber if the
pulse duration is long than if it is short (van den
Honert and Stypulkowski, 1987; Parkins, 1989). Sec-
ond, integration of spikes across fibers might be more
favorable for long duration pulses, because all spikes
are not evoked simultaneously with these pulses, as
they are with shorter pulses (van den Honert and
Stypulkowski, 1987). The assumption here is that if
multiple neurons converge on a single output neuron
and all of the inputs arrive simultaneously, the output
will be only a single spike. However, if inputs are
appropriately temporally dispersed, a train of output
spikes might be generated.

At very long phase durations, neurons can not effec-
tively integrate charge over the entire duration of the
pulse, so the slope of the threshold vs phase duration
function decreases. This phenomenon has been termed
accommodation. If psychophysical detection is based
on integration of spikes from multiple neurons we
would anticipate some decrease in slope of the psy-
chophysical detection threshold vs phase duration
function at long phase durations, which has in fact
been observed in previous studies that used longer
phase durations than were tested here (Pfingst et al.,
1991). However, the relationship of single fiber data to
psychophysical data is complicated by the fact that
both phases of the biphasic pulse could elicit spikes in
a population of neurons. Thus as pulse duration in-
creases, the temporal separation between spikes elicited
by the two phases may increase, which could facilitate
detection for reasons discussed above.

Several of the mechanisms proposed above assume
that thresholds can be lowered by integration of multi-
ple spikes occurring over time. It is well known that
temporal integration can lower psychophysical detec-
tion thresholds for electrical stimulation (Shannon,
1989, Pfingst et al., 1991; this study, Experiment 3).
This phenomenon occurs for stimulus durations up to
at least 300 ms and thus is unlikely to be solely a
property of the auditory nerve membrane. That is to
say, some temporal integration must occur at sites
central to the auditory nerve. Given this consideration,
it is not unreasonable to suggest that integration of
multiple discharges over time from either single fibers
or across multiple fibers is in part responsible for the
detection of single biphasic pulses as described above,
and that the greater than 6 dB/doubling slopes of
threshold vs pulse duration functions observed in psy-
chophysical studies would be seen, not at the auditory
nerve but only at higher centers in the auditory path-
way. If this integration takes advantage of multiple
spikes elicited by single pulses as well as spikes elicited
by multiple pulse stimuli, this may explain the greater



slopes of threshold vs phase duration functions for
pulse trains with long phase duration pulses as com-
pared to those with short phase duration pulses.

If the mechanisms described above include integra-
tion of spikes across fibers, then it is reasonable to
expect that they will be sensitive to nerve survival
patterns. The negative correlation between detection
thresholds and speech perception performance ob-
served in this study is consistent with the hypothesis
that both measures are related to nerve survival. Fac-
tors affecting threshold, such as phase duration, can
affect the strength of correlation between threshold
and nerve survival (Pfingst and Sutton, 1984). In this
study, correlations were stronger for longer phase du-
ration pulses. Certainly many factors unlikely to be
related to detection thresholds, such as cognitive abili-
ties (e.g. Knutson et al., 1991), also contribute to speech
perception. Length of auditory deprivation, has been
correlated to speech perception scores (Kileny et al.,
1991; Blamey et al., 1992). When scores of subjects
with durations of profound deafness longer than 30
years were omitted, correlation coefficients of CID
score vs threshold generally increased (Table IV). The
highest correlation was observed using long phase du-
ration (1536 ws) pulse train thresholds with subjects
GE and MO omitted from the sample. Such negative
correlations were seen previously by Kileny et al. (1991)
and by Eddington (personal communication). Curi-
ously, however, Kuk et al. (1990) found positive corre-
lation between threshold level and speech perception
performance for NU6 words. Thus, further study is
needed to understand the relationship between these
variables. The relationship between threshold level and
speech perception is not sufficiently strong that the
threshold can be used by itself as a predictor of im-
plant performance, though it may suggest a tendency
toward better or poorer performance.
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