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a b s t r a c t

The present study investigates interactions of simultaneous electric and acoustic stimulation in single
auditory nerve fibers in normal hearing cats. First, the auditory nerve was accessed with a microelectrode
and response areas of single nerve fibers were determined for acoustic stimulation. Second, response
thresholds to extracochlear sinusoidal electric stimulation using ball electrodes positioned at the round
window were measured. Third, interactions that occurred with combined electric-acoustic stimulation
were investigated in two areas: (1) the spectral domain (frequency response areas) and (2) the temporal
domain (phase-locking to each stimulus) at moderate stimulus intensities (electric: 6 dB re threshold,
acoustic: 20e40 dB re threshold at the characteristic frequency, CF). For fibers responding to both mo-
dalities responses to both electric and acoustic stimulation could be clearly identified. CFs, thresholds,
and bandwidth (Q10dB) of acoustic responses were not significantly affected by simultaneous electric
stimulation. Phase-locking of electric responses decreased in the presence of acoustic stimulation.
Indication for electric stimulation of inner hair cells with 125 and 250 Hz were observed. However, these
did not disturb the acoustic receptive fields of auditory nerve fibers. There was a trade-off between these
responses when the intensities of the stimulation were varied: Relatively more intense stimulation
dominated less intense stimulation. The scarcity of interaction between the different stimulus modalities
demonstrates the ability of electric-acoustic stimulation to transfer useful information through both
stimulation channels at the same time despite cochlear electrophonic effects. Application of 30 Hz
electric stimulation resulted in a strong suppression of acoustic activity in the anodic phase of the
stimulus. An electric stimulation like this might thus be used to control acoustic responses.

This article is part of a Special Issue entitled <Lasker Award>.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The indication for cochlear implantation (CI) has been expanded
over the last few years and now includes patients with a consid-
erable amount of residual hearing (von Ilberg et al., 1999, 2011).
Developments in surgical techniques (Fraysse et al., 2006; Kiefer
et al., 2004, 2005; Lenarz et al., 2009; Skarzynski and Lorens,
2010; Skarzy�nski et al., 2002), limited insertion depth of less
traumatic electrodes (Adunka and Kiefer, 2006; Gantz et al., 2004;
Lenarz et al., 2006, 2009), and more detailed knowledge about the
variability of human cochlear microanatomy (Avci et al., 2014;
e-Universit€at KHNO, Physi-
0590 Frankfurt/M, Germany.

ein).
Biedron et al., 2010; Erixon et al., 2009; Rask-Andersen et al.,
2011) resulted in total or partial preservation of low frequency
hearing in an increasing number of patients (Fraysse et al., 2006;
Gstoettner et al., 2004; James et al., 2005; von Ilberg et al., 2011).
Hearing preservation provides the opportunity to utilize a com-
bined stimulation via a cochlear implant in the high frequency
cochlear regions and a simultaneous acoustic stimulation (hearing
aid) in the low frequency cochlear region (<1 kHz). Clinical studies
have shown that patients using combined electric-acoustic stimu-
lation (EAS) achieve substantial improvement in speech perception
particularly in noise (Gstoettner et al., 2004; Lenarz et al., 2009;
Wilson, 2010; Wilson et al., 2003). However, the cochlear mecha-
nisms of electroacoustic phenomena are poorly understood.

Currently, the target of electric stimulation is the deaf high-
frequency region of the cochlea. The target of acoustic stimulation
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in EAS is the residual hearing of the low-frequency region in the
cochlea. Overlap of stimulation sites is very likely, also because
subjects with increasing amounts of residual hearing including
those with pantonal residual hearing are considered for electro-
acoustic stimulation. In these cases interaction of both stimulation
modes is an issue particularly if they result in distortion-like phe-
nomena that may disrupt information from one of the stimulation
modes. The most likely sites of interaction of electric current with
the normal acoustic signal transduction in the inner ear include the
mechanical sensor (basilar membrane motion), the hair cells, their
synapses, the non-myelinated afferent nerve endings, and thenodes
of Ranvier or somata of the auditory nerve cells. The electric stim-
ulation of a hearing cochlea may thus result in activation of either
the nerve fibers (electroneural stimulation) or the hair cells (elec-
trophonic stimulation, Miller et al., 2009; van den Honert and
Stypulkowski, 1984). Electric stimulation of hair cells is mainly
caused indirectly by inducing basilarmembranemovement through
outer hair cell motility (McAnally et al., 1993; Moxon, 1971; Nuttall
and Ren, 1995). So far, direct electric stimulation of inner hair cells
has only been demonstrated in a minority of fibers (~8%, van den
Honert and Stypulkowski, 1984). Electrophonic responses occur
both for stimulation with sinusoidal stimuli and pulsatile stimuli
(Lusted and Simmons, 1988; McAnally et al., 1993; Popel�ar et al.,
1995). They are observed predominantly at cochlear sites with CFs
corresponding to peaks in the spectrum of the electric stimulus. For
sinusoidal stimuli they are found in fibers with CFs near the fre-
quencyof the electric stimulus (Moxon,1971). In the case of pulsatile
stimulation electrophony is observed at places corresponding to the
peaks in the frequency spectrum of the electrical signal (McAnally
and Clark, 1994; McAnally et al., 1997). In deafened cochleae hair
cells are not present and therefore cannot be activated. As a conse-
quence, electrically evoked responses in hearing cochleae differ
from those obtained in deafened cochleae (Hartmann et al., 1982;
Kiang and Moxon, 1972).

Despite the high clinical relevance of the topic studies using
simultaneous electroacoustic stimulation remain rare (von Ilberg
et al., 1999; Miller et al., 2006, 2009; Nourski et al., 2005;
Vollmer et al., 2010). One problem with experimental electro-
acustic stimulation is that implantation results in a hearing loss
which in turn affects the properties of auditory nerve fibers. This
makes it impossible to reliably characterize the fiber as both the
characteristic frequency as well as other features of the fiber change
due to the hearing loss (Liberman, 1984; Liberman and Dodds,
1984; Litvak et al., 2001). Furthermore, electric stimulation affects
the stability of single-fiber recordings i.e. recording sessions of one
fiber for an extended period of time is difficult in the electrically-
stimulated auditory nerve.

In the present study extracochlear electric stimulationwas used.
This avoided implantation damage and allowed a good character-
ization of fiber properties by acoustic stimulation. Consequently,
we could precisely characterize the function of all recorded fibers of
the intact cochlea at all frequency regions. It also assured exact
knowledge of the acoustic characteristics of the “best acoustic
stimulus” and thus the anatomical site of origin within the cochlea.
Furthermore, extracochlear electric stimulation allows electrical
excitation with thresholds independent from the location of the
fiber within the cochlea (Hartmann et al., 1982; Moxon, 1971; van
den Honert and Stypulkowski, 1984; for single-fiber electric tun-
ing curves with intracochlear stimulation, comp. Kral et al., 1998).
Although this stimulation does not allow local electric stimulation
the likelihood of electric-acoustic interactions and electrophonic
responses is increased, which was one target of this study. As it is
not clear where interactions between electric and acoustic stimuli
may occur along the cochlea activation of the whole cochlea rep-
resents a standout advantage of the present study.
Sinusoidal low-frequency ongoing stimulation allowed us to
eliminate electrical artifacts without affecting the recorded action
potentials. High-frequency electric stimulation in the adapted state
may occlude some electroacoustic interactions (Litvak et al., 2001;
Nourski et al., 2005). Low frequency sinusoids achieve sustained
responses without the adaptation observed at higher frequencies
(Matsuoka et al., 2000; Nourski et al., 2005). The most effective
stimulation (in terms of lowest thresholds and highest response
rates) was obtained with electrical sinusoids of frequencies around
100 Hz (Dynes and Delgutte,1992; Hartmann et al., 1984; Kiang and
Moxon, 1972; Moxon, 1971; van den Honert and Stypulkowski,
1987). At such low stimulus frequencies nerve fiber responses to
electric stimulation are characterized by a strong phase locking to
the stimulus. Therefore, interactions can easily be identified in the
mixed stimulus condition.

The present results demonstrate suppressive interactions be-
tween acoustic and electric responses in single fibers of the audi-
tory nerve. Spectral information as assessed with acoustic receptive
fields was unaltered in the combined stimulation. Instances of
electrical suppression of acoustic responses were also found and
were most pronounced in the time domain. Nonetheless, in the
majority of recordings significant information on both acoustic and
electric stimulus was observed in the same nerve fiber. Evidence for
electrophonic stimulation was obtained throughout the whole CF
range of recorded fibers suggesting the occurrence of electrophonic
response throughout the whole cochlea with a low-frequency si-
nusoidal stimulus. Finally, results with 30 Hz electric sinusoid
stimulation demonstrate strong modulation of acoustic respon-
siveness and indicate that such stimulationmay potentially serve to
set the acoustic working point of the organ of Corti. A preliminary
report about a response of one nerve fiber under electroacoustic
stimulation has been included in von Ilberg et al. (1999). This fiber
is not included in the present study.

2. Methods

The experiments were performed in 4 adult normal hearing cats
(body weight between 2.4 and 4 kg). Cats were sedated with
ketamin hydrochloride (Ketavet®, 24.5 mg/kg, Pfizer Pharmacia
GmbH Berlin, Germany) and propionylpromazine phosphate
(Combelen®, 2.1 mg/kg, Bayer AG Leverkusen, Germany). Atropin
(0.5 mg i.p., Bayer AG Leverkusen, Germany) was applied i.p. at the
beginning of the experiment to reduce salivation. Anaesthesia was
maintained by additional doses of pentobarbital (Narcoren®,
32 mg/kg, Merial GmbH Hallbergmoos, Germany). The trachea was
intubated and the animals were artificially ventilated. End-tidal
CO2 was monitored and kept under 4.0% (details in Hartmann
et al., 1984). Heart rate was monitored using ECG. Body tempera-
ture was kept constant by a homeothermic heating blanket (37 �C).
Through a venous catheter a modified Ringer's solution, glucose
and antibiotics (tetracycline) were applied. The bulla was exposed
at one side and the external meatus was cut to allow a controlled
closed sound delivery system (see below). Normal hearing was
confirmed using compound action potential audiograms (see
below).

2.1. Acoustic stimulation

Experiments were conducted in an electrically shielded sound
attenuating chamber. Acoustic stimuli were generated by a pro-
grammable Rockland synthesizer (model 5100, Wavetek, San Diego
CA, USA). Search stimuli were generated manually by a Wavetek
arbitrary waveform generator (model 146, Wavetek, San Diego CA,
USA). The stimuli were delivered by a calibrated inversely driven
condenser microphone (1-inch B þ K 4145, Bruel & Kjær, Nærum,
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Denmark) close to ear drum. Acoustic stimuli included clicks
(condensation and rarefaction, 50 ms duration) and gated tones of
50 and 100ms duration (5 ms leading and trailing slopes). Stimulus
frequencies ranged from 100 Hz to 40 kHz in 1/3 octave steps for
single fiber data; for audiograms based on compound action po-
tentials the frequency range was 250 Hze32 kHz in 1/3 octave
steps. Sound pressure levels were monitored by a Sennheiser KE4
microphone (Sennheiser, Barleben, Germany). The acoustic stimuli
were attenuated by a custom-made attenuator (1 dB steps). All
acoustic stimuli (with the exception of the search stimuli) were
controlled by a computer.

2.2. Electric stimulation

Electric stimulation was performed using an extracochlear sil-
verball electrode (diameter 1 mm) located in the niche of the round
window. The indifferent stimulation electrode was located in the
neck of the animal. Electric stimuli consisted of charge-balanced
sinusoids ranging in frequency from 30 Hz to 250 Hz (Rockland
sinewave generator 5100 Wavetek, San Diego CA, USA). The levels
of the electric currents were computer controlled and delivered to
the stimulus electrodes by an optically isolated constant current
source (MEDEL IS 2, MED-EL Comp., Innsbruck, Austria).

2.3. Recording

The bulla was opened unilaterally. For electric extracochlear
stimulation and recordings of compound action potentials (CAPs)
two silverball electrodes (diameter ~1mm)were placed on opposing
locations of the roundwindow. The auditory nervewas exposed by a
posterior fossa approach. Glass microelectrodes were introduced
under visual control for recording of single fiber action potentials.

For CAP recordings the electrode signal was amplified by
60e80 dB (Tektronix models 122 and 5A22N, Tektronix, Beaverton
OR, USA), band-pass filtered (0.1e3 kHz) and recorded on a com-
puter. At the beginning of the experiment normal hearing was
confirmed by CAP audiograms (tone pips, 3 ms duration, 1 ms on/
off, 250 Hze32 kHz, 3 steps/octave) with most sensitive point
<40 dB SPL.

Single fiber activity was recorded with glass micropipettes
(>25MU) filled with 3M KCl solution. The signal was amplified by a
custom-made battery-powered preamplifier followed by a second
stage amplifier (Tektronix differential amplifier 5A22N, Tektronix,
Beaverton OR, USA) and band-pass filtered by Rockland model 452
filter (1e3 kHz, 24 dB/octave, Wavetek, San Diego CA, USA). Electric
stimulus artifacts were compensated by an electronic circuit
(Hartmann et al., 1994) and additionally filtered off-line by a
custom made software written in MatLab (© MathWorks, Natick,
MA USA; zero group delay filtering with Chebychev 2 filter, 24 dB/
octave, 1e3 kHz). The resulting single-fiber recordings were digi-
tized with a 100 kHz sampling rate and stored on a computer.

2.4. Experimental procedure

Initially, for each fiber the acoustic frequency response area
(FRA) and the CF of the fiber wasmeasured (AS condition, Fig.1a, b).
The threshold was reached when the firing rate increased by more
than 50% above the spontaneous firing rate. In the time domain the
typical sequence of onset and sustained part of the response is
discernible (Fig. 1b) followed by an off-suppression of the sponta-
neous rate after the offset of the acoustic stimulus (Kiang et al.,
1965). Next, the electric threshold was determined by measuring
the fiber response to electric stimulation with continuous sinu-
soidal currents (ES condition, Fig. 1c). Thresholds with electrical
stimulation could not be evaluated by an increase in firing rate as
the anodic phase of the stimulus occasionally evoked a suppression
of firing so that the overall change in firing rate was modest.
Therefore in ES, thresholds were evaluated by phase locking to the
electric stimulus (see below). The electric response typically did not
demonstrate an off-suppression.

Following the electrical stimulation the acoustic tuning curve
was re-measured in the presence of a continuous electric stimulus
6 dB above threshold (EAS condition Fig. 1d, e). This level was
selected to recruit electroneural stimulation also in cases where the
threshold was defined by electrophonic stimulation. Finally, the
acoustic tuning curve was re-measured without the electric stim-
ulus (AS control condition, Fig. 1f). For evaluating temporal
response characteristics the three stimulus conditions (AS, ES, EAS)
were recorded over a time period of 100e200 ms (resolution of
10 ms) and repeated 50 times (Fig. 1b, c, e). For the AS condition the
fiber was stimulated acoustically at CF and 20e40 dB above
threshold, for ES the stimulus was presented 6 dB above threshold.
The same stimuli were simultaneously presented for the EAS con-
dition. In case of stable recordings continuous electric stimulation
and higher intensities of electric and acoustic stimuli were also
applied. Due to the complex stimulus arrangement the demands on
stability of the recordings were very high (exceeding 30 min).

The obtained data were quantitatively processed focusing on
stability of the response areas (discharge rate, CF, threshold, Q10 dB
value) under simultaneous electric-acoustic stimulation. To inves-
tigate interactions caused by EAS in the temporal domain post-
stimulus time histograms (PSTH), interspike intervals (IH), and
period histograms (PH) were constructed for AS, ES and EAS using
custom-made software programmed in MatLab. PSTHs had binning
of 1ms; period histograms divided the stimulus period into 40 bins.

2.5. Synchronization index

The synchronization index (SI) was computed to quantify the
phase-locking of responses to the acoustic and electric stimulus
under different stimulation conditions (acoustic alone, electric
alone and combined, bin width was 1/40 of the total period dura-
tion). SI is a measure of the modulation of the discharge rate in the
period histogram, given as:

R ¼ 1
N

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi XN
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þ
 XN

i
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inwhich N is the number of action potentials recorded andQi is the
phase of the stimulus when the given action potential occurred
(details in Goldberg and Brown, 1969).

SI equals 1 if all discharges occurred at the same time (bin) of the
PH, SI is zero if discharges were randomly distributed within the
period of the stimulus. A PHwith sinusoidal modulation yields an SI
of 0.5. Significance of the SIs was tested with the Raleigh-test
(Stephens, 1969). For conditions in which PH had unimodal distri-
bution the SIs of the first order were compared (SI0). Conditions
under which PH had a bimodal distribution (i.e. the fiber responded
to two different phases of the stimulus) the SIs of the 2nd order
(SI1) were evaluated etc. SI0 corresponds to the fundamental fre-
quency f0 of the response spectrum, SI1 to the first harmonic f1.

Post-hoc sensitivity analysis for two-tailed
Wilcoxon-ManneWhitney test and effect size calculations was
performed with G*Power (Faul et al., 2007).

3. Results

From 113 fibers stable recordings were obtained in 63 single
auditory nerve fibers. Of these 68% (n ¼ 43) responded to electric



Fig. 1. Measurements performed at each recorded single nerve fiber. a) Determination of the characteristic frequency (CF) of a fiber: Acoustic frequency response area with the
tuning curve (black line, AS-FRA). Firing rate is color-coded with red corresponding to highest firing rate. The active stimulus is shown schematically below the plots. b) Acoustic
response at the CF of the fiber shown as post-stimulus time histogram (AS-PSTH). Stimulus envelope is plotted below the histogram. c) PSTH of a response evoked by electric
stimulation (125 Hz 6 dB above electric threshold; ES-PSTH). d) Re-measurement of FRA in bimodal condition with the ongoing electric stimulus (electric-acoustic stimulation; EAS-
FRA). e) PSTH of the response to EAS (EAS-PSTH). In the depicted PSTH both stimuli had the duration of 50 ms. f) Re-measurement of the response area with acoustic stimulation to
verify recording stability.
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stimulation, and we could determine the receptive fields in all
stimulus conditions (acoustic, electric, and combined, Fig. 1). The
remaining 32% of fibers were not responsive to electrical stimula-
tion within the safe limits of the current source (up to 1 mArms). Of
the total population of responsive fibers investigated in this study,
42% were in the low-frequency range (CF <4 kHz) and could be
additionally used to quantify acoustic information coding in the
time domain.

The CFs of the electrically-responsive auditory nerve fibers were
within the 0.2e40.0 kHz range. All fibers showed the typical
acoustic response characteristics of cat single primary afferents
with a strong onset response followed by a sustained firing with a
transient “off suppression” of the spontaneous activity after stim-
ulus offset (Fig. 1, comp. Kiang et al., 1965). Electric thresholds
varied in the range of 12.5e500.0 mArms whereas there was no
obvious relation of the electric thresholds to CF.

3.1. Responses in the frequency domain

The response areas to acoustic stimulation showed sharp tuning
curves, which are typical for a normal hearing cochlea within the
given CF range both in the low-frequency fiber (Fig. 2a, left panel)
and in the high-frequency fibers (Fig. 2bed left panels). Adding the
electric stimulus increased the firing rate within and outside the
acoustic receptive field (EAS condition, Fig. 2, middle panels) in a
current level-dependent manner without affecting the shape of the
response area (Fig. 2c, middle and right panels). Qualitatively, the
acoustic receptive field was not significantly affected by the elec-
trical stimulus apart from an overall increase in firing rate. The
results were not dependent on the frequency of the stimulus: both
125 and 250 Hz stimulation yielded a similar result although
250 Hz increased the firing rate more than 125 Hz (Fig. 2d). In 16%
of the fibers the acoustic receptive field covered 125 and/or 250 Hz
(Fig. 2a, low CF fiber). Also, in these cases no obvious change of the
acoustic receptive field was observed under EAS condition.

Quantitative analysis at the characteristic frequency confirmed
this observation (Fig. 3). The characteristic frequency was not
affected by the presence of the electric stimulus (Fig. 3a, significant
correlation, two-tailed Spearman test, a ¼ 5%). CFs in acoustic (AS)
and combined (EAS) condition were not different (two-tailed Wil-
coxon-ManneWhitney test, p ¼ 0.976). Also Q10 dB showed only
minor differences between AS and EAS conditions (Fig. 3b). How-
ever, fibers with a high Q10 dB value showed a decrease in Q10 dB

with combined stimulation (significant correlation, two-tailed
Spearman test, a ¼ 5%) demonstrating a slight decrease in tuning.
When all data were pooled the differences between AS and EAS
were not significant (AS: 4.8 ± 2.3; EAS: 4.4 ± 1.8, two-tailed Wil-
coxon-ManneWhitney test, p ¼ 0.846). Overall, the effects of
electric stimulation on acoustic tuning were weak under these
conditions. Acoustic thresholds with AS and EAS (measured at CF)
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Fig. 2. Response areas of four exemplary fibers with AS and EAS. a) Acoustic response areas of a low frequency fiber (CF ~0.65 kHz). Left: acoustic stimulation only (AS); middle:
combined stimulation with an ongoing electric sinusoid of 125 Hz with 397 mArms (EAS); right: re-measurement with acoustic stimulation to verify the stability of the response (AS).
b) Same as a) in a high-CF fiber (CF ¼ 19 kHz). The electric stimulus increased firing rate at all acoustic frequencies even outside the acoustic receptive field (middle EAS). The
acoustic response area was not substantially affected by the electric stimulus. Right: after combined stimulation, the acoustic receptive field was not changed. c) Effect of increased
current. Combined stimulation with an ongoing electric sinusoid of 125 Hz with 6 dB above threshold, 50 mArms, (middle) and 75 mArms (right). The electric stimulus increases the
firing rate both outside and inside the acoustic response area with no obvious distortion of the response area. The difference with increased current is only quantitative. d) Response
areas of another high frequency fiber to EAS with 125 Hz electric stimulus (middle) and 250 Hz electric stimulus (right), both 6 dB above threshold of the fiber. Firing rates increased
with increasing frequency of the electric stimulus. The original acoustic response area, however, remained well discernible in all conditions.
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correlated well (significant correlation, two-tailed Spearman test,
a ¼ 5%, Fig. 3c), and did not differ between the two stimulation
conditions (AS: 35.1 ± 6.9 dB SPL; EAS: 33.5 ± 8.0 dB SPL, two-tailed
Wilcoxon-ManneWhitney test, p¼ 0.145). Most fibers had acoustic
thresholds under EAS condition within ±5 dB limits (one level step
in AS) of the AS condition. However, in those units that were
beyond the ±5 dB limit 28% showed lower thresholds and 9% of the
units showed higher thresholds under EAS condition. This indicates
that there are subgroups of fibers that are affected by EAS differ-
entially although the effect is small.

The absence of effects on tuning was not due to absence of an
influence by the electric stimulation. Analysis of the acoustic
receptive fields revealed that the slopes of rate-intensity functions
at CFs (Fig. 4) decreased after adding electrical stimulation (corre-
lation coefficient ¼ 0.47, significant, two-tailed Spearman test,
a¼ 5%) from 6.6 ± 2.3 spikes/sec/dB in AS to 4.1 ± 2.1 spikes/sec./dB
in EAS (two-tailed Wilcoxon-ManneWhitney test, p<<0.001,
Fig. 4e).

3.2. Responses in temporal domain

Post-stimulus time histograms (PSTHs) and period histograms
(PHs) were compared to assess the activity in the time domain. The
acoustically-evoked responses (AS) were determined at the CF of
the fibers and at levels of 20, 30, and 40 dB above threshold.

First, we consider post-stimulus time histograms. Two extreme
cases were observed in the present study (Fig. 5). In 88% of fibers
the combined stimulation showed a suppression of electric
response by the acoustic stimulus and an absence of the electric
response during the acoustic off-suppression (Fig. 5a). This in-
dicates that both the electric and the acoustic response had to pass
the hair cell e nerve fiber synapse, and thus suggests the electro-
phonic nature of the response. In the remaining 12% of fibers the
electric response was discernible both during the acoustic pre-
sentation and afterwards with no influence of the acoustic off-
suppression on the electric responses (Fig. 5b). This demonstrates
no significant involvement of hair cells and thus a direct neuronal
stimulation (an electroneural response) in these 12% of fibers. This
different behavior was observed independently of the CF of the
fibers. In the following paragraph wewill start with quantifying the
synchronization of responses to the different input modalities and
then come back to electrophony issues afterwards.

In low-frequency fibers synchronization could be determined
for electric as well as acoustic stimulation in unimodal and bimodal
(EAS) conditions (Fig. 6a, b). Acoustic stimulation in these fibers
results in phase-locking of action potentials leading to significant SI
to the acoustic stimulus in the unimodal condition (Fig. 6a, left
panel). During EAS the synchronization index to the acoustic
stimulus remained statistically significant despite being reduced
(Fig. 6a, right panel). This demonstrates that the representation of
the acoustic stimulus is affected or even weakened by the presence
of the electric stimulus. When synchronization to the electric
stimulus was evaluated (Fig. 6b and c) the pure electric condition
resulted in significant synchronization with double-spiking per
period in this given fiber (Fig. 6b, left panels). Adding the acoustic
stimulus reduced the synchronization to the electric stimulus both
in low-CF (Fig. 6b, right panel) and high-CF fibers (Fig. 6c, right
panel) demonstrating the mutual influence of the electric stimu-
lation and the acoustic responses. In 74% of fibers the SI remained
significant both for acoustic and electric stimulation in the bimodal
(EAS) condition (see below). This outcome was level dependent, i.e.
louder acoustic stimuli suppressed the electric response more even
though the synchronization to the pure electric stimulus in the
same fiber remained constant (Fig. 7). The data suggest that the
electric stimulus does not directly interfere with the cochlear me-
chanics but rather adds information to the firing of the auditory
nerve fiber.

Pooled data documented a slight but significant decrease of the
synchronization index to the acoustic stimulus under EAS condition
when compared to AS condition (Fig. 8a, pairedWilcoxon rank test,
p < 0.001). The SI to electric stimulationwas significantly smaller in
the combined stimulus condition (Fig. 8b, paired Wilcoxon rank
test, p < 0.001). However, synchronization was not lost in most fi-
bers. Interestingly, the pooled data revealed that the mean firing
rate in EAS stimulation was higher than in acoustic and electric
alone stimulation conditions (AS vs. EAS p ¼ 0.003, Fig. 8c; ES vs.



Fig. 4. Slopes of acoustic rate-level functions at CF. a) Data analysis: rate-level functions were calculated at CF within the receptive field (dotted line). b) Spike rates plotted as a
function of sound level and fitted to a theoretical mathematical function to obtain rate-level function. c) The slope of the rate-level function was calculated by a linear fit of the data
within the range of 10 and 90% of the rate-level function i.e. before saturation of the firing rates was reached. d) All slopes from AS condition are represented on the abscissa and
from EAS on the ordinate. Most of the values were below the diagonal, indicating a decrease of slopes under EAS. e) Mean slopes were significantly lower in the combined EAS
stimulation (two-tailed Wilcoxon-ManneWhitney test, p < 0.001).

J. Tillein et al. / Hearing Research 322 (2015) 112e126118
EAS, p < 0.001, Fig. 8d). This indicates that in the combined mode
both stimuli were effective in driving the auditory nerve fiber but a
trade-off in the firing and synchrony was observed.

In 26% of fibers acoustic stimulation almost completely sup-
pressed responses to electric stimulation in terms of synchrony
(SI < 0.1). Interestingly, these fibers also belonged to the group of
88% showing no electric responses in the acoustic off-suppression
phase (Fig. 5a). This strongly indicates that electrical stimulation
occurred at the level of hair cells (therefore being of an electro-
phonic nature). In these fibers a pronounced dominance of the
acoustic stimulus was observed. This behavior was found with
different acoustic frequencies and in fibers with varied CFs (both
below and above 4 kHz).

The effects were, however, different at very low frequencies of
the electric stimulus (30 Hz). The stimulation completely blocked
the acoustic response in the responsive fibers at high currents
during the anodic phase of the stimulus (Fig. 9). This was found in
all fibers where all stimulus conditions with 30 Hz electric stimu-
lation frequency were tested: anodic currents inhibited the firing of
the fibers at high electric intensities. When applying higher electric
stimulation frequencies (125, 250 Hz) a complete suppression of
acoustic responses was never observed.

Finally, to investigate the sensitivity of the statistical procedures
post hoc power analysis was performed on the results. Compari-
sons in Figs. 4 and 8 had large effect size (Cohen's d ¼ 0.98) and a
high power (0.99), only the post-hoc power analysis for firing rate
in Fig. 8c revealed amoderate effect size (d > 0.67) but a high power
of >0.98. Consequently, using a sample size of 43, 31 or 18 fibers
was sufficient to reveal differences between the different stimula-
tion paradigms.

4. Discussion

The present study represents to the best of our knowledge the
first systematic investigation of the effect of electric stimulation on
acoustic receptive fields in auditory nerve fibers. The results
demonstrate that even in a normal-hearing cochlea the electro-
acoustic interactions in the combined stimulation condition mainly
consist of mutually suppressive effects with only weak effects on
CF, Q10db and thresholds. The analysis of temporal processing
revealed that combined electric-acoustic stimulation at moderate
stimulation levels resulted in a significant synchronization to both
the electric and the acoustic stimulus, which could be identified by
means of firing patterns of auditory nerve fibers. Nonetheless, a
trade-off in synchronization to the acoustic and electric stimulus in
the auditory nervewas observed at high acoustic stimulation levels.
The acoustically evoked suppression appeared to be stronger than
the electrically evoked suppression. Evidence for pure electro-
phonic responses was observed in 26% of fibers with 125 Hz sinu-
soidal stimulation whereas altogether in approximately 88% of the
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mediates electric responses in this fiber. b) This fiber shows a relative dominance of the electric response that can be observed both during the EAS condition as well as during off-
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fibers stimulation of hair cells probably contributed to the electric
response in the EAS condition. Only 12% of the fibers showed evi-
dence of pure electroneural responses. Very low frequency electric
stimuli (30 Hz) completely suppressed the acoustic response in the
anodic phase in some fibers.

4.1. Methodological considerations

Large artifacts caused by electric stimulation complicated the
evaluation of auditory nerve responses. However, artifact reduction
was accomplished by a custom-made electronic artifact compen-
sation system together with additional filtering procedures. An
additional challengewas the requirement of a long-term stability of
the recordings. A total of 43 of 63 recorded fibers showed sufficient
stability to evaluate the effects of electric stimulation on acoustic
receptive fields. Electric responses were quantified with sinusoidal
stimuli although stimulation in conventional cochlear implants is
conducted with pulses. Indication for electric stimulation of hair
cells was obtained in many fibers. For example, the complete
suppression of electric synchronization by the acoustic stimulus in



Fig. 6. Period histograms from fibers shown in Fig. 5. a) Left: typical PSTH with onset, sustained response and off-suppression after stimulus offset for acoustic stimulation. a) Period
histograms for the acoustic stimulus (f ¼ 1 kHz, period duration ¼ 1 ms) in the AS condition (left) and the EAS condition (right). An increase in the number of spikes (denoted by #)
and a decrease in synchronization to the acoustic stimulus is discernible with EAS. b) Period histograms for the electric stimulus (f ¼ 125 Hz, period duration ¼ 8 ms) under ES
condition (left) and EAS condition (right). Under EAS condition a multimodal distribution of action potentials with two dominant peaks shows up. The same large peaks are also
found with ES stimulation (right) and thus be concluded to be generated by the electric stimulus. The additional peaks in the EAS condition result from the acoustic stimulus (period
duration ¼ 1 ms). c) Period histograms for the electric stimulus (f ¼ 125 Hz, period duration ¼ 8 ms) under ES condition (left) and EAS condition (right) in a high CF fiber. This fiber
shows a substantial drop of synchronization to the electric stimulus during EAS and an increase in number of spikes due to the presence of the acoustic response.
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combination with off-suppression that was also effective in elimi-
nating electric responses strongly suggests direct stimulation of
hair cells (Fig. 5a). Thus, a portion of the results are the conse-
quence of an interaction of responses at the level of the hair cells.
We used a 6 dB above threshold level for electric stimulation,
which has been shown to be very effective for electric stimulation
(comp. Hartmann et al., 1984). Deafening is known to reduce
electric thresholds (Yamane et al., 1981; Black et al., 1983;
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Hartmann et al., 1984; Simmons and Glattke, 1972; Miller et al.,
2006). Therefore, the current level used in the present study
would most likely be effective for stimulation even if a portion of
the cochlea was deaf.

Insertion of the cochlear implant frequently leads to a hearing loss
due to mechanical trauma in the cochlea (Burghard et al., 2014;
Eshraghi et al., 2005; Nadol et al., 2001). Therefore, we decided to
use extracochlear stimulation to avoid potential damage to the organ
of Corti that would preclude acoustic characterization of fibers in
implanted cochleae. Additionally, it allowed the investigation of
electroacoustic interaction in the auditory nerve fibers during
simultaneous stimulation, supporting a previous study byMiller et al.
(2009). It has previously been shown that a considerable amount of
current passes through the cochlea during round window
stimulation leading to electric stimulation of the hair cells (Hartmann
et al., 1984; Moxon, 1971; Popel�ar et al., 1995; van den Honert and
Stypulkowski, 1984). Thresholds for extracochlear stimulation are
not dependent on the CF of fibers (Moxon, 1971; Hartmann et al.,
1982, 1984). Nonetheless, a spatially much wider region of electro-
acoustical interaction may be expected in extracochlear stimulation
compared to intracochlear stimulation used in patients. Therefore,
the interactions observed in the present study may represent an
overestimation of the total extend of the effect. A methodological
advantage of our stimulationparadigmwas that artifact reduction for
sinusoidal stimulation did not result in loss of action potentials e an
issue critical for the evaluation of phase locking to the stimulus. Si-
nusoidal stimulation further allows the use of the synchronization
index to detect responses to the electric stimuli in the presence of
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responses to acoustic stimuli statistically evaluate the coupling to
eachmodality and quantify the latency jitter of the action potentials.
With the exception of a higher synchronization to pulsatile stimuli
previous investigations did not reveal any systematic differences
between responses to sinusoidal and pulsatile electric stimulation in
the deaf auditory nerve (Hartmann andKlinke,1990). However, it has
to be acknowledged that the clinical use of electrical stimulation is
restricted to pulsatile stimuli.

The present study represents the worst case of possible elec-
troacoustic interactions. In human subjects these may be even less
frequent due to hearing loss in the high-frequency region of the
cochlea and possible additional loss of outer hair cells. In this re-
gard, the mutual interactions of electric and acoustic stimulation
under clinical conditions are even less frequent than this study
predicts.

4.2. Discussion of the results

In the present study we compared not only acoustic receptive
fields during electric stimulation for the first time, we also
compared phase locking to either stimulus under combined con-
ditions. Previous studies were focused either only on electrically-
evoked responses of a hearing cochlea (Javel and Viemeister,
2000; Kiang and Moxon, 1972; Lusted and Simmons, 1988;
Moxon, 1971; Popel�ar et al., 1995) or on the effect of acoustic
stimulation on electric responses (and vice versa) with respect to
firing rate, and latencies (Miller et al., 2009). Few studies investi-
gated electric-acoustic masking in group excitation by means of
compound action potentials of the cochlea (Nourski et al., 2005,
2007; Stronks et al., 2010, 2013). Other studies focusing on elec-
troacoustic stimulation were performed in the central auditory
system (Lusted and Simmons, 1988; Popel�ar et al., 1995; Vollmer
et al., 2010). They draw conclusions based on the frequency range
in which electrophony was seen (Popel�ar et al., 1995), on rate-level
functions (Lusted and Simmons, 1988) or on phase relations in
electroacoustic interactions (Vollmer et al., 2010). As in the inves-
tigated central structures such as inferior colliculus and the audi-
tory cortex no information on temporal fine-structure is preserved,
direct auditory nerve recordings are required to investigate the
electroacoustic effects in temporal fine-structure. The present
study focused on synchronization to both electric and acoustic
stimuli in single auditory nerve fibers thus closing this important
gap in knowledge. The results where comparable are in agreement
with previous studies particularly with Vollmer et al. (2010) and
Miller et al. (2009).

We found responses to round window electric sinusoidal stim-
ulation in fibers covering all CFs (Fig. 3a). Additionally, the majority
(68%) of the fibers were sensitive to the electric stimulus con-
firming previous findings that extracochlear electric stimulation
excites the whole cochlea (Hartmann et al., 1984; Popel�ar et al.,
1995; van den Honert and Stypulkowski, 1984).

Although only a limited set of electric intensities have been used
to investigate the effect of electric stimuli on acoustic receptive
fields due to time constraints the obtained results demonstrate an
effect of current level on the responses confirming a previous study
(Vollmer et al., 2010).

The effects of electric stimulation on CF and acoustic thresholds
were significant but weaker than vice versa. Threshold differences
were within the range of ±5 dB and did not show large or even a
systematic effect of electrical stimuli although 28% of fibers had a
lower “acoustic” threshold under EAS condition (improvement
>5 dB) and 9% had higher thresholds (increase >5 dB). A previous



Fig. 9. Responses of a low-frequency fiber (CF ¼ 1 kHz) to 1 kHz tone pips of different levels and a 30 Hz electrical sinusoid of different current levels under EAS and ES condition
shown as raster plots (left) and PSTHs (right). Acoustic levels plotted on the ordinate of raster plots, electrical currents are given as insets in the PSTHs. Levels increase from top to
bottom (ES for �1 dB below electric threshold (a), 0 dB (b), 2 dB (c), 4 dB (d), 6 dB (e) and 8 dB (f) above the electric threshold). Black arrows denote activity within the anodic phase,
white arrows within the cathodic phase of the electric stimulus. Asterisks indicate double spikes which only occurred at 2 dB above electrical threshold (c). Stimuli are shown below
the abscissa. The use of a 30 Hz electrical sinusoid let to an almost complete masking of the responses to acoustic stimulation under EAS condition.
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study in the midbrain revealed small effects of electrical stimula-
tion on the acoustic thresholds in the range of ~6 dB change with
electrical stimulation 6 dB above threshold (Vollmer et al., 2010).

In themajority of the investigatedfibers synchronization to either
stimulus was affected by the respective other stimulus under the
combined stimulation conditions. However, significant synchroni-
zation of both modalities could be determined in most fibers. No
obvious distortions were observed in response areas or post-
stimulus time histograms. Reduction of SI was modest (but signifi-
cant) for theacoustic responseunderEAS (Fig. 8a).On theotherhand,
acoustic responses could also suppress electric responses (Fig. 8b,
comp.Vollmer et al., 2010), in somefibers to extensive levels (Fig. 6c).

4.3. Sites of electric-acoustic interaction

Longer latency of the responses (van den Honert and
Stypulkowski, 1984), shallow rate-level functions (Black et al.,
1983; Lusted and Simmons, 1988) along with electrical frequency
tuning (Moxon, 1971) are traditionally considered indications for
electrophonic responses of hair cells recruited by the electric
stimulus. In our study the variation of the frequency and current
level of the electric stimulus was very limited, which is why elec-
trical tuning could not be assessed. The data also preclude the
latency analysis. Instead, we used the synchronization index as a
measure of latency jitter, Nevertheless, a strong suppression of
responses to electric stimuli by the presence of an acoustic stimulus
was found in ~¼ of the fibers (in 20% of fibers when assessed by a
decreased firing rate in the EAS condition and in 26% of fibers if
assessed by loss in synchronization). Changing the threshold SI in
the time domain would further increase this proportion. Also, an
effect of the acoustic off-suppression on electric responses was
observed in 88% of fibers. Consequently, a significant part of the
observed interactions was electrophonic in nature (20e88%,
depending on criterion). This is not unexpected since at 6 dB above
thresholds electrophonic responses are expected to be frequent
(Black et al., 1983). However, from the present point of view elec-
trophonic responses are most likely to interact with acoustic
stimulation whereas electroneural stimulation is likely to interact
only within the narrowwindowof the refractory period of the fiber.

The present outcomes therefore combine both electroneural
stimulation (auditory nerve fibers) and electrophonic stimulation
(hair cells). The potential site of electroacoustic interaction can
either be the hair cells or the basilar membrane that interact elec-
tromechanically. Inner hair cells are considered a rare (8.6% of fibers)
target for stimulation by electric fields elicited through extraco-
chlear stimulation (van den Honert and Stypulkowski, 1984). In
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contrast, we observed electrophony more frequently, which points
to additional stimulation sites. Further candidates as a source for
electrophony are outer hair cells. Direct or indirect electric stimu-
lation of outer hair cells would also induce a traveling wave on the
basilar membrane. This effect has been shown in electrically stim-
ulated cochlea (Javel and Shepherd, 2000; van den Honert and
Stypulkowski, 1984). Mechanical effects were found at cochlear
places corresponding to the frequency spectrum of the signal both
for sinusoidal and pulsatile electric stimulation (McAnally and Clark,
1994; McAnally et al., 1997; Moxon, 1971). Based on these consid-
erations it is likely that 125 Hz stimuli would cause electrophony
mainly in the low-CF fibers. However, despite the fact that only in
16% of the fibers the acoustic receptive field covered the electric
frequencies (125 and 250 Hz) we found evidence for electrophony
throughout the whole cochlea i.e. in much more than 16% of fibers.
On the other hand, the location of the stimulating electrode affects
such relations (Kral et al., 1998). Apical intracochlear electrodes are
more likely to produce electroacoustic interactions (Lin et al., 2011).
In the present experiments the stimulating electrode was close to
the base and placed extracochlearly thus further contributing to a
larger proportion of electrophonic stimulation.

Irrespective of the mechanism neither in the fibers demon-
strating electrophony as shown by drop-of synchrony to electric
stimulus during EAS and reduced electric responses during acoustic
off-suppression nor in the other fibers the electric response pre-
vented or distorted the acoustic responses in the majority of
auditory nerve fibers (neither the receptive field measures nor the
temporal firing pattern).

The acoustic response suppressed the electric response in
combined mode. Provided that the electric current was modest a
preference for acoustic stimulation was apparent in the EAS mode.
This is supported by the results from an earlier study where sup-
pression effects due to electrophonic electrical stimulation of hair
cells was observed under EAS conditions (Stronks et al., 2013). At
higher stimulation currents andwith lower stimulation frequencies
stronger effects of electric stimuli on acoustic responses are likely
(Fig. 9, comp. Vollmer et al., 2010).

4.4. Normal hearing vs. residual hearing

Hearing loss changes the stimulation effects, the possible reason
for that being that the intact cuticular plate may be a high-
resistance barrier for the current path. In fact, electrical current
applied through the organ of Corti stretches the distance between
the basilar membrane and the reticulate lamina indicating strong
electric resistance inhomogenities within the organ of Corti
(Mammano and Ashmore, 1993). In an intact organ of Corti, the
current might spread preferentially longitudinally along the scala
tympani and towards the modiolus. This electric “barrier” pre-
sumably vanishes if hair cells are destroyed thereby changing the
current path towards the scala vestibuli and passing near primary
afferents. This may be the reason for lower thresholds for electric
stimulation in deafened cochleae in comparison to healthy ones
(Simmons and Glattke, 1972; Yamane et al., 1981; Black et al., 1983;
Hartmann et al., 1984; Miller et al., 2006). This would be beneficial
for electric stimulation in the hearing-impaired portion of the or-
gan of Corti whereas electrical current might avoid hearing por-
tions of the organ of Corti. Thus, electric stimulation is assumed to
preferentially act in the hearing-impaired part of the cochlea.

Suppression of acoustic stimuli by the electric stimuli was also
observed. However, the effect was weaker than vice versa since the
rate-level plots were shallower with electric stimulation pointing
to a phenomenon that is suppressive in nature (Fig. 4). A more
extensive effect was found during the anodic phase of the electric
stimulus in low frequency stimulation (30 Hz). This was not
observed with higher-frequency electric stimulation (125 Hz and
250 Hz) with a shorter anodic phase. The suppressive impact of
electric stimuli on acoustic stimuli may therefore be the conse-
quence of a hyperpolarization of the transmembrane potential by
the electric field (Ranck, 1975; comp. Fig. 9). An alternative expla-
nation is a change in the working point of the basilar membrane
during low-frequency electric stimulation leading to a decrease in
sensitivity to acoustic stimuli. A displacement of the basilar mem-
brane towards the scala tympani would lead to a hyperpolarization
of hair cells. The effect is a function of frequency and was not
observed at frequencies of 125 Hz and 250 Hz. Corresponding re-
sults exist for infrasound stimulation that also change the sensi-
tivity to audible acoustic stimuli in a phase-dependent manner
(Scholz et al., 1999a,b). Thus, electric stimulation with frequencies
below 125 Hz might be detrimental because the acoustic responses
would be strongly modulated. On the other hand, testing
implantees with low electric frequencies could serve as a tool for
controlling the auditory responsiveness of the cochlear portion
with residual hearing in the future.

4.5. Consequence for subjects with cochlear implants and residual
hearing

In our study we described several results explaining the ben-
efits of electric-acoustic stimulation in patients with residual
hearing. We could not find substantial detrimental effects of
electric stimulation on the acoustic response (except of a weak
suppressive effect) despite using intact cochleae which were most
vulnerable to interactions because of normal hearing. The acoustic
information is therefore not disrupted by the electric stimulus.
Moreover, a dominance of acoustic over electric stimuli was
demonstrated provided that electric stimulation remained mod-
erate and acoustic intensity was well above threshold. This
dominance was positively correlated with increasing acoustic in-
tensity. This interaction is beneficial for EAS subjects as it preserves
acoustic information in the combined stimulation condition. Under
moderate electric intensities those fibers are best electrically
stimulated that have few or no acoustic input, which greatly im-
proves and alleviates the transfer of both the acoustic and electric
information.

Masking of electric responses by acoustic stimuli was found to
be independent of acoustic frequency as shown by Lin et al. (2011)
supporting our results. In contrast, the study by Lin et al. (2011)
demonstrated that masking of acoustic responses by electric
stimuli was place-dependent, the effect being more pronounced at
acoustic frequencies >500 Hz (Lin et al., 2011). This effect was not
observed in the present study, possibly due to the use of extraco-
chlear stimulation.

The cochleae of candidates for cochlear implantation as a rule
have a non-functional high-frequency portion. This is also the
cochlear portion that is implanted, and it is the portion that based
on the frequency spectrum of the electric pulse train is most likely
to generate electrophonic responses. Since patients generally do
not have functional hair cells in this high-frequency cochlear region
electric-acoustic interactions are of limited importance. The
remaining electrophonic effects observed in the present study did
reveal a trade-off with the acoustic input.

Acoustic stimulation additionally increases stochasticity of the
firing pattern by decreasing the SI for the electric response under
EAS as is evident from Figs. 6 and 7. This might explain the more
natural character of the perceptions even in case of “electric”
hearing under EAS.

The present results explain the outcome of clinical studies
(Gantz and Turner, 2003; Gantz et al., 2004; Lenarz et al., 2009; von
Ilberg et al., 1999, 2011; Wilson et al., 2003) demonstrating the
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beneficial effect of electroacoustic stimulation. A trade-off between
the acoustic and electric stimulation is in fact beneficial for the
patient as it promotes the transmission of the “stronger” input.
Consequently, the activity of the individual auditory nerve fibers
will be dominated by the type of stimulus to which the fiber has
better access i.e. fibers innervating functional hair cells will respond
better to acoustic stimulation in EAS condition while fibers with
contact to non or less activated hair cells will lock better to the
electric stimulus in EAS condition. Therefore, the patient can
benefit from the best of two worlds (modalities). The absence of
signs of distortion in the acoustic responses (intact response areas,
intact PSTHs) further emphasizes this conclusion. Adding electric
stimulation to a residual acoustic hearing cochlea increases the
information content of the auditory nerve without interfering with
the patterns from the residual hearing.
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