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ABSTRACT

To further understand the response of the human
brainstem to electrical stimulation, a series of exper-
iments compared the effect of pulse rate and polarity
on detection thresholds between auditory brainstem
implant (ABI) and cochlear implant (CI) patients.
Experiment 1 showed that for 400-ms pulse trains, ABI
users’ thresholds dropped by about 2 dB as pulse rate
was increased from 71 to 500 pps, but only by an
average of 0.6 dB as rate was increased further to 3500
pps. This latter decrease was much smaller than the
7.7-dB observed for CI users. A similar result was
obtained for pulse trains with a 40-ms duration.
Furthermore, experiment 2 showed that the threshold
difference between 500- and 3500-pps pulse trains
remained much smaller for ABI than for CI users,
even for durations as short as 2 ms, indicating the
effect of a fast-acting mechanism. Experiment 3
showed that ABI users’ thresholds were lower for
alternating-polarity than for fixed-polarity pulse trains,
and that this difference was greater at 3500 pps than
at 500 pps, consistent with the effect of pulse rate on
ABI users’ thresholds being influenced by charge
interactions between successive biphasic pulses. Ex-
periment 4 compared thresholds and loudness be-
tween trains of asymmetric pulses of opposite polarity,
in monopolar mode, and showed that in both cases
less current was needed when the anodic, rather than
the cathodic, current was concentrated into a short
time interval. This finding is similar to that previously

observed for CI users and is consistent with ABI users
being more sensitive to anodic than cathodic current.
We argue that our results constrain potential expla-
nations for the differences in the perception of
electrical stimulation by CI and ABI users, and have
potential implications for future ABI stimulation
strategies.
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INTRODUCTION

Auditory brainstem implants (ABIs) can restore
hearing to deaf patients for whom a cochlear
implant (CI) is unsuitable. The most common
reason for implanting an ABI is damage to the
auditory nerve, for example as a result of tumour
removal in patients with neurofibromatosis type II
(‘NF2’). In contrast to CI users, open-set speech
perception for ABI users with NF2 is usually very
poor, although better overall outcomes have been
reported for patients with non-tumour aetiologies
(Colletti and Shannon 2005) and for a minority of
NF2 patients (Colletti et al. 2012; Matthies et al.
2014). Differences between ABI and CI users have
also been observed in the small number of psycho-
physical studies that have studied the basic effects of
brainstem stimulation (Shannon and Otto 1990;
Zeng and Shannon 1992, 1994; Colletti and Shan-
non 2005; Long et al. 2005; Lim et al. 2008; McKay
et al. 2015). For example, whereas it is not unusual
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for CI users to be able to discriminate between every
adjacent pair of electrodes, stimulation of the
different electrodes of an ABI typically yields only
three or four discriminable pitches (Long et al.
2005).

The present study addresses two fundamental
questions concerning how the human brainstem
responds to electrical stimulation. The first concerns
the way in which the effects of successive pulses
combine to influence the listener’s perception, and
examines the effect of pulse rate and duration on
detection thresholds. The second addresses the ques-
tion of whether the human brainstem is primarily
sensitive to anodic or to cathodic current, and, hence,
on which part of each biphasic pulse is primarily
responsible for the detection and loudness of a pulse
train. The answers to both questions not only provide
insight into the basic mechanisms underlying the
perception of electrical stimulation of the human
brainstem but also have potential applications for ABI
processing strategies and fitting.

For CI users, it is well known that thresholds and
loudness levels drop as pulse rate is increased from a
few pulses per second (pps) up to several thousand
pps. For pulse durations that are typically used
clinically (below a few hundred microseconds per
phase), the dB change in current level for a
doubling of pulse rate is greatest for rates above
about 100–300 pps (Shannon 1985; McKay and
McDermott 1998). There is some evidence, however,
that the effect of pulse rate on threshold is different
for ABI users. Lim et al (2008) studied the effects of
pulse rate on thresholds in users of the auditory
midbrain implant and included data from three ABI
users, each representative of a group showing a
different pattern of results: one of these was similar
to CI users, one showed no effect of pulse rate, and
one showed a threshold drop up to 100–200 pps,
with no further drop at higher rates. Shannon
(2011) presented some unpublished data that, de-
spite some marked individual differences, showed
that thresholds for the majority of ABI patients
dropped with increases in rate up to a breakpoint
of 200–300 pps, above which the rate vs. threshold
function was flat. Because the stimulus duration is
usually held constant at all pulse rates, this suggests
that substantial increases in the number of pulses
applied to the brainstem had a negligible effect on
thresholds. Our first three experiments confirmed
this striking finding and investigated the mecha-
nisms responsible for the very different effect of
pulse rate on thresholds for ABI versus CI users.

At least three general classes of phenomenon may
contribute to the drop in threshold with increasing
pulse rate for CI users. First, for rates below a few
hundred pps, individual auditory nerve (AN) fibres

may fire on every pulse so that the firing rate per fibre
will increase with pulse rate and contribute to the
detection of the stimulus. Second, even when an
individual fibre is in a refractory state following one
pulse, a subsequent pulse may elicit an action
potential (‘spike’) on other fibres. Hence an increase
in the pulse rate may increase the firing rate of the
ensemble of auditory nerve fibres, even at rates above
that to which individual fibres can entrain. This idea is
reminiscent of the ‘volley principle’ (Wever 1949) that
was initially proposed to explain the temporal coding
of pitch in acoustic hearing for frequencies higher
than the saturation rate of individual AN fibres. Third,
even when a pulse does not cause a fibre to fire, it may
increase the probability of that fibre firing to a
subsequent pulse. This facilitation has been described
by Middlebrooks (2004) in terms of an incomplete
recovery of the partial depolarisation of the nerve
membrane in response to a preceding pulse. He
measured the response of neurons in the auditory
cortex of anaesthetised guinea pigs in response to
electrical stimulation of the AN and reported that
thresholds dropped steeply with increases in pulse
rate above, but not below, 1000 pps, consistent with a
mechanism based on partial depolarisation.
Middlebrooks (2004) assumed that the effect of
increasing pulse rate at lower rates, observed in
human CI users, reflected processes not revealed by
his recordings. More detailed accounts of how facili-
tation might occur have been proposed, all of which
assume that the distribution of charge across the cell
membrane after the presentation of one pulse inter-
acts with the changes in that distribution produced by
a subsequent pulse (e.g., Grill and Mortimer 1999;
Cartee et al. 2006).

There are also several different mechanisms by
which the effect of pulse rate on threshold might be
reduced for ABI users. Longer refractory periods
could reduce the maximum pulse rate to which
cochlear nucleus (CN) neurons entrain. A reduction
in the number of excitable neurons could reduce the
extent to which the effects of increasing pulse rate is
shared by multiple neurons: In extremis, if there were
only a single neuron available, then the effect of pulse
rate would be limited by the saturation rate of that
neuron. A reduction in the interaction between
successive pulses at the level of the cell membrane
could also lead to reduced effects of increasing pulse
rate at high rates. All of these mechanisms would be
expected to operate over a short time scale and to
reduce the effects of pulse rate even for very short
stimuli. Another phenomenon that could mediate the
effect of pulse rate is adaptation. Zhang et al (2007)
recorded the response of cat AN fibers to trains of
electrical pulses of a range of rates; neurons differed
in the amount of adaptation, with fewer showing
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substantial amounts of adaptation for 250-pps pulse
trains than at higher pulse rates. They modelled the
adaptation using two time constants, which they
described as roughly similar to the ‘rapid’ and ‘short-
term’ adaptation observed with acoustic stimulation.
The rapid component had a time constant of 8 ms.
The short-term component had a much longer time
constant of 80 ms. A greater dependence of rapid- or
short-term adaptation on stimulation rate in the
brainstem could reduce the effect of pulse rate on
ABI thresholds, as the reduction in the response to
the end of the stimulus could counteract any benefi-
cial effects of the increased rate early on. Evidence for
greater adaptation in more central structures comes
from a study of auditory midbrain implant (AMI)
users, who show only a small effect of pulse rate on
thresholds above about 200 pps (Lim et al. 2008;
McKay et al. 2013). McKay et al (2013) showed that
AMI users’ thresholds decreased with increases in the
duration of the pulse train up to a certain value, after
which it was constant, and this asymptotic duration
decreased with increasing pulse rate.

Our first three experiments examine the time
course of the mechanism(s) responsible for the
different effects of pulse rate on threshold in ABI
and CI users and aim to shed light on the possible
explanations for this difference. Specifically, we
investigate whether the small effect of pulse rate on
thresholds could be due to higher rates producing
greater adaptation of neural responses, and study
the time course of any likely adaptation. We also
investigate charge interactions at the level of the cell
membrane by comparing thresholds for fixed and
alternating polarity pulse trains. Such charge inter-
actions are, as discussed above, one proposed reason
for why thresholds drop with increasing rate in CI
users, and so it was important to determine the
extent to which such interactions occur for ABI
users. These three experiments show that (a) the
small effect of pulse rate on ABI users’ thresholds
occurs even for very short-duration stimuli and
cannot be due to long-term adaptation, (b) short-
term adaptation with a time constant below 10 ms
may contribute to the difference, and (c) at high
pulse rates, successive pulses do interact at the level
of the cell membrane, and that these interactions
are at least as large for ABI as for CI users. This last
finding makes it unlikely that the small effect of
pulse rate for ABI users is due to successive pulses
not interacting at the cell membrane.

In order to provide further information on the
stimulation of the cell membrane by electrical pulse
trains, a fourth experiment investigated which part or
parts of each biphasic pulse contributes to detection.
All previous psychophysical studies of ABI stimulation
have used symmetric waveforms, which, in recent

years, have been restricted to symmetric biphasic
pulses, and it is therefore not known which phase
(or phases) of the pulse is responsible for stimulating
the brainstem. Research with CI users has used
asymmetric pulses to demonstrate that they are
preferentially sensitive to anodic stimulation, such
that, in monopolar mode, less current is needed to
achieve a given loudness when the short high-
amplitude phase of an asymmetric pulse is anodic
compared to when it is cathodic (Macherey et al.
2006; Macherey et al. 2008; Carlyon et al. 2013). Here,
we show that a similar effect occurs for ABI stimula-
tion, suggesting that the brainstem is primarily excited
by the anodic phase of each biphasic pulse.

EXPERIMENT 1

Rationale

If, for ABI users, the effect of increasing pulse rate is
counteracted by greater adaptation at high rates, the
dependence of threshold on pulse rate should be
greater at short durations. That is, at long but not at
short durations, the effect of increasing the number
of pulses may be counteracted by greater adaptation
at the higher pulse rate. Experiment 1 therefore
measured thresholds at three pulse rates and for
signal durations of 40 and 400 ms. These two
durations were chosen so as to test the possible effect
of adaptation having a time constant longer than
about 40 ms, such as the short-term adaptation
reported for CI stimulation of the cat auditory nerve
by Zhang et al (2007).

Methods

Subjects for all experiments reported in this article
were selected from five users of the nucleus CI and
eight users of the nucleus ABI, both manufactured by
Cochlear Ltd. All except subject ABI 2, took part in
experiment 1. Their clinical details are shown in
Table 1. All provided informed consent for this
research project, which was approved by the National
Research Ethics Services for the East and North West
of England. All of the CI users and subjects ABI 1 and
2 were implanted at Addenbrookes hospital, Cam-
bridge, whereas ABI subjects 3 to 8 were implanted at
Manchester Royal Infirmary.

Stimuli were 40- or 400-ms trains of symmetric
biphasic pulses presented at a rate of 71, 500 or 3500
pps; for the 71-pps pulse train, the shorter stimulus
contained only three pulses and so the total duration
was actually 28.17 ms. The first phase of each pulse
was always cathodic. Stimulation was applied in
monopolar (‘MP1+2’) mode to a single electrode,
shown in Table 1, for each subject. Note that for
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subject ABI 2, who did not take part in experiment 1,
stimuli were presented in bipolar mode, as in her
clinical map. For ABI users, the electrode was chosen
to be one that was used in the patient’s clinical map.
For CI users, an electrode near the middle of the
array (either E11 or E17) was chosen. The phase
duration and inter-phase gap were 45 and 8 μs,
respectively, for the CI users, and the same as that
used in the clinical map for each ABI user, as shown
in Table 1. All stimuli were checked using a test
implant and a digital storage oscilloscope; note that
the Nucleus CI and ABI use identical electronics, the
only substantive difference being in the electrode
array. Stimuli were presented using the NIC2 research
interface controlled by a Matlab program. The NIC2
software and research hardware were provided by
Cochlear Ltd.

For each subject and each pulse rate, the current
level of a 400-ms pulse train was raised gradually from
zero until it was judged to be a comfortable listening
level. This level, minus 5 current units (‘CUs’, each
equal to 0.17 dB), defined the starting point for the
adaptive procedure for each rate. Thresholds were
then measured using an adaptive procedure that
converged on the 71 % point of the psychometric
function. Each trial consisted of two intervals, one of
which contained the signal. The subject indicated the
signal interval by clicking on a virtual response button
on a computer screen; correct answer feedback was
provided after every trial. Signal level was decreased
after every two consecutive correct answers and
increased after every incorrect answer. The change
from increasing to decreasing level or vice versa
defined a turnpoint, and each run continued until
eight turnpoints had been completed. The last six

turnpoints were averaged and used to represent the
run. The step size was four CUs for the first two
turnpoints and one CU thereafter. At least two runs
were obtained per condition; any time remaining at
the end of a session was devoted to testing a third run
for some conditions, starting with the condition
showing the largest standard deviation after two runs.
The average standard deviation across runs for all
subjects and conditions in experiment 1 was 0.29 dB.
The thresholds reported were always calculated from
the mean of every run tested for a given condition.

Results

Thresholds, averaged across subjects for each
device type, are shown in Figure 1. Consider first
the data obtained at the 400-ms duration, shown by
the blue upward-pointing triangles. It is clear that
the effect of pulse rate on threshold is very
different for the two groups. Thresholds for CI
users (open symbols) dropped by an average of 3.9
dB from 71 to 500 pps, and then showed a larger
drop of 7.7 dB from 500 to 3500 pps. In contrast,
thresholds for ABI users (filled symbols) dropped
by 2.2 dB from 71 to 500 pps but by only 0.6 dB
from 500 to 3500 pps. Importantly, the results for a
40-ms duration (red, downward-pointing triangles)
are almost identical, except that thresholds are
slightly higher overall. All of these trends were
confirmed by an ANOVA with duration and pulse
rate as within-subject factors and device type as a
between-subject factor. The main effect of pulse
rate was highly significant (F(2,20)=99.3, PG0.001)
and that of duration was marginally significant
(F(1,10)=4.76, P=0.054). The interaction between

TABLE 1
Details of the ABI and CI users. Each column shows, from left to right, the subject’s age, aetiology, duration of deafness (years),
implant device, electrode tested, pulsewidth (μs) and inter-phase gap (μs). The CI users and subjects ABI 1 and ABI 2were implanted at

Addenbrookes hospital, Cambridge, whereas the ABI subjects 3 to 8 were implanted at Manchester Royal Infirmary

Subject Age Aetiology Dur. deaf Device Electrode pw, ipg

ABI 1 20 NF2 0 ABI 18 101, 45
ABI 2 31 NF2 0 ABI 7,2 50, 45
ABI 3 21 NF2 1 ABI 14 50, 8
ABI 4 49 NF2 2 ABI 10 50, 8
ABI 5 75 Bilat VSa 0 ABI 12 25, 8
ABI 6 27 NF2 0 ABI 8 25, 8
ABI 7 32 NF2 10 ABI 6 101, 8
ABI 8 49 NF2 0 ABI 11 101, 8

CI 1 80 Unknown 5 CI 24 M 11 45, 8
CI 2 81 Otosclerosis 22 CI 24 M 17 45, 8
CI 3 65 CSOM 10 CI 24 M 11 45, 8
CI 4 60 Unknown 30 CI 24 M 17 45, 8
CI 5 71 Unknown 20 Freedom 17 45, 8

NF2 neurofibromatosis type II, Bilat VS bilateral vestibular schwannoma, CSOM chronic suppurative otitis Media
aNF2 not confirmed
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device and pulse rate was highly significant
(F(2,20)=36.34, PG0.001). Duration did not interact
significantly with rate, and the three-way
duration×device×rate interaction was also not sig-
nificant.

The individual data are shown in Table 2. All of the
CI users show the same trend as in the average data,
with a larger threshold drop as rate is increased from
500 to 3500 pps than from 71 to 500 pps. Most ABI
users also show the same trend as in the average data
for that group; the threshold drop from 71 to 500 pps
is larger than the small or absent drop from 500 to
3500 pps. Minor exceptions are listener ABI 3 at the
400-ms duration and ABI 4 at the 40-ms duration,
where there is a small threshold drop of about the
same size between 71 to 500 and 500 to 3500 pps. For
the 400-ms duration, subject ABI 1 shows a pattern

intermediate between that seen for the average CI
and ABI data; threshold drops by 1.4 dB from 71 to
500 pps and by 3.5 dB from 500 to 3500 pps. For the
40-ms duration, her results are more similar to those
of the other ABI users, with only a 0.1 dB threshold
drop between 500 and 3500 pps.

Experiment 1 provided statistically significant evi-
dence that pulse rate has a different effect on
thresholds for ABI users compared to CI users (cf.
Lim et al. 2008; Shannon 2011). It shows that this
difference was similar at the two durations, demon-
strating that the difference between the two groups is
mediated by a mechanism that operates over a time
course that is shorter than 40 ms. To study this time
course in more detail, experiment 2 measured CI and
ABI users’ thresholds at 500 and 3500 pps over an
even shorter range of durations.

FIG. 1. Thresholds as a function of pulse rate averaged across ABI
users (filled symbols) and CI users (open symbols). Data obtained
with a signal duration of 400 ms are shown in blue (upward
triangles), whereas those obtained with a 40-ms duration are shown

in red (downward triangles). Error bars show standard deviations
calculated so as to remove across-listener differences in overall
performance. Data points are shifted horizontally by a small amount
for clarity.

TABLE 2
Thresholds (dB re 1 mA) as a function of pulse rate (pps) and duration (ms) for the ABI and CI users who took part in experiment 1

Subject 400 ms 40 ms

71 500 3500 71 500 3500

ABI 1 −7.1 −8.5 −12.0 −6.1 −7.3 −7.4
ABI 3 −15.3 −16.7 −17.2 −12.6 −16.5 −16.7
ABI 4 −17.0 −17.4 −19.2 −15.3 −16.7 −18.1
ABI 5 −14.9 −20.2 −19.8 −11.8 −19.2 −19.4
ABI 6 −16.4 −17.6 −16.8 −14.4 −17.0 −16.6
ABI 7 −18.5 −20.7 −21.0 −15.7 −19.5 −19.6
ABI 8 −15.0 −18.5 −18.1 −14.5 −17.5 −17.6

CI 1 −12.7 −15.7 −22.9 −11.4 −13.5 −19.7
CI 2 −15.6 −16.3 −23.2 −13.8 −15.8 −21.1
CI 3 −9.7 −15.7 −24.2 −8.7 −13.4 −21.3
CI 4 −16.5 −19.7 −28.3 −15.2 −18.2 −26.2
CI 5 −19.1 −25.8 −33.3 −16.7 −22.1 −31.2
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EXPERIMENT 2

Rationale

Experiment 2 measured the effect of pulse rate on
thresholds for durations ranging from about 2 to 32
ms and including measurements for a single pulse.
The aim was to determine whether there exists a
range of short durations over which there is a
substantial (or at least larger) effect of pulse rate on
ABI listeners’ thresholds. If not, then we can conclude
that the small effect of pulse rate for ABI users is due
to a mechanism or feature of brainstem stimulation
that is almost instantaneous. If there does exist such a
range, then the maximum duration over which a
larger effect of pulse rate is observed will inform us
about the time constant of the mechanisms involved.
The range of durations tested encompasses the time
constant of the rapid component of the adaptation

described for cat auditory nerve stimulation by Zhang
et al (2007).

Methods

The subjects were five ABI users (numbers 1, 3, 6, 7
and 8) and four CI users (numbers 1, 2, 3 and 4). The
phase durations and inter-phase gaps were the same
as in experiment 1. Because the phase duration was
45 μs for the CI users and between 25 and 101 μs for
the ABI users, two of the CI users were additionally
tested with a phase duration of 100 μs.

A schematic of the stimuli is shown in Figure 2A. In
the 500-pps condition, shown by the black lines, the
signal consisted of 1, 2, 4, 8 or 16 pulses with an inter-
pulse interval of 2 ms. The 3500-pps condition is
shown by the combination of the red and black lines;
it was generated by following every pulse in the 500-
pps condition by six pulses each separated from its

1

2

4

8

16

2 ms

o  o  o

o  o  o

a)

b)

FIG. 2. A Schematic of the conditions of experiment 2. Each pulse
is shown as a vertical line. The 500-pps condition is represented by
the black lines whereas the 3500-pps condition is represented by all
lines. Only the stimuli for NumPulse500=1, 2 and 4 are shown for
clarity. B Thresholds from experiment 2 averaged across ABI users
(filled symbols) and CI users (open symbols). Data for pulse rates of
500 and 3500 pps are shown by blue circles and red squares,
respectively. Error bars show standard deviations calculated so as to

remove across-listener differences in overall performance. The
abscissa shows the number of pulses in the corresponding 500-ms
stimulus (‘NumPulse500’); hence, the actual number of pulses in the
3500-pps stimuli was seven times these values. The red dashed lines
with smaller symbols show the 3500-pps data re-plotted in terms of
the actual number of pulses in the stimulus for the three shortest
durations.
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neighbours by 0.285 ms (the reciprocal of 3500 pps).
The durations of the 3500-pps stimuli were therefore
1.71, 3.71, 7.71, 15.71 and 31.71 ms, respectively, in
addition to the duration of a single pulse. In all other
respects, the method and stimuli were the same as in
experiment 1.

Results

The solid lines in Figure 2B show thresholds, averaged
across the subjects in each group, as a function of the
number of pulses in the 500-pps stimulus. Data for the
500-pps stimulus are shown by the blue circles, with
the corresponding 3500-pps condition shown as red
squares. At each horizontal location, then the number
of pulses in the 3500-pps stimulus is seven times larger
than that for the corresponding 500-pps stimulus.
Despite this sevenfold increase in charge, thresholds
plotted in this way for the 500 and 3500-pps pulse
trains are very similar for the ABI listeners (left-hand
panel), whereas they differ by a substantially larger
amount for the CI users (right-hand panel). This is
true even at the shortest duration, where the compar-
ison is between a single pulse and seven pulses and
where thresholds in the two conditions differ by 4.3
and 1.1 dB for the CI and ABI users, respectively. The
differing effects of pulse rate for the two groups of
users were confirmed by a two-way ANOVA, with rate
and ‘number of pulses at 500 pps (henceforth
NumPulse500)’ as within-subject factors and device
type as a between-subject factor. Both the main effect
of pulse rate and its interaction with device type were
highly significant (main effect: F(1,7)=104.67; PG0.001;
interaction: F(1,7)=72.77, PG0.001). The only other
significant effects were the interaction between rate
and NumPulse500 (F(4,28)=3.14, P=0.03) and the three-
way interaction between these two factors and device
type (F(4,28)=8.32, P=0.001). Inspection of Figure 2B
suggests that both of these effects are due to the large
drop in threshold between the two shortest durations
at 3500 pps for the CI users, which was larger than
that for the ABI users and larger than that at 500 pps
for either group.

A potential factor influencing thresholds at short
durations is the length of the ‘temporal window’ over
which pulses are integrated (Plack and Moore 1990),
which could differ between excitation of the AN and
of the brainstem, as has been shown to be the case
when comparing excitation of the AN and the
midbrain (McKay et al. 2013). This could affect the
observed influence of pulse rate because, given the
way we have presented and analysed the data, each
3500-pps stimulus is slightly longer than its 500-pps
counterpart. However, the experiment includes two
conditions—two pulses at 500 pps and a single pulse
followed by six further pulses at 3500 pps—with very

similar durations. The difference between these two
conditions (first red and second blue symbol from the
left in each panel of Fig. 2B) corresponds to the effect
of filling in the gap between two pulses, separated by 2
ms, with five pulses 0.285 ms apart. Here, the
difference is also much larger for the CI users (3.8
dB) than for the ABI users (0.4 dB).

Further insight can be obtained by inspecting the
dashed red lines in Figure 2B, which show the first three
points of the 3500-pps data plotted in terms of the actual
number of pulses, rather than in terms of NumPulse500.
Comparison with the 500-pps data (blue circles) reveals
that, for an equal number of pulses, ABI users’
thresholds are always higher at 3500 pps than at 500
pps. Because, for an equal number of pulses, the
stimulus is shorter for the 3500-pps than for the 500-
pps rate, this difference is unlikely to be due to some
pulses falling outside of a central temporal window.
Note also that the opposite trend occurs for CI users,
who always show lower thresholds for a given number of
pulses at the 3500-pps than at the 500-pps rate.

The fact that the effect of pulse rate is smaller for
the ABI than for the CI users even at the shortest
durations suggests that the difference is strongly
influenced by a mechanism that operates over a very
short time course. However, it is also apparent from
Figure 2B that, for the ABI listeners, the effect of
pulse rate is slightly larger at the shortest two
durations. This was confirmed by a two-way ANOVA
of just the ABI data, which not only revealed
significant effects of NumPulse500 and of rate but
also a two-way interact ion (NumPulse500:
F(4,16)=34.6; PG0.001. Rate: F(1,4)=11.83; P=0.026.
Interaction: F(4,16)=6.43; PG0.005). This is consistent
with an additional contribution from a mechanism
having a slightly longer time course. The results
provide no evidence that the effects of pulse rate on
threshold are mediated by more extended processes
having a time constant substantially longer than
about 7–8 ms, corresponding to the third point from
the left in each part of Figure 2B. Possible physio-
logical bases for the effects described here are
considered in the ‘Discussion’.

Data for the individual ABI and CI users are shown
in Figure 3A, B, respectively. Three of the ABI users
show a slightly larger effect of pulse rate at the two
(three for ABI 6) shortest durations than at the longer
durations. However, even for these listeners and at
these short durations, the effect of pulse rate was
smaller than 2 dB compared to an average difference
of 4 dB for the CI users (Fig. 3B). The pattern of
results did not differ substantially among the CI users.
Furthermore, phase duration did not have a substan-
tial effect on the pattern of results for the two subjects
tested additionally with the longer phase duration of
100 μs (symbols with dotted lines).
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a

b

FIG. 3. Parts A and B show the results of experiment 2 for individual ABI and CI listeners, respectively. The format of the plots is the same as for the
mean data shown in Fig. 2, except that no error bars are shown (because thresholds were usually obtained only from the mean of two runs).
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EXPERIMENT 3

Rationale

As noted in the ‘Introduction’, it has been suggested
that charge interactions at the level of the cell
membrane may contribute to the fact that, for pulse
rates above a few hundred pps, further increases in
rate reduce thresholds substantially for CI users. An
absence or reduction in such charge interactions in
ABI users could then potentially explain the smaller
effect of pulse rate on thresholds in this group. For
example, if the cell membrane returned completely
to its resting potential after every pulse then,
presumably, the partial depolarisation effect pro-
posed by Middlebrooks to account for the beneficial
effect of high pulse rates in CI users would not apply
to ABI users.

To determine whether charge interaction be-
tween successive pulses occurs for ABI users,
experiment 3 examined the effect of alternating
the leading polarity from pulse to pulse. Increas-
ing the pulse rate reduces the time between the
second phase of one pulse and the first phase of
the next, and, for the stimuli of experiments 1
and 2, these two phases have opposite polarity
(Fig. 4A). In contrast, when the leading polarity
alternates from pulse to pulse, the adjacent phases
of neighbouring pulses have the same polarity
(Fig. 4B).

Method

Thresholds were obtained for fixed- and alternating-
polarity conditions and for pulse rates of 500 and 3500
pps. The first phase of each pulse was cathodic for all
pulses in the fixed-polarity condition and for every
odd-numbered pulse in the alternating-polarity con-
dition. Four ABI and four CI users, listed in Table 3,
took part. Their data for the fixed-polarity condition
were taken from the 400-ms condition of experiment
1, except for subject ABI 2 who did not take part in
that experiment. The stimulus duration was always
400 ms. In all other respects, the method and
procedure were the same as in experiment 1.

Results

The left and right panels of Figure 4C show thresholds
for the two pulse rates and polarity conditions
averaged across the ABI and CI listeners, respectively.
For the ABI users, thresholds were lower in the
alternating-polarity than in the fixed-polarity condi-
tion by 0.41 dB at 500 pps and by 1.25 dB at 3500 pps.
A two-way (rate×polarity) repeated-measures ANOVA
revealed a significant effect of polarity (F(1,3)=10.93;
P=0.046) and a significant interaction (F(1,3)=52.85,
P=0.005). Hence, for these listeners, switching to
alternating polarity produces a significant threshold
reduction that is larger at the higher rate. Neither the
effect of alternating polarity nor its interaction with

a) b)

c)

FIG. 4. A and B: schematic of a fixed- polarity and an alternating-
polarity pulse train. The left and right panels of part C show
thresholds for the two pulse rates and polarity conditions, averaged
across the ABI and CI listeners respectively, as a function of pulse

rate. Error bars show standard deviations calculated so as to remove
across-listener differences in overall performance. For clarity, there is
a small horizontal offset between symbols for the same pulse rate
and subject group.
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pulse rate was significant for the CI users. A combined
(group×rate×polarity) ANOVA revealed a borderline
significant interaction between group and polarity
(F(1,6)=5.91; P=0.051), providing some evidence that
the threshold difference between fixed and alternat-
ing polarity was larger for ABI users than for CI users.
The ANOVA also revealed main effects of polarity (alt
vs fixed: F(1,6)=7.70; P=0.032) and of pulse rate (rate
F(1,6)=85.9, PG0.001). Pulse rate had a larger effect for
the CI than for the ABI users, as revealed by a
significant interaction between pulse rate and group
(F(1,6)=28.43, P=0.002).

The results of experiment 3 revealed the effects of
significant charge interactions between successive pulses
for the ABI users. Strictly speaking, it is possible that this
group’s lower thresholds for the alternating-polarity
condition could be simply due to the presence of some
anodic-leading pulses, if thresholds for those pulses
were lower than for the cathodic-leading pulses. How-
ever, this would not explain why the difference between
ABI users’ fixed and alternating-polarity thresholds was
greater at 3500 pps than at 500 pps.

The results of individual subjects are shown in
Table 3. For the ABI users, two important outcomes
from the ANOVAs on the combined data are true for
every subject: thresholds were higher, averaged across
rates, for fixed than for alternating polarity pulse
trains, and this difference was larger at 3500 pps than
at 500 pps. This suggests that the statistically signifi-
cant findings obtained in the ANOVAs were not
unduly influenced by outliers.

It is worth noting that, although the phase duration
and inter-phase gap differed between some of the ABI
subjects and the CI subjects, subjects ABI 2 and ABI 3,
whose stimulus parameters were closest to those used
for the CI users, showed a polarity effect that was
intermediate between those shown for the two other
ABI subjects, for whom a longer phase duration was
used. Hence, it seems unlikely that the larger effect of

alternating vs fixed polarity for the ABI users, compared
to the CI users, is due to the differences in stimulus
parameters. Furthermore, the results clearly show that,
for the stimulus parameters for which ABI users typically
show only a small threshold drop between 500 and 3500
pps, there is nevertheless a significant effect of polarity
on the 3500-pps thresholds, thereby indicating the
presence of charge interaction.

One between-subject difference that does appear to
co-vary with a stimulus parameter is the effect of
increasing pulse rate from 500 to 3500 pps for the
fixed-polarity stimuli. Subjects ABI 3 and ABI 8
showed very small threshold differences of 0.5 and
−0.4 dB, respectively, as was the case for the majority
of ABI users in experiment 1. Subject ABI 1, whose
data are re-used here, showed a difference that was
larger (3.5 dB) than for the other ABI users, although
smaller than that observed for CI users. Subject ABI 2
shows a similar difference, of 3.0 dB, and these two
subjects were the only ones to use the longer inter-
phase gap of 45 μs. Hence, it is possible that a larger
effect of pulse rate could be obtained by using even
longer inter-pulse intervals. However, caution is
necessary when interpreting data from just two
subjects.

EXPERIMENT 4

Rationale

As noted in the ‘Introduction’, previous experiments
using asymmetric pulses have shown that CI users are
more sensitive to anodic than to cathodic current.
Those experiments include behavioural studies of
loudness, masking and pitch perception (Macherey
et al. 2006; Macherey et al. 2008; Macherey et al.
2011); the conclusion that the anodic phase elicits the
neural response has been confirmed by electrophys-
iological measures of the auditory nerve and

TABLE 3
Thresholds (dB re 1 mA) for fixed- and alternating polarity pulse trains, and the difference (F-A) between these thresholds, for the
ABI and CI users who took part in experiment 3. The phase duration (PD) and inter-phase gap (IPG) used for each subject are

shown in μs

PD, IPG 500 pps 3500 pps

Fixed Alt F-A Fixed Alt F-A

ABI 1 101, 45 −8.5 −8.3 −0.2 −12.0 −12.5 0.5
ABI 2 50, 45 −13.0 −13.6 0.6 −16.0 −17.3 1.4
ABI 3 50, 8 −16.7 −17.1 0.4 −17.2 −18.4 1.2
ABI 8 101, 8 −18.5 −19.3 0.8 −18.1 −20.1 2.0

CI 1 45, 8 −15.7 −15.2 −0.5 −22.9 −23.5 0.6
CI 2 45, 8 −16.3 −17.3 1.0 −23.2 −22.8 −0.4
CI 3 45, 8 −15.7 −14.9 −0.8 −24.2 −24.0 −0.2
CI 5 45, 8 −25.8 −25.6 −0.2 −33.3 −34.3 1.0
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brainstem response (Undurraga et al. 2010, 2013).
Many of those studies used pseudomonophasic (‘PS’)
pulses, consisting of a short, high-amplitude phase
preceded by a longer low-amplitude phase of the
opposite polarity. Neither the CIs nor the ABIs
manufactured by Cochlear Ltd. permit the presenta-
tion of PS pulses. However, it is still possible to study
polarity sensitivity by abutting two symmetric biphasic
pulses with opposite leading polarity and with a long
inter-phase gap. As shown in Figure 5A, B, this
quadraphasic (‘QP’) pulse consists of two phases of
the same polarity flanked by two single pulses of the
opposite polarity. A recent CI study showed that, for
equal loudness, less current is required when the
central portion of the pulse is anodic than when it is
cathodic (Carlyon et al. 2013). This is consistent with
the findings obtained for PS pulses, where less current
is needed when the short high-amplitude phase is
anodic. Similar findings have been obtained with
triphasic stimulation and with PS pulses in which the
high-amplitude phase is presented after, rather than
before, the long low-amplitude phase (Carlyon et al.
2013; Undurraga et al. 2013). In both cases, less
current is needed when all of the anodic charges are
concentrated in a short time period, rather than
being distributed over time. Experiment 4 used QP

pulses to test the polarity sensitivity of the ABI, both at
threshold and at a supra-threshold level.

Method

Four ABI listeners—numbers 3, 5, 6 and 8—took part.
All were tested using the same electrode as in the
previous experiments (Table 1); subjects 3, 5 and 8
were additionally tested on electrodes 4, 4 and 5,
respectively. The stimuli were 400-ms 99-pps trains of
QP pulses, with the central portion of each pulse
either anodic (QP-A) or cathodic (QP-C). Each QP
pulse consisted of two symmetric biphasic pulses, each
with an inter-phase gap of 52 μs, with the two pulses
separated by 8 μs (Fig. 5A, B). The phase duration was
25 μs for subjects 5 and 6, 50 μs for subject 3 and 101
μs for subject 8. Detection thresholds were measured
using the same method as in experiment 1. For supra-
threshold loudness matching, the QP-A and QP-C
stimuli were initially adjusted to be at a maximum
comfort level, with careful note made of ‘comfortable
but soft’ and ‘soft’ levels. This was achieved by
gradually increasing current from presentation to
presentation, during which time the subject pointed
to different loudness levels indicated on an 11-point
scale. The loudness matching of QP-C and QP-A

QP-C QP-A

a) b)

c)

FIG. 5. A, B Schematic of the quadraphasic pulses used in
experiment 4 A QP-C, B QP-A. The inter-phase gap was 52 μs and the
inter-pulse gapwas 8 μs. The phase durationwas 25 μs for subjects 5 and
6, 50 μs for subject 3, and 101 μs for subject 8.CResults of experiment 4,
plotted as the difference between QP-C and QP-A threshold (left) and

loudness (right) measures. Average data are shown by the large solid
squares, with error bars showing the across-subject standard deviation.
Each subject’s data is shown using the same symbol, which is solid for
the electrode used in the previous experiments (Table 1) and, where
tested, open for the ‘new’ electrode.
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involved a 2-interval presentation of a fixed
(reference) stimulus followed (after an inter-stimulus
interval of 1 s) by an adjustable (test) stimulus.
Initially, the reference stimulus was QP-A set at the
comfortable-but-soft level, and the test stimulus was
QP-C set to a soft level. Subjects were then asked to
adjust the loudness of the test stimulus until it
matched that of the reference stimulus. Subjects
could increase or decrease the level of the test
stimulus in steps of 1, 2 or 3 CUs, as labelled by six
response buttons on a GUI; a limitation was imposed
such that it could not be adjusted to a level higher
than its maximum comfort level. Subjects were
encouraged to ‘bracket’ their matches by increasing
and decreasing the level until they were confident
they heard the test stimulus as alternately louder and
softer than the reference stimulus. When they were
confident the test stimulus matched the reference
stimulus in loudness, they pressed a button to record
the final level setting. This was repeated four times,
each with a slightly different initial soft level of the test
stimulus. The entire procedure was then repeated
with the QP-C as the reference stimulus and QP-A as
the test. The matched loudness of QP-A was then
taken as the comfortable-but-soft level of QP-C plus
the mean level difference obtained from all eight
matches. Note that we chose to perform the loudness
balancing at a ‘comfortable-but-soft’ level to allow a
greater degree of ‘louder’ adjustments whilst still
remaining well within the maximum comfortable
limits.

Results

Figure 5C shows the difference between QP-C and QP-A
threshold and loudnessmeasures. Average data are shown
by the large solid squares. Each subject’s data are shown
using the same symbol, which is solid for the electrode
used in the previous experiments (Table 1) and, where
tested, open for the ‘new’ electrode. It can be seen that all
points are above or (in one case) very close to zero,
corresponding to greater sensitivity to the QP-A than to
the QP-C pulses. This effect was confirmed by separate
ANOVAs performed for the threshold and for the
matched loudness levels, with polarity as a within-subject
factor and subject as a between- subject factor. In both
cases, there was a main effect of polarity (loudness:
F(1,3)=37.43, P=0.009; threshold: F(1,3)=11.07, P=0.044). In
neither case did the polarity effect interact with subject.

DISCUSSION

Comparison to Previous Results

Experiments 1 and 2 show that the function relating
threshold to pulse rate is very different for ABI and CI

listeners, and,crucially, extends this finding to a range
of very short durations. Two previous studies have
investigated the effect of pulse rate on thresholds for
ABI users at a single duration. In a conference
presentation, Shannon (2011) reported rate vs thresh-
old functions for five NF2 ABI subjects over a wide
range of rates (10–20 pps up to 1000–3000 pps,
depending on the subject). For four of them, thresh-
old dropped as rate increased up to some breakpoint,
of between 100 and 200 pps, and was roughly constant
at higher rates. The fifth subject showed no threshold
change over the entire range between 10 and 2000
pps. A flat function was also observed for three out of
the seven non-tumour ABI subjects that he described
(the remainder of whom showed a pattern similar to
the NF2 patients) and for two subjects with a
penetrating electrode array. The duration was not
given. Lim et al (2008) presented examples of three
types of function that they had observed for ABI users
for a 500-ms pulse train: one flat, one that reached a
breakpoint at about 100 pps, and one more similar to
that found for CI users. They did not indicate the
relative prevalence of each pattern. Note that, with
the few exceptions noted in the Results section, all of
our subjects showed the same general pattern as each
other, with a threshold drop from 71 to 500 pps and a
smaller or absent drop from 500 to 3500 pps. As we
only tested three rates, it is of course possible that the
exact form of a more detailed function would differ
across subjects.

There exist no previous data on the effect of
pulse rate on ABI users’ thresholds at more than
one duration. Shannon and Otto (1990) presented
a temporal integration function averaged over 10
subjects, for whom the stimuli were either a 1000-
Hz sinusoid or a 1000-pps pulse train with dura-
tions between 2 and 1000 ms. Thresholds were
essentially constant for durations above about 30–
40 ms. In contrast, all of our ABI users showed
lower thresholds at the 400-ms than at the 40-ms
duration, at all pulse rates, with the average
difference being 2.0, 0.8 and 1.3 dB at 71, 500
and 3500 pps, respectively. Shannon and Otto
found that the threshold drop from 2 to 30 ms
was about 2 dB compared to the drops of 2.7 and
3.1 dB observed here. Hence, there is some
evidence, at least over the longer range of dura-
tions, that our subjects showed more temporal
integration than those in Shannon and Otto’s
study. Unfortunately, basic psychophysical studies
with ABI users are very scarce, with only a handful
of published reports in the 25 years since Shannon
and Otto’s work (Zeng and Shannon 1992, 1994;
Colletti and Shannon 2005; Long et al. 2005; Lim
et al. 2008; Azadpour and McKay 2014; McKay
et al. 2015).
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Physiological Basis of Observed Effects

Pulse Rate. There are of course multiple differences
between the AN and brainstem, and our
measurements were psychophysical rather than
physiological. Hence, it is not possible to identify the
exact neural basis for the very different effects of
pulse rate on detection for ABIs compared to CIs.
Nevertheless, our results do provide new information
on the time course over which these effects operate,
and, we believe, impose some constraints on the
physiological mechanisms involved.

Experiments 1 and 2 showed that the threshold
difference between 500-pps and 3500-pps pulse trains
was much smaller for ABI than for CI listeners, even at
very short durations. Compelling evidence for an
effect of a very fast-acting mechanism comes from a
comparison between two conditions in experiment 2:
two pulses separated by 2 ms and the same two pulses
with this 2-ms gap filled with five 3500-pps pulses. The
threshold difference between these two conditions
was 3.8 dB for the CI users but only 0.46 dB for the
ABI users. This result clearly rules out any explanation
in terms of adaptation having time constants of the
order of tens of milliseconds or longer, such as long-
term or short-term adaptation. Hence, the substantial
difference between electrical stimulation of the
brainstem and of the auditory nerve is due to factors
that operate within a few milliseconds. One potential
factor is the residual depolarisation proposed by
Middlebrooks (2004) to account for the effect of
increasing pulse rate above about 1000 pps for CI
listeners. A possible explanation for the lack of such
an effect in ABI users could have been the absence of
such charge interaction, such that the cell membrane
returned to its resting potential after every pulse.
Evidence against this explanation comes from the
finding of experiment 3 that ABI listeners’ thresholds
for a 3500-pps pulse train were lower for alternating
polarity than for fixed polarity pulse trains, and that
this difference was larger than at 500 pps. The effect
was at least as large as for CI users, with a marginally
significant difference in the opposite direction. Hence
it seems that, at high pulse rates, successive pulses do
interact at the level of the cell membrane, but that for
some reason this does not result in a substantial
threshold reduction.

One possible explanation for the small effect of
pulse rate in ABI users is that the neurons near the
stimulating ABI electrode are stimulated at a level that
evokes their maximum possible firing rate, and that
refractory effects, lasting a few milliseconds, prevent
increases in pulse rate from leading to an increase in
firing rate. This explanation would also require that,
at high pulse rates, there are not substantial numbers
of more distant neurons that can be recruited as pulse
rate increases. In contrast, for CI stimulation, neurons

might be firing lower down on their rate-level
functions, a conjecture supported by psychophysical
and modelling studies by McKay and McDermott
(1998) who concluded that, at threshold, individual
AN fibres fire with a probability of between 0.4 and 0.9
in response to every pulse. This would allow increases
in charge summation, produced by increasing pulse
rate, to produce additional action potentials in nearby
fibres that had not been activated by the previous
pulse.

The above explanation then raises the question of
why increasing the current level does increase loud-
ness for ABI users, even though increasing pulse rate
does not reduce thresholds. The answer may be that
brainstem neurons individually have small dynamic
ranges (between threshold and saturation) so that, as
current decays away from the stimulating electrode,
there are only a few neurons that are not saturated,
yet are sufficiently close to threshold to be able to
increase their firing rate, or start to fire, when pulse
rate is increased. In contrast, the increases in current
level that cause loudness to grow may result from
recruitment of neurons that are more distant from
the stimulating electrode.

Although the different effect of pulse rate between
ABI and CI users is apparent even at the very shortest
durations, experiment 2 did show that, for some ABI
users, the effect of pulse rate was slightly greater for
the two shortest pulse trains than for longer dura-
tions. For these short durations, corresponding to
NumPulse500=1 and 2, the duration of the 3500-pps
pulse trains were 1.71 and 2.71 ms respectively. The
threshold difference was reduced for values of
NumPulse500 of 4 and higher, where the duration
of the 3500 pps pulse train was 7.71 ms. Hence, it
seems that some additional effect, with a time course
of about 2.7 and 7.7 ms, reduced the influence of
pulse rate on ABI users’ thresholds. One possibility is
rapid adaptation. Zhang et al (2007) recorded spike-
rate adaptation to electric pulse trains presented via
an intra-cochlear electrode in the anesthetised cat
and modelled the results using two adaptation time
constants, of 8 and 80 ms, respectively. Neurons
differed in the amount of adaptation, with fewer
showing substantial amounts of adaptation for 250-pps
pulse trains than for higher pulse rates. Hence, rapid
rate-dependent adaptation can occur in response to
electrical stimulation. Because the effect of pulse rate
on thresholds did not change as duration was
increased above 7.71 ms, there is no evidence that
adaptation having longer time constant(s) play a role
in the very small difference in thresholds at 500 vs
3500 pps for ABI users.

In summary, our investigation into why ABI users’
thresholds differ so little between 500 and 3500 pps
rule out an explanation in terms of long-term
adaptation and point to two fast-acting mechanisms.
One of these is almost instantaneous and has an effect
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that can be observed for stimuli as short as 2 ms. We
have argued that, although at 3500 pps successive
pulses do interact at the level of the cell membrane,
this does not lead to increases in the number of action
potentials (relative to that occurring at lower pulse
rates), possibly because all neurons that do respond
are near the top of their dynamic range. A second
mechanism, responsible for the fact the threshold
difference between 500 and 3500-pps pulse trains
decreases slightly with increases in duration up to 7.7
ms, has a time constant below about 10 ms and may
reflect rapid adaptation.
Polarity. Experiment 4 showed that, like CI users, ABI
users are more sensitive to QP-A than to QP-C pulses.
We believe that there are two reasons for interpreting
this finding as evidence that ABI users are more
sensitive to anodic than to cathodic current. One is
that the same finding occurs for CI users, for whom
electrophysiological evidence confirms the greater
sensitivity to anodic current. The other is that, in a
QP pulse, the first and last phases each contain half
the charge of the central phase and are therefore less
likely to elicit neural activity. It must be acknowl-
edged, however, that definitive proof should come
from electrophysiological studies similar to those
performed with CIs (Undurraga et al. 2010, 2013).
We should also note that, although for QP pulses the
effect of waveform polarity is similar for CIs and ABIs,
the underlying mechanisms may not be the same for
the two devices. For example, when a neuron contains
multiple dendrites that are close to the stimulating
electrode, anodic current can flow through the
dendrites and soma, subsequently passing out
through the membrane of the cell’s axon (Plonsey
and Barr 2007). This mechanism will not operate for
neurons of the AN, which consist of a cell body plus
two axons (often termed the ‘peripheral process’ and
‘central axon’).

Perceptual Effects of Changing Stimulus Level
in CI and ABI Users

We have compared the effects of pulse rate, for two
groups of listeners, using thresholds measured in dB. It
should be pointed out that a given decibel change may
not necessarily correspond to the same change in
sensitivity (d′) for two groups of listeners. For example,
if the slope of the underlying psychometric function
were steeper for ABI than for CI listeners, then, although
increasing pulse rate might produce a smaller threshold
change for ABI than for CI users when measured in
decibels, this dB change might correspond to the same
change in d′. However, steeper psychometric functions
would, presumably, also reduce the decibel change in
thresholds obtained with other manipulations, such as
increases in duration, that would be expected to

increase sensitivity. In contrast, our results show that
the effect of duration (Fig. 2B) was similar between
groups, whereas the effect of rate (Fig. 1) was very
different. For example, for a 500-pps pulse train, the
effect of increasing duration over the entire range
studied in experiment 2 was similar for ABI (3.7 dB)
and CI (4.4 dB) users, whereas the effect of increasing
the pulse rate to 3500 pps was much larger for the CI
group than for the ABI group. Similarly, the effect of
presenting a 3500-pps pulse train in fixed vs alternating
polarity in experiment 3 was actually larger for the ABI
than for the CI group, whereas the opposite was true for
the effect of pulse rate.

Practical Implications

Experiment 3 showed that ABI users’ thresholds for a
3500-pps pulse train were 1.25 dB lower when the
leading polarity of the (symmetric) biphasic pulses
alternated from pulse to pulse compared to when it
was always cathodic. If a similar, or larger, effect
occurred at supra-threshold levels, then this manipu-
lation could increase the loudness that is achievable
for a given current level. An important question is
whether the manipulation would have a similar effect
on the excitability of those neurons responsible for
the unwanted, non-auditory sensations that can occur
with brainstem stimulation. If not, then presenting
stimuli in alternating polarity could provide a simple
and easily implemented method of extending the
number of electrodes that produce auditory but not
non-auditory sensation. A similar point applies to the
loudness differences that can be produced by stimu-
lating the brainstem with asymmetric pulses in
monopolar mode (experiment 4). We should note
that, although the sizes of the effects observed are of
the order of only one or two decibels, this corre-
sponds, on average, to about one sixth of the dynamic
range for the electrodes and patients studied here.

We believe that the most promising potential
application may come from stimulation of the
brainstem with asymmetric pulses in bipolar mode.
Existing strategies use symmetric pulses in either
monopolar or bipolar mode. Monopolar mode may
provide a wide current spread. In bipolar mode, the
current at each electrode is a polarity-inverted version
of that at the other. With a symmetric biphasic pulse,
then, each electrode will receive the ‘effective’
(anodic) phase, and so we would expect two loci of
neural excitation, one near each electrode. The
relative effectiveness at each locus will presumably
depend on factors such as the neural survival close to
each electrode, so a given channel will either excite
two subsets of neurons (which may have different
characteristic frequencies) or, if one electrode is in a
‘dead region’, a single subset but where the clinician
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does not know which one. Research with CI users has
shown that this problem can be at least partly overcome
by using asymmetric pulses (Macherey et al. 2010;
Macherey et al. 2011) because only one electrode receives
anodic current that is concentrated in time (this would
correspond to the central portion of our QP pulses). The
result is a more unimodal pattern of activation than is
achievable with symmetric pulses. Indeed, the centre of
gravity corresponding to the time-concentrated anodic
phase at one electrode can be ‘pushed away’ from the
other electrode. This occurs because, at sites between
the two stimulating electrodes, the voltages arising
from the opposite-polarity phases at the two elec-
trodes are partially cancelled. As a result, when the
electrode that receives the time-concentrated anodic
phase of an asymmetric pulse is the most apical
electrode of a CI, the resulting excitation pattern is
more apical than can be achieved with symmetric
pulses either in bipolar or monopolar mode. The
fact that ABI users also show polarity sensitivity, albeit
in monopolar mode, suggests that bipolar stimula-
tion with asymmetric pulses may provide greater
control over the locus of excitation produced by an
ABI. A particular situation where this may be
beneficial is where the position of the ABI is such
that no electrodes produce auditory sensations with
symmetric pulses; asymmetric pulses may allow one
to focus excitation on sites close to or beyond the
edge of the electrode array and to more selectively
excite auditory neurons. Another possibility would be
to use one electrode as the ‘return’ for all channels,
such that this common electrode receives the
cathodic time-concentrated part of an asymmetric
pulse. This may provide the restricted current spread
obtainable with bipolar stimulation, whilst producing
substantial excitation near only one of the
electrodes.

ACKNOWLEDGMENTS

We thank Olivier Macherey and Ian Bruce for very helpful
discussions, and the clinical teams in Cambridge and
Manchester for making this research possible. We also
thank two anonymous reviewers for very helpful suggestions

Conflict of Interest

The authors declare that they have no conflict of interest.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which per-
mits unrestricted use, distribution, and reproduction in any
medium, provided you give appropriate credit to the original
author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.

REFERENCES

AZADPOUR M, MCKAY CM (2014) Processing of speech temporal and
spectral information by users of auditory brainstem implants and
cochlear implants. Ear Hear 35:E192–E203

CARLYON RP, DEEKS JM, MACHEREY O (2013) Polarity effects on place
pitch and loudness for three cochlear-implant designs and at
different cochlear sites. J Acoust Soc Am 134:503–509

CARTEE LA, MILLER CA, VAN DEN HONERT C (2006) Spiral ganglion cell
site of excitation I: comparison of scala tympani and intrameatal
electrode responses. Hear Res 215:10–21

COLLETTI V AND SHANNON RV (2005) Open set speech perception
with auditory brainstem implant? Laryngoscope 115(11):1974–
1978

COLLETTI L, SHANNON R, COLLETTI V (2012) AUDITORY BRAINSTEM IMPLANTS

FOR NEUROFIBROMATOSIS TYPE 2. CURR OPIN OTOLARYNGOL HEAD NECK

SURG 20:353–357. DOI:10.1097/MOO.0B013E328357613D
GRILL WM. AND MORTIMER JT (1999) STIMULUS WAVEFORMS FOR

SELECTIVE NEURAL STIMULATION. IEEE ENG MED BIOL 14(4):375–
385

LIM HH, LENARZ T, JOSEPH G, BATTMER R-D, PATRICK JF, LENARZ M
(2008) Effects of phase duration and pulse rate on loudness and
pitch percepts in the first auditory midbrain implant patients:
comparison to cochlear implant and auditory brainstem implant
results. Neuroscience 154:370–380

LONG CJ, NIMMO-SMITH I, BAGULEY DM, O'DRISCOLL M, RAMSDEN R,
OTTO SR, AXON PR, CARLYON RP (2005) Optimizing the clinical fit
of auditory brain stem implants. Ear Hear 26:251–262

MACHEREY O, WIERINGEN AV, CARLYON RP, DEEKS JM, WOUTERS J (2006)
Asymmetric pulses in cochlear implants: effects of pulse shape,
polarity and rate. JARO 7:253–266

MACHEREY O, CARLYON RP, DEEKS JM, VAN WIERINGEN A, WOUTERS J (2008)
Higher sensitivity of human auditory nerve fibers to positive
electrical currents. Jaro-J Assoc Res Otolaryngol 9:241–251

MACHEREY O, VAN WIERINGEN A, CARLYON RP, DHOOGE I, WOUTERS J
(2010) Forward-masking patterns produced by symmetric and
asymmetric pulse shapes in electric hearing. J Acoust Soc Am
127:326–338

MACHEREY O, DEEKS JM, CARLYON RP (2011) Extending the limits of
place and temporal pitch perception in cochlear implant users. J
Assoc Res Otolaryngol 12:233–251

MATTHIES C, BRILL S, VARALLYAY C, SOLYMOSI L, GELBRICH G, ROOSEN K,
ERNESTUS R-I, HELMS J, HAGEN R, MLYNSKI R, SHEHATA-DIELER W,
MÜLLER J (2014) Auditory brainstem implants in neurofibroma-
tosis type 2: is open speech perception feasible? J Neurosurg
120:546–558

MCKAY CM, MCDERMOTT HJ (1998) Loudness perception with
pulsatile electrical stimulation: the effect of interpulse intervals.
J Acoust Soc Am 104:1061–1074

MCKAY CM, LIM HH, LENARZ T (2013) Temporal processing in
the auditory system. Jaro-J Assoc Res Otolaryngol 14:103–124

MCKAY CM, AZADPOUR M, JAYEWARDENE-ASTON D, O’DRISCOLL M, AND

EL DEREDY W. (2015) ELECTRODE SELECTION AND SPEECH UNDER-

STANDING IN PATIENTS WITH AUDITORY BRAINSTEM IMPLANTS. EAR HEAR

36(4):454–463
MIDDLEBROOKS JC (2004) Effects of cochlear-implant pulse rate and

inter-channel timing on channel interactions and thresholds. J
Acoust Soc Am 116:452–468

PLACK CJ, MOORE BCJ (1990) Temporal window shape as a function
of frequency and level. J Acoust Soc Am 87:2178–2187

PLONSEY R. AND BARR RC (2007) Bioelectricity: a quantitative
approach Springer)

SHANNON RV (1985) Thresholds and loudness functions for pulsatile
stimulation of cochlear implants. Hear Res 18:135–143

SHANNON RV (2011) BPsychophysics of electric stimulation of the
human cochlea, brainstem, and midbrain,^ Association for

CARLYON ET AL.: Pulse Rate, Polarity, and Auditory Brainstem Implants 667

http://dx.doi.org/10.1097/MOO.0b013e328357613d


Research in Otolaryngology, 34th Midwinter Research Meeting
Baltimore, Maryland, USA, ISSN-0742-3152, p 99

SHANNON RV, OTTO SR (1990) Psychophysical measures from
electrical stimulation of the human cochlear nucleus. Hear Res
47:159–168

UNDURRAGA JA, VAN WIERINGEN AV, CARLYON RP, MACHEREY O, WOUTERS

J (2010) Polarity effects on neural responses of the electrically
stimulated auditory nerve at different cochlear sites. Hear Res
269:146–161

UNDURRAGA JA, VAN WIERINGEN A, CARLYON RP, MACHEREY O, WOUTERS J
(2013) The polarity sensitivity of the electrically stimulated

human auditory nerve measured at the level of the brainstem.
J Assoc Res Otolaryngol 14:359–377

WEVER EV (1949) Theory of hearing. New York, Wiley
ZENG FG, SHANNON RV (1992) Loudness balance between electric

and acoustic stimulation. Hear Res 60:231–235
ZENG FG, SHANNON RV (1994) Loudness-coding mechanisms inferred

from electric-stimulation of the human auditory system. Science
264:564–566

ZHANG F, MILLER CA, ROBINSON BK, ABBAS PJ, HU N (2007) Changes
across time in spike rate and spike amplitude of auditory nerve
fibers stimulated by electric pulse trains. JARO 8:356–372

668 CARLYON ET AL.: Pulse Rate, Polarity, and Auditory Brainstem Implants


	Effect of Pulse Rate and Polarity on the Sensitivity of Auditory Brainstem and Cochlear Implant Users to Electrical Stimulation
	Abstract
	INTRODUCTION
	EXPERIMENT 1
	Rationale
	Methods
	Results

	EXPERIMENT 2
	Rationale
	Methods
	Results

	EXPERIMENT 3
	Rationale
	Method
	Results

	EXPERIMENT 4
	Rationale
	Method
	Results

	DISCUSSION
	Comparison to Previous Results
	Physiological Basis of Observed Effects
	Pulse Rate
	Polarity

	Perceptual Effects of Changing Stimulus Level in CI and ABI Users
	Practical Implications

	Acknowledgments
	References


