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a b s t r a c t
Conventional loudness coding with CIs by pulse current amplitude has a disadvantage: Increasing the
stimulation current increases the spread of excitation in the auditory nerve, resulting in stronger channel interactions at high stimulation levels. These limit the number of effective information channels that
a CI user can perceive. Stimulus intensity information (loudness) can alternatively be transmitted via
pulse phase duration. We hypothesized that loudness coding by phase duration avoids the increase in
the spread of the electric ﬁeld and thus leads to less channel interactions at high stimulation levels. To
avoid polarity effects, we combined this coding with pseudomonophasic stimuli. To test whether this
affects the spread of excitation, 16 acutely deafened guinea pigs were implanted with CIs and neural activity from the inferior colliculus was recorded while stimulating with either biphasic, amplitude-coded
pulses, or pseudomonophasic, duration- or amplitude-coded pulses. Pseudomonophasic stimuli combined
with phase duration loudness coding reduced the lowest response thresholds and the spread of excitation. We investigated the channel interactions at suprathreshold levels by computing the phase-locking
to a pulse train in the presence of an interacting pulse train on a different electrode on the CI. Pseudomonophasic pulses coupled with phase duration loudness coding reduced the interference by 4-5%
compared to biphasic pulses, depending on the place of stimulation. This effect of pseudomonophasic
stimuli was achieved with amplitude coding only in the basal cochlea, indicating a distance- or volume
dependent effect. Our results show that pseudomonophasic, phase-duration-coded stimuli slightly reduce
channel interactions, suggesting a potential beneﬁt for speech understanding in humans.
© 2020 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction
Despite the extensive research that has been performed on
cochlear implants (CIs), the number of independent channels of information a user can proﬁt from peaks only around six to eight
(Berg et al., 2019; Fishman et al., 1997; Friesen et al., 2001) and
falls short of the 20 to 24 channels that normal hearing provides (Başkent, 2006; Traunmüller, 1990; Zwicker et al., 1957;
Zwicker and Fastl, 1999). This leads to spectral smearing and an
increase in the number of unresolved harmonics, affecting speech
and music perception (Bingabr et al., 2008; ter Keurs et al., 1992).
An increase in the number of active electrodes beyond eight has
only a small effect on speech understanding, indicating a physical
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limit for the number of independent channels of information in
CIs (Berg et al., 2019; Dorman et al., 1997; Friedmann et al., 2019;
Kileny et al., 1992). Channel interactions play a cardinal role in this
limitation.
Several mechanisms contribute to channel interactions. When
individual implant electrodes are activated, an electric ﬁeld spreads
throughout the conducting parts of the cochlea and thus activates
a large population of spiral ganglion cells. The spread of excitation is deﬁned as the spatial extent of the activated neuronal population by a given electric stimulus, and it represents the inverse
of spectral resolution. One consequence of a large spread of excitation are channel interactions: When neighboring electrodes are
activated with different stimuli in close succession, the excitation
patterns in the auditory nerve signiﬁcantly overlap, mixing the
two streams of information. Thus, distinguishing between these
stimuli becomes increasingly diﬃcult. Previous studies have tried
with partial success to reduce the channel interactions by various
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means, including the addition of electrodes (Fishman et al., 1997;
Friesen et al., 2001), using focused stimulation like multipolar or
phased array stimulation to shape the electric ﬁeld (Bierer, 2007;
Bierer and Middlebrooks, 2002; Kral et al., 1998; van den Honert
and Kelsall, 2007), or exploring the effects of the anodic/cathodic
current distribution of the stimulating pulse, referred to as pulse
symmetry (Carlyon et al., 2017; Undurraga et al., 2012; van Wieringen et al., 2008). Despite these efforts, channel interactions remain
an unresolved problem of CIs.
At low stimulus levels, the spread of excitation is small and
channel interaction effects may manifest only weakly; however,
they can increase as the amplitude is increased (Boulet et al., 2016;
Pﬁngst et al., 1999). This effect, while also present in normal hearing, is particularly large with cochlear implants. While in most CIs,
increasing loudness is coded by increasing current amplitude, there
are other means to invoking a louder percept. For single pulses,
the neuronal threshold and the percept of loudness are proportional to the integrated charge over time (Chatterjee et al., 20 0 0;
Parkins and Colombo, 1987; Pﬁngst et al., 1991). For pulse trains,
an increase of pulse rate can lead to a variety of effects that inﬂuence thresholds and loudness growth (Azadpour et al., 2018;
Boulet et al., 2016; Zhou et al., 2012). Thus, loudness can alternatively be coded by pulse rate or phase duration (Shannon, 1985).
Increasing the pulse rate to increase loudness has been effective at lower stimulation rates in humans (McKay and McDermott, 1998), but accompanied by changes in perceptual qualities
like pitch and timbre (Busby and Clark, 1997). Furthermore, without signiﬁcant modiﬁcation of the standard continuous interleaved
sampling strategy, the stimulation rate can only be set for the entire array simultaneously. Of these two, especially increased phase
duration could therefore represent an approach to code intensity
without increasing the spread of excitation. This type of coding,
which could be set per individual electrode, would further help to
prevent reaching the compliance voltage limits of the implant even
at electrodes with high threshold levels. Experimental evidence for
beneﬁts of this type of coding in terms of the spread of excitation,
however, has not yet been provided.
A confounding factor is the use of biphasic pulses (BP). Biphasic pulses consist of two equal phases with reversed polarity that
may be separated by a very short interphase gap. While providing charge balance, the cathodic and the anodic phase likely
activate different compartments of neurons, depending on their
orientation and location. Since anodic stimulation is assumed to
more effectively stimulate cell bodies rather than peripheral processes, and since the spatial proﬁle of the electric ﬁeld can lead
to “anodal surround” and “virtual electrode” effects in the activating function, anodic and cathodic stimuli are potentially activating
slightly different, albeit largely overlapping, populations of neurons (Ranck, 1975; Rattay, 1986). Indeed, the polarity of a stimulating pulse affects the neural response: electrically evoked brainstem
response thresholds and loudness perception differ between cathodic and anodic CI stimulation, with anodic pulses requiring less
current than cathodic pulses to be perceived equally loud by humans (Jahn and Arenberg, 2019a; Undurraga et al., 2013). A recent
modeling study suggests that this effect is likely mediated by the
degeneration of peripheral processes and changes in myelination
(Resnick et al., 2018). To eliminate the effect of changing polarity
in the present study, we used cathodic-leading, pseudomonophasic pulses (PS) with one supra- (cathodic), and one sub-threshold
(anodic) phase. Cathodic-leading PS were chosen since they have
a positive effect on the compound action potential- and auditory nerve thresholds of cats and guinea pigs (Miller et al., 2001;
Shepherd and Javel, 1999). Macherey et al. (20 06, 20 08, 2010) have
demonstrated that forward masking thresholds in humans were
dependent on the masker polarity and the place of the electrode
in a wide bipolar conﬁguration, indicating that the use of PS might

increase the spectral resolution of CI stimulation. However, direct
experimental evidence for this conclusion is missing.
In the present study we investigated whether a pseudomonophasic stimulus coupled with phase-duration-based intensity coding reduces channel interactions at high suprathreshold
levels. For this, neural activity from the inferior colliculus (IC) was
recorded during CI stimulation of acutely deafened and implanted
guinea pigs, comparing current amplitude coding and phase duration coding of loudness, as well as biphasic and pseudomonophasic
pulse shapes.
2. Materials & methods
2.1. Animal handling and anesthesia
All procedures were approved by the local state authorities
(Lower Saxony state oﬃce for consumer protection and food safety,
LAVES approval No. 18/2844) and were carried out in accordance
with the guidelines of the European Community for the care
and use of laboratory animals (EU VD 86/609/EEC) and the German Animal Welfare Act (TierSchG). A total of 16 Dunkin Hartley white guinea pigs (Cavia porcellus) of either sex with a minimum weight of 325 g were used in this study (6 males, 10 females). Before the experiment, all animals received a perorally applied pre-medication treatment of 0.5 g Bene-Bac® (Dechra Veterinary Products Deutschland GmbH, Aulendorf, GER) and 0.3 mg
diazepam (Ratiopharm GmbH, Ulm, GER). Animals were initially
anesthetized by subcutaneous injection of a mixture of 50 mg/kg
Ketamine (10 %, WDT, Garbsen, GER), 10 mg/kg Xylazine (Medistar, Ascheberg, GER), and 0.1 mg/kg Atropine (B.Braun. Melsungen,
GER). Analgesia was provided by subcutaneous injection of 0.05 ml
Carprofen (Rimadyl, Pﬁzer Deutschland GmbH, Berlin, GER). All animals were then placed on a heating pad controlled by a rectal probe, received a tracheotomy, were artiﬁcially ventilated, and
anesthesia was maintained on a surgical level by volatile application of isoﬂurane (0.5–1.7%, Baxter, Unterschleißheim, GER). The
anesthesia level was controlled by adjusting the amount of isoﬂurane, the breathing rate, and the tidal volume. During the experiment, heart rate, end-tidal CO2 , and temperature (set to 37.7 °C)
were continuously monitored, and the animals received a subcutaneous infusion of 2 ml/h Ringer’s solution.
2.2. Surgical procedure
Animals were head-ﬁxed in a stereotaxic frame by aﬃxing a
metal bar to the head with dental cement (Paladur, Heraeus Kulzer
GmbH, Hanau, GER). To access the cochlea, an incision was made
above the bulla, and the skin and muscle tissues were ablated,
before perforating the bulla with an injection needle and further
opening it with a micro-rongeur. The cochlea was ﬁrst left intact
during the subsequent parietal skull surgery. To access the IC, a
0.7 cm diameter parietal trephination was made, centered around
stereotaxic coordinates (Bregma + 1.25 cm AP, - 0.45 cm ML) over
the left hemisphere, and a 2 × 16 channels standard NeuroNexus
array was inserted at an angle of 30° – 45° (NeuroNexus Technologies, Ann Arbor, MI). The cortex was covered with silicone oil
to prevent it from drying out. The electrode was advanced 3.4 –
5 mm deep into the brain until physiological pure-tone responses
conﬁrmed placement of at least one electrode shank within the
central IC (see “Acoustic Stimulation”). Electrode placement was
considered correct when a frequency-tuning proﬁle was clearly visible from low frequencies to high frequencies along the electrode
(Fig. 2e). After acoustic measurements were completed and with
the IC electrode in place, a cochleostomy was performed by carefully drilling an opening of 0.7 mm diameter into the scala tympani of the basal turn. Subsequently, the animal was pharmacolog-
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ically deafened by intracochlear application of 10% neomycin for
15 – 30 min. The neomycin was washed out by slow intrascalar instillation of Ringer’s solution. After deafness was conﬁrmed via auditory brainstem measurements (see “ABR Recordings”), a CI (Oticon medical, Smørum, DEN) with a length of 7 mm and 6 electrode
contacts spaced at 1 mm center-to-center distance was implanted
into the scala tympani. The return electrode was a silver ball electrode placed under the muscle tissue in the scruff. The CI and the
return electrode were ﬁxed to the animal using a tissue adhesive
(Histoacryl, B.Braun, Melsungen, GER) to prevent dislocation. Upon
completion of the experiment, animals received a lethal intracardiac injection of pentobarbital (Release, WDT, Garbsen, GER). The
brain and the implanted cochlea were extracted and ﬁxed in 4%
PFA for subsequent histological analysis.
2.3. ABR recordings
To conﬁrm normal hearing for each animal prior to the experiment, auditory brainstem responses (ABR) to click stimuli were
recorded from both ears using transcutaneous silver wire electrodes placed on the top of the skull above the vertex, and directly
behind the respective ear above the bullae. The stimuli were condensation clicks of 50 μs duration presented monaurally through
a calibrated loudspeaker (DT 48, Beyer Dynamics, Heilbronn, GER)
100 times from 0 dB SPL p.e. to 80 dB SPL p.e. in steps of 5 dB. The
signals were ampliﬁed (10 0 0x) and ﬁltered (0.5 kHz – 2 kHz). All
subsequent signals were recorded from the pathway of the more
sensitive ear (i.e. the contralateral IC). This measurement was repeated after the cochleostomy and after deafening.
2.4. Acoustic stimulation
In order to conﬁrm correct placement along the central nucleus
of the IC, and to determine the spread of excitation for a given
CI electrode in the frequency space, pure tone frequency tuning
curves were recorded along the IC array prior to any electrical
stimulation. All acoustic stimuli were generated at 1 MHz sampling rate in AudiologyLab (Otoconsult, Frankfurt a.M., GER), and
presented via a calibrated loudspeaker (DT 48). Frequency mapping
of the IC was performed with 10 ms pure tones (2 ms cosine ramp)
from 2 kHz to 32 kHz in steps of quarter octaves, presented at 0 dB
SPL to 80 dB SPL in steps of 5 dB. Each stimulus was presented 20
times with an interstimulus interval of 37 ms.
2.5. Electrical stimulation
All electrical stimuli were generated in MATLAB (MathWorks,
Natick, MA) at 100 kHz sampling rate and presented via an optically isolated constant current source (CS2, Otoconsult, Frankfurt
a.M., GER) through the CI. A summary of electrical stimuli is given
in Fig. 1. All electrical pulses were cathodic-leading pulses, commonly considered to be more effective in guinea pig CI stimulation (Macherey and Cazals, 2016), and were delivered in monopolar conﬁguration. Standard biphasic stimuli were rectangular, had
phase durations of 50 μs per phase, and no interphase gap (biphasic pulse, amplitude-based coding, BPA, Fig. 1a). Pseudomonophasic stimuli consisted of a ﬁrst phase of 50 μs duration, no interphase gap, and a second phase of 250 μs duration (with an
amplitude relation of 1:5 to the ﬁrst phase). For an increase in
stimulus intensity, biphasic pulses were always increased in amplitude while keeping the phase duration constant. PS were either scaled the same way (pseudomonophasic pulse, amplitudebased coding, PSA, Fig. 1c), or they were scaled by changing the
phase durations (pseudomonophasic pulse, duration-based coding,
PSD, Fig. 1b) while keeping the amplitudes constant, resulting in
1/5 of the current over 5 times the duration for the second phase,

Fig. 1. Schematics of pulse shape and intensity coding combinations used in this
study. a – Biphasic, amplitude-coded pulses (BPA) were used as a baseline. b,
c – Pseudomonophasic, duration-coded pulses (PSD, b) and pseudomonophasic,
amplitude-coded pulses (PSA, c) were used as the experimental condition stimulus.

thus carrying the same total charge (Table 1). Intensity values are
thus comparable between conditions and expressed in dB of total
charge relative to 500 nC, or in dB relative to threshold charge.
To determine the response threshold, biphasic pulses were presented at decreasing attenuation (in steps of 1 dB) from -50 dB
(corresponding to a peak current of 31.62 μA and a charge per
phase of 1.58 nC) to -15 dB (corresponding to a peak current of
1.77 mA and a charge per phase of 88.91 nC). For reasons of time,
we could not measure all conditions in every animal. In 12 animals, we stimulated with BPA and PSD across all paradigms. In 6
animals, we stimulated with BPA and PSA for the spread of excitation, dynamic range, and threshold measurements, and PSD and
PSA for the channel interactions measurement. Two animals were
used in both groups.
2.6. Single pulses
With acoustic recordings completed and the CI in place, electrical mapping was performed by presenting BPA via electrodes 2
(located towards the cochlear apex, “apical electrode”) and 5 (located towards the cochlear base, “basal electrode”, Fig. 2a, b). After
determining the lowest threshold among the IC recording channels
online, PS were presented from -6 dB to +6 dB relative to the lowest recorded threshold in 1 dB steps. These measurements were
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Fig. 2. a – Schematic of the recording and stimulation setup. b – Maximum projection of μCT slice images for the implanted cochlea of a single animal. Stars indicate the
electrodes on the CI used for stimulation. c – Top: Example ﬁltered recording trace (300 Hz – 3000 Hz) with spike threshold lines. The ﬁlled-in areas are suprathreshold
signal parts. The bars at the top depict the detection of “spikes” in the signal. Bottom: Example raster plot with PSTH averaged over 20 trials. The grey bar indicates the
acoustic stimulus. d – Cytochrome-C-oxidase staining of a post-experiment brain slice. The electrode was coated with DiI to visualize the electrode track (blue outline). e –
Example recording of frequency tuning curves along the IC array from dorsal to ventral for 0 – 20 dB SPL and 2 – 32 kHz (blue curve). f – Best frequency sampling from the
IC for each experiment. Solid gray lines are individual animals; the black line indicates the mean.
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Table 1
All stimuli carried the same charge at the same intensity. The table shows the current intensity for the reference BPA (column 1), the reference attenuation relative to the
lowest BPA threshold (column 2, 30 dB in this example), and the charge transmitted per phase (columns 3 and 4). The columns headlined by pulse shape show the current
(Ip ) and duration (dp ) for the ﬁrst and second phase.
Attenuation
Attenuation
(dB re 500 nC) (dB re THR)

Charge of
Charge of
BPA
phase 1 (nC) phase 2 (nC)
Ip (μA)

dp (μs)

Ip1 (μA)

Ip2 (μA)

dp1 (μs)

dp2 (μs)

Ip1 (μA)

Ip2 (μA)

dp1 (μs)

dp2 (μs)

-36
-35
-34
-33
-32
-31
-30
-29
-28
-27
-26
-25
-24

7,9
8,9
10,0
11,2
12,6
14,1
15,8
17,7
19,9
22,3
25,1
28,1
31,5

50
50
50
50
50
50
50
50
50
50
50
50
50

316,2
316,2
316,2
316,2
316,2
316,2
316,2
316,2
316,2
316,2
316,2
316,2
316,2

63,2
63,2
63,2
63,2
63,2
63,2
63,2
63,2
63,2
63,2
63,2
63,2
63,2

25,1
28,1
31,5
35,4
39,7
44,6
50,0
56,1
62,9
70,6
79,2
88,9
99,8

125,3
140,6
157,7
177,0
198,6
222,8
250,0
280,5
314,7
353,1
396,2
444,6
498,8

158,5
177,8
199,5
223,9
251,2
281,8
316,2
354,8
398,1
446,7
501,2
562,3
631,0

31,7
35,6
39,9
44,8
50,2
56,4
63,2
71,0
79,6
89,3
100,2
112,5
126,2

50
50
50
50
50
50
50
50
50
50
50
50
50

250
250
250
250
250
250
250
250
250
250
250
250
250

-6
-5
-4
-3
-2
-1
0
1
2
3
4
5
6

7,9
8,9
10,0
11,2
12,6
14,1
15,8
17,7
19,9
22,3
25,1
28,1
31,5

158,5
177,8
199,5
223,9
251,2
281,8
316,2
354,8
398,1
446,7
501,2
562,3
631,0

PSD

used to compare the response thresholds, dynamic ranges, and the
spread of excitation (“overlap”).
2.7. Pulse trains
After single pulse mapping, 800 ms pulse trains composed of
BPA, PSA, or PSD were presented at -6 dB, 0 dB, and +6 dB relative to the lowest BPA threshold along all IC recording channels.
Pulse trains were presented either in an isolated condition with
only one train at one electrode (2 or 5), or a simultaneous condition with two pulse trains at two electrodes (2 and 5). In both
conditions, electrode 2 (apical) always carried a 19 Hz train, while
electrode 5 (basal) always carried a 37 Hz train. The pulse shape
and intensity coding were always the same for both stimuli when
presented simultaneously. Since none except the very ﬁrst electrical pulses were overlapping, computing the stimulus locking for
the individual pulse train frequencies can be used as an indirect
measure for channel interactions.
2.8. Recording
All signals from the IC were recorded with a 2 × 16 Ir/IrOx electrode array with 177 μm² contacts spaced 100 μm longitudinally,
and 500 μm laterally (Fig. 2a, d, NeuroNexus Technologies, Ann
Arbor, MI, initial impedance ca. 100 kΩ). Signals were ampliﬁed
(Neuralynx Cheetah 64-channel ampliﬁer, 80 0 0x, Neuralynx, Bozeman, MT), bandpass-ﬁltered at 0.1 Hz – 9 kHz, digitized (NI-6259,
National Instruments, Austin, TX) at a sampling rate of 20 kHz, and
stored using AudiologyLab. As a reference electrode, a small silver
ball electrode was placed epidurally directly posterior to Bregma.
All signals were further processed using MATLAB.
2.9. Data analysis
All data analysis procedures were performed using customwritten MATLAB routines. Electrical artefacts were removed
through linear interpolation. All individual signals were digitally
bandpass-ﬁltered at 300 Hz – 3000 Hz (0-phase delay, 4th -order
Butterworth) to extract spiking activity. Spikes were extracted as
described by Quiroga et al. (2004). In brief, spikes were detected
when the signal amplitude exceeded three times the median signal amplitude divided by 0.6745. Since the recorded activity was
multi-unit activity (MUA), a detection limit of 4 spikes per ms was
set. MUA was then binned into 1 ms bins to obtain peri-stimulus
time histograms, and the evoked spike rate was calculated from a
25 ms post-stimulus window. These MUA spiking responses were
used to extract the best frequency (BF) of each recording channel

PSA

by collapsing the responses in the intensity domain and choosing
the frequency that elicited the strongest cumulative response, thus
taking both response strength as well as threshold into account.
The dynamic range was evaluated by ﬁtting a four-parameter logistic equation to the ﬁring rate/intensity level functions. The dynamic range was deﬁned as the range from 10% – 90% of the maximal response strength. Only responses where a suﬃcient ﬁt for the
dynamic range was reached were further analyzed (R² > 0.8). The
rare cases when saturation was not reached were excluded from
further analysis. For current threshold analysis, a response was detected if the mean ﬁring rate exceeded the mean pre-stimulus ongoing rate from a randomly selected 25 ms time window by 3
standard deviations.
Since amplitude coding (current level) and duration coding
(current pulse duration) were used in the present experiments, we
generally refer to stimulus strength as intensity, whereas this is
always controlled in logarithmic steps (dB). To estimate the overlapping activation of the auditory pathway for two different stimulation electrodes, we computed the overlap of response activity
along the IC electrode proﬁle for single pulse stimulation at electrode 2 (apical) and electrode 5 (basal). For this, all channels with
the same BF were averaged.
2.10. Overlap
For quantitative analysis of the spread of excitation, an overlap was deﬁned as follows (Fig. 4): The response matrices were
converted to binary values (1 = response/0 = no response, Fig. 4,
“Binary”) according to the threshold detection algorithm, and the
activation proﬁles were compared over a range from the lowest
threshold to 1 dB above this threshold by dividing the sum of all
values in the matrix resulting from the logical AND operation (binary e2, binary e5, Fig. 4, “And”) by the sum of the logical OR operation (binary e2, binary e5, Fig. 4, “OR”). This results in overlap
values between 0 for no overlap and 1 for full overlap (i.e. identical
excitation patterns). The binarization was performed after computing the response matrix for each channel and averaging channels
with the same BF, effectively increasing the response threshold criterion strictness.
2.11. Vector strength
To investigate channel interactions, we presented two pulse
trains at different frequencies both in isolation as well as simultaneously at electrodes 2 (19 Hz) and 5 (37 Hz) of the implant.
All individual pulse artefacts were removed by linear interpolation,
and spikes from the IC were detected as described above. The vector strength (VS) was calculated after Goldberg and Brown (1969):
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Fig. 3. a – Median IC thresholds recorded for BPA and PSD stimulation for stimulation electrodes 2 (apical) and 5 (basal). b – Difference in lowest thresholds on the IC
array between BPA and PSD, grouped by stimulation electrode. A positive value indicates better thresholds for PSD stimulation. c– Same as middle for PSA. d – Dynamic
range example for electrical BPA stimulation. Dashed lines indicate the 10% and 90% mark of the maximum response. The dynamic range in this case (the range between
the intersections of the ﬁt function and the 10%/90% lines) was 3.7 dB. e – There is no signiﬁcant difference between the dynamic ranges for PSD and BPA stimulation, but
a signiﬁcant difference between stimulation electrodes 2 (apical) and 5 (basal). f – No signiﬁcant effects of pulse shape or coding strategy were recorded in dependence of
electrode position

Periodic pulses were treated as a periodic stimulus with a period duration corresponding to the interpulse duration. A “period”
histogram was obtained by mapping the spike timings onto the
interpulse periods. From such period histograms, VS were computed and statistical signiﬁcance was determined by a Rayleightest (α = 0.05).
2.12. Histology

(p >= 0.05), ∗ (p < 0.05), ∗∗ (p < 0.01), ∗∗∗ (p < 0.001). Multiple comparisons compensation was included using the BonferroniHolm method. Data are presented as median + median absolute
deviation (MAD). Boxplots display the median, 25th and 75th percentiles. The whiskers enclose all data points within 1.5 interquartile ranges from the 25th- and 75th percentile, respectively. All remaining points were graphically marked as individual data points,
but were included in further analyses.

In sample animals, histological analysis conﬁrmed correct
recording electrode placement in the central nucleus of the IC. The
brains were extracted and ﬁxated in 4% PFA for at least two weeks.
Before staining, the brains were incubated in 30% w/v sucrose at
4 °C for 24 h before being placed in freezing medium (Neg-50,
thermo scientiﬁc, Waltham, MA) and frozen at -80 °C for 4 h. After
that, the brains were sliced frontally into 50 μm thick slices using a cryotome (Leica CM 3050 S, Leica Biosystems, Nussloch, Germany). All sections containing the midbrain were then mounted on
glass slides and subsequently cytochrome-C-oxidase (COX) stained
by incubating them in a staining solution of 52% PBS, 3% sucrose,
13% cytochrome C, and 32% diaminobenzidine (both Sigma Aldrich,
St. Louis, MO) at 37°C for 4 h, and then at 4°C overnight. The slices
were then examined under a phase contrast microscope (Keyence
BZ-90 0 0, Osaka, Japan).

3. Results

2.13. Statistics

BPA, PSD and PSA were compared with respect to the unit
thresholds in the IC. These thresholds varied in median between
-26 and -31 dB in all stimulus conﬁgurations. However, there
were subtle differences: Firstly, stimulation thresholds for the apical electrode 2 were lower than those for the basal electrode 5
(Fig. 3a; BPA: apical -28 ± 1 dB; basal -26 ± 1 dB; Wilcoxon

All statistical tests were performed using standard or customwritten MATLAB routines, with the exception of the Rayleigh
test, which was performed using the Circular Statistics Toolbox
(Berens, 2009). The signiﬁcance levels used in this study are: n.s.

Representative examples of electrode placements in the IC and
the cochlea, as well as unit activity and peri-stimulus time histograms are shown in Fig. 2. Placement in the central nucleus of
the IC was concluded functionally (Fig. 2c, e): MUA responses in
the central nucleus are highly frequency-speciﬁc, with short latency and duration and with a progression from low to high BFs
on the individual channels of the recording probe (e.g. Malmierca
et al., 1995). The average coverage of BFs was within the targeted
CI implantation range (Fig. 2f). Histological reconstructions and
COX staining further conﬁrmed that our approach results in electrode placement in the central IC (Fig. 2d).
3.1. Thresholds
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signed-rank test, p < 0.001; PSD: apical -29 ± 1 dB; basal -26 ± 2
dB; Wilcoxon signed-rank test, p < 0.001). Secondly, for the more
sensitive electrode location (apical, electrode 2) there was also a
slight but signiﬁcant threshold decrease with PSD compared to BPA
(Fig. 3a, difference 1 dB, Wilcoxon signed-rank test, p = 0.046).
And ﬁnally, the difference between BPA and PSD disappeared for
the more basal (less sensitive) stimulation contact 5 (Fig. 3a, difference 0 dB, Wilcoxon signed-rank test, p = 0.702).
Evaluating the average response threshold along the IC array
can give an indication of the pulse eﬃciency. However, if the
spread of the electric ﬁeld changes from one pulse shape to the
other, thresholds of units with BFs close to the stimulation site
may be differently affected by the new stimulus than those further
away. Therefore, we subsequently evaluated the pairwise differences in the lowest threshold along the BF-axis of the inferior colliculus for PSD to BPA (Fig. 3b) and PSA to BPA (Fig. 3c). Using the
lowest threshold reduces the effect of the spread of excitation on
the threshold measure. The differences were in tendency positive
and signiﬁcant for PSD-BPA for the apical electrode (Fig. 3b; PSDBPA: apical -1 ± 2 dB, Wilcoxon signed-rank test, p = 0.008; basal
-0.5 ± 2 dB, Wilcoxon signed-rank test, p = 0.383). For PSA-BPA, on
the other hand, the differences were not signiﬁcant (Fig. 3c; PSABPA: apical -0.5 ± 1 dB, Wilcoxon signed-rank test, p = 0.75; basal
-0.5 ± 1 dB, Wilcoxon signed-rank test, p = 0.25). This demonstrates that phase duration coding reduces response thresholds,
particularly at electrodes in the apical cochlea that are closer to
the modiolus.
3.2. Dynamic range
The median dynamic range of the response was determined as
the range between 10% and 90% of the maximum of the response
strength/stimulus intensity function (Fig. 3d). The dynamic range
was signiﬁcantly larger for the apical electrode than for the basal
electrode, corresponding to lower thresholds and the interpretation
of reﬂecting a smaller distance to the modiolus (Fig. 3e, BPA: apical
electrode 3.69 ± 0.62 dB; basal electrode 3.16 ± 0.5 dB, Wilcoxon
signed-rank test, p = 0.025; PSD: apical electrode 3.77 ± 0.59 dB,
basal electrode 2.85 ± 0.42 dB, Wilcoxon signed-rank test, p <
0.001). When comparing BPA to PSD for the basal- and the apical electrode, the dynamic range did not show any signiﬁcant difference (Fig. 3e; Wilcoxon signed-rank test, p = 0.998 for apical,
p = 0.611 for basal).
For the same reason as above, we subsequently evaluated the
pairwise differences in dynamic ranges for PSD to BPA and PSA
to BPA (Fig. 3f). The results did not reveal any signiﬁcant differences (PSD-BPA apical 0.07 ± 0.56 dB, Wilcoxon signed-rank
test, p = 0.91; basal -0.5 ± 0.4 dB, Wilcoxon signed-rank test,
p = 0.063; PSA-BPA: apical 0.42 ± 0.4 dB, Wilcoxon signed-rank
test, p = 0.063; basal 0.39 ± 0.26 dB, Wilcoxon signed-rank test,
p = 0.188). This result demonstrates that the asymmetric pulses
do not signiﬁcantly inﬂuence the dynamic range.
3.3. Overlap
We compared BPA and PSD/PSA responses with regard to their
functional spread of excitation by computing the overlapping activity for stimulation of electrodes 2 and 5 on the CI along the IC
array. We limited this assessment only to threshold and threshold + 1 dB, since higher intensities yielded no differences in the
excitation patterns (Fig. 4). The overlap was calculated as the proportion of indiscriminately responding recording channels out of
all responding recording channels, thus obtaining one data point
per animal (Fig. 5). For BPA, the median overlap was 0.65 ± 0.17.
When presenting PSD, the median overlap was reduced by 37%
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down to 0.41 ± 0.1 (Fig. 5a, n = 12, Wilcoxon signed-rank test,
p = 0.007). For PSA, there was no signiﬁcant change in the overlap compared to BPA (Fig. 5b, n = 6, Wilcoxon signed-rank test,
p = 0.385), although the data distributions showed a similar relation as in PSD in this smaller set of animals. To investigate a potential inﬂuence of pulse shape alone, we compared the difference
in the group distributions of the overlap enhancement (Delta) between PSD and PSA and found no signiﬁcant difference (Fig. 5c,
n = 12 vs 6, Wilcoxon-Mann-Whitney test, p = 0.4). These data
demonstrate a slightly reduced overlap with PSD stimuli compared
to BPA at near-threshold levels.
3.4. Vector strength
To investigate the channel interactions in the temporal domain,
we presented two pulse trains with different frequencies simultaneously on electrodes 2 and 5 of the CI. By evaluating the phase
locking of the IC responses, we could quantify the interaction effects for the different pulse shapes. This method complemented
the overlap by assessing interactions at high suprathreshold
level.
To obtain a baseline, pulse trains were ﬁrst presented in isolation at 6 dB above the lowest BPA response threshold recorded
among all channels along the IC array (Fig. 6). 6 dB above threshold
is safely in saturation of the response rate/level function (Fig. 3d).
The VS values were around 0.6 for all pulse shapes and for
both stimulation electrodes (Fig. 7a, Kruskal-Wallis-test, p = 0.06).
When introducing a second stimulus on the other electrode, the
grand median VS along the array dropped to values between 0.17
and 0.29 (Fig. 7b), with a few recorded units exhibiting only a
small drop in VS. First, we compared how the absolute VS to one
stimulus was affected by the other stimulus (19 Hz pulse train
presented at the apical-, and 37 Hz at the basal electrode). The
range of VS in the simultaneous condition was generally smaller
with PSD stimulation compared to BPA stimulation, making the
units that stayed at comparatively high VS stand out (Fig. 7b). Furthermore, the VS medians in the simultaneous condition for BPA
stimuli were similar to the VS for PSD stimuli (pooled over electrodes: BPA 0.2 ± 0.18; PSD 0.21 ± 0.13, Wilcoxon signed-rank test,
p = 0.14, data not shown in Fig. 7). However, the VS resulting from
simultaneous stimulation is dependent on the VS in the isolated
condition. Therefore, we expressed the VS in the simultaneous condition relative to the VS in the isolated condition, yielding a fractional value, so that no effect of the second stimulus would result
in a value of 1, and a reduction of the VS would lead to a value
< 1. In such a relative measure, the VS to a 19 Hz BPA train on
the apical electrode was reduced by the second stimulus down to
27 ± 16% of the VS in the isolated condition. When using PSD,
the VS was reduced to 32 ± 10%. Consequently, PSD reduced the
VS slightly less than BPA and allowed a better channel separation
(Fig. 7c, difference 4.8%, Wilcoxon signed-rank test, p < 0.001). For
a 37 Hz BPA train presented on the basal electrode, a second stimulus reduced the VS to 49 ± 19%, while using PSD reduced the VS
to 53 ± 12% (Fig. 7c, difference to BPA of 3.8%, Wilcoxon signedrank test, p < 0.001). In both cases, the adverse effect of the second stimulus on the phase locking to the ﬁrst stimulus was thus
smaller with PSD than with BPA.
We additionally directly compared PSA to PSD in 6 animals.
There was no difference between the PSA and PSD intensity coding strategies in the isolated condition (Fig. 7d, Kruskal-Wallistest, p = 0.767). In the simultaneous condition, the basal and apical electrodes yielded different VS (Fig. 7e, Kruskal-Wallis test,
p<0.001). Nonetheless, there was neither a difference between PSA
and PSD for the apical electrodes (PSA 0.19 ± 0.07, PSD 0.19 ±
0.07, Wilcoxon signed-rank test, p = 0.92) nor for the basal elec-
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Fig. 4. Example activation proﬁles from a single IC position in a single animal. a – IC proﬁles for BPA activation for electrode 2 (top row) and electrode 5 (bottom row).
The color scale ranges from the minimal to the maximal response rate for the given stimulus set and IC electrode array position across all array electrodes. The purple
inset shows the range +/-6 dB around the threshold over which PSD were presented (b). Middle Column: IC proﬁle converted to binary according to the response detection
algorithm. Channels with equal BFs were averaged together before binarization to reduce any BF sampling bias. The red inset shows the range that was considered for the
logical operations shown in the right column. Top Right: logical matrix for the AND operation of the highlighted areas from the two binary matrices from the middle row.
Bottom Right: logical matrix for the OR operation of the highlighted areas from the two binary matrices from the middle row. b – The same for PSD pulses across the
intensities shown by the purple inset.
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Fig. 5. a – Overlap ratio of IC activation for individual stimulation at electrodes 2 and 5 for BPA and PSD from threshold to threshold +1 dB. Statistical comparison is
pair-wise. b – Same as left, but for PSA. c –There was no signiﬁcant difference in the overlap enhancement between PSD or PSA.

Fig. 6. a – Top to Bottom: Example of a period spike histogram for BPA stimulation. Peri-stimulus time histograms of spiking activity, averaged over 20 isolated suprathreshold presentations, and for 20 simultaneous presentations with the distracting stimulus at suprathreshold level. b – Same animal and recording position as a, but for PSD
stimulation.

trodes (PSA 0.44 ± 0.10, PSD 0.45 ± 0.10, Wilcoxon signed-rank
test, p = 0.84). Also in this case, we computed the ratio between
the VS in the simultaneous and the isolated condition. There was
a signiﬁcantly smaller reduction of the VS for PSD presented on
the apical electrode (Fig. 7f, to 29 ± 9% for PSD compared to 23
± 6% for PSA, Wilcoxon signed-rank test, p < 0.001). The effect
was not observed for the basal electrode, where PSD reduced the
VS to 60 ± 5%, compared to 62 ± 6% for PSA (Fig. 7f, Wilcoxon
signed-rank test, p = 0.183). Thus, the pairwise relative compari-

son revealed an effect of coding strategy for the apical electrodes
only.
Since PSA was not different from PSD in phase locking effects
in the vast majority of comparisons, but BPA and PSD were, we assume that it is mainly pulse asymmetry that positively inﬂuenced
the VS both in the basal as well as the apical region. Phase duration coding had an additional effect in the apical region only,
where the current spread and the distance to the target neurons
are presumably smaller.
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Fig. 7. a – VS for isolated presentation of a 19Hz (e2) or a 37Hz (e5) pulse train of either BPA or PSD at threshold +6 dB. b – VS for simultaneous presentation of a 19Hz
(e2) and a 37Hz (e5) pulse trains of either BPA or PSD at threshold +6 dB. c – Pair-wise ratio of simultaneous VS / isolated VS. d, e, f – same as top, but comparison between
PSA and PSD. All statistical comparisons include points graphically marked as outliers.

4. Discussion
In this study, we compared a phase-duration-coded pseudomonophasic CI stimulus with the standard, amplitude-coded
biphasic stimulus, with respect to the spread of excitation at
threshold intensities, and the channel separation at suprathreshold intensities. Electric intensity coding using phase duration with
pseudomonophasic pulses provided lower thresholds, a reduced
spread of excitation, as well as a decrease in channel interactions.
With monopolar stimulation, a reduction of channel interactions
by about 5% was achieved. This would approximately translate to
an additional channel of information on a 20-channel cochlear implant.

4.1. Thresholds
The positive effects of monophasic and pseudomonophasic
pulses on eCAP- and auditory nerve thresholds have been thoroughly documented (Miller et al., 2001; Shepherd and Javel, 1999).
In the present study, we found lower thresholds for PS stimuli only
when combined with phase duration coding, and the effect was
stronger for the apical electrode. In the apical region, the scala
tympani has a smaller volume, and thus the electrode is located
closer to the modiolus with less shunt-current in the perilymph
(Shepherd et al., 1993; Shinomori et al., 2001). This appears to be
a favorable condition for PS stimulation and is most likely the reason for the basal-to-apical differences found in this study.
PSA coding was previously reported to generate lower eCAP
thresholds than BPA (Miller et al., 2001), an observation that we
could not replicate in the present study. This discrepancy is likely
due to the ratio of the phase amplitudes (present study: 1:5, Miller
et al.: 1:10). Furthermore, we investigated IC thresholds and Miller
et al. investigated peripheral thresholds. Studies with cochlear
implanted human subjects showed slightly enhanced thresholdand most-comfortable levels for pseudomonophasic pulses similar to ours when used in pulse trains at rates from 98 to
800 Hz (Macherey et al., 2006; Van Wieringen et al., 2005). Using pulse train stimulation, however, the threshold is also the con-

sequence of the integration over time, which would not necessarily be reﬂected in single-pulse stimulation data presented here
(van Wieringen et al., 2006). A systematic investigation of this effect has not been provided yet.
4.2. Dynamic range
We found no differences in the neuronal dynamic ranges
achieved with BPA, PSD, or PSA stimuli. Previous eCAP measurements conducted in guinea pigs have shown no preference
in grand mean data for these coding strategies, but large interindividual variability in the eCAP growth functions (Adenis et al.,
2018). We did not observe highly variable individual dynamic
ranges. However, the previous study used anodic PS, as opposed to
cathodic PS employed in the present study, and was conducted in
chronically stimulated animals with variable residual hearing, allowing electrophonic responses that may increase the electric dynamic range substantially (Sato et al., 2016). While the majority of
animals in our study showed no signiﬁcant differences in dynamic
range between BPA and PS, the few that did display a signiﬁcant
difference consistently had a smaller dynamic range for PSD compared to BPA (data not shown). Notably, compound action potential recordings are also contaminated by stimulation artifacts that
might have contributed to the high variability in the previous results (Hughes et al., 2017; Klop et al., 2004).
4.3. Overlap
By demonstrating a signiﬁcant overlap reduction by 37% with
PSD compared to BPA, but no signiﬁcant difference when comparing PSA to BPA, Fig. 5 (a, b) might suggest that duration coding
is responsible for the reduced spread of excitation observed in the
present study. However, when comparing the effects of PSA and
PSD, it is important to acknowledge that experiments with PSA
were performed with a smaller number of animals than the comparisons of PSD vs. BPA (see methods), affecting statistical sensitivity. Fig. 5 (a, b) in fact shows a similar relation of BPA to both PSA
as well as PSD. We suspected that the pulse shape alone may have

G.L. Quass, P. Baumhoff and D. Gnansia et al. / Hearing Research 396 (2020) 108070

the main inﬂuence on the spread of excitation. Therefore, we investigated the difference in the effects between PSD and PSA, and
found a similar reduction in overlap (Fig. 5c).
The main difference between BP and PS stimuli is the omission of one polarity in the suprathreshold region. Cathodic and
anodic stimuli excite axons at different locations (Ranck, 1975).
Thus, biphasic stimuli may recruit two distinct (albeit largely overlapping) populations of spiral ganglion cells in very close succession, increasing the spread of excitation compared to cathodic
PS stimuli. The use of monopolar pseudomonophasic stimuli was
previously suggested to reduce the spread of excitation measured
by psychophysical forward masking threshold patterns in humans
(Macherey et al., 2010). However, the effect was observed only in
2 out of 6 tested subjects. When comparing human data to animal data, it is important to acknowledge that many biasing factors
cannot be controlled in a clinical setting. One essential factor is the
degeneration of spiral ganglion cells. While in humans, the residual population of spiral ganglion cells may be 30% of the normal
count or less (Nadol, 1997; Nadol et al., 2001, 1989), acute pharmacological deafening in animals leaves the number of spiral ganglion
cells initially unchanged (Leake-Jones et al., 1980; Leake-Jones and
Vivion, 1979). A patchy degeneration, as found in clinical populations, has obvious consequences for the investigation of the effects
of spread of excitation (Jahn and Arenberg, 2019b). Whether this
outcome variability in human subjects is related to the speciﬁc location of the implant, a patchy degeneration of the nerve, the site
of spike initiation and the degeneration of primary afferents, central auditory processing, or other aspects of stimulation, remains to
be clariﬁed in the future. To reduce these biasing factors, objective
measures of spiral ganglion degeneration are needed in clinical settings to verify animal study results (Pﬁngst et al., 2015). Our results
support the reduced spread of excitation using PS, but this would
likely only be reﬂected in forward masking tests if spiral ganglion
cell degeneration was negligible or very even along the cochlea in
the tested subjects.
The observed reduced spread of excitation for PSD can be theoretically derived from Coulomb’s Law of the spread of static electric
ﬁelds, which states that the instantaneous electric ﬁeld strength
at a given point in space due to a point charge is proportional to
the instantaneous charge and the distance between the points. This
simpliﬁed model has previously been validated for the cochlea as
an approximation (Sibella et al., 2007; Tognola et al., 2007), and it
follows that the presentation of lower current amplitudes (i.e. less
instantaneous charge, albeit over a longer time period, thus injecting equal amounts of total charge) leads to a spatially more conﬁned suprathreshold electric ﬁeld. This may provide the explanation for why PSD was in some cases (apically) beneﬁcial compared
to PSA. However, the quantiﬁcation of the spread of excitation with
the neural activation overlap method strongly depends on the intensity range considered, which is why we additionally used the
vector strength as a quantitative measure.
4.4. Vector strength
To investigate the interaction between two channels stimulated
at high intensities, we analyzed the extent to which the stimulus locking to one stimulus is reduced when a second stimulus is added. We hypothesized that PS stimuli may increase the
ﬁdelity and limit the channel interactions compared to BPA by
reducing the spread of excitation, regardless of intensity coding.
Indeed, we found a decrease in interaction between stimulation
channels of about 4-5% with PS stimuli (Fig. 7c, f). Since BPA stimuli include both high cathodic and anodic peak currents, but PS
stimuli do not, PS stimulation may reduce the spread of excitation by activating a smaller population of neurons with the ac-
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tive cathodic-only phase. PSD stimuli reduce the peak current in
both phases and thus should have a more pronounced effect than
PSA stimuli. We could observe this only in one speciﬁc conﬁguration: When computed with respect to the apical stimulus in the
presence of the basal stimulus, the channel interactions (reduction
in VS) were mitigated more strongly for simultaneous PSD than
for PSA stimuli (Fig. 7f). A possible explanation for this discrepancy along the cochlea is the higher current spread on electrode
5 due to the anatomy at the cochlear base. The distance between
the electrode and the modiolus, as well as the volume around the
implant, is larger in the basal- than in the apical region, which has
direct adverse consequences for the eﬃciency of electric stimulation (Shepherd et al., 1993). Despite being presented at the same
level above threshold in both regions, the higher absolute current
required basally (becuase of higher thresholds) inadvertently also
leads to a larger spread of excitation. As described above, the region of suprathreshold excitation is larger with higher currents,
and it follows that the presentation of less maximal current, even
though over a longer time period, leads to a spatially more conﬁned suprathreshold electric ﬁeld. Over long distances, however,
the spread of excitation caused by the higher amplitude may conceal this effect. The VS for simultaneous stimulation was generally higher for the basal electrode 5 than for the apical electrode
2, both in absolute (Fig. 7b, e) and relative (Fig. 7c, f) measures,
meaning that the phase locking to the stimulus presented on electrode 2 is more affected by the stimulus on electrode 5 than vice
versa. Since it was always the 19 Hz stimulus that was presented
on the apical electrode, and the 37 Hz stimulus on the basal electrode, there is a difference in the absolute number of pulses presented per stimulus on each of the electrodes. Thus, in the simultaneous condition, the VS on the apical electrode is affected by more
“disturbing” pulses from the basal electrode than vice versa. This
could be the reason for the generally higher VS to basal stimulation
in the simultaneous condition, but it does not compromise the relative comparison. It should further be noted that a subset of units
retained relatively high VS when adding the competitive stimulus
(Fig. 7b). It is possible that this is a physiological/technical phenomenon resulting from asymmetric input strength – activation of
electrode 2 excited the cells towards the centroid of the electric
ﬁeld, while stimulation through electrode 5 excited the cells less
reliably at the edge of the electric ﬁeld. In this case, there would be
overlapping activation in single pulse stimulation that would not
necessarily be reﬂected in simultaneous stimulation.
There are some confounding factors that need to be considered:
Firstly, it should be noted that the VS is a temporal precision measure. Changing the phase duration has implications for the temporal integration of the stimulus, and an increasing it could lead to
more jitter and thus a lower VS, i.e. an adverse effect of duration
coding. However, our data document no such effect for isolated
stimulation. For simultaneous stimulation, we found the opposite
in the apical region, and no change in the basal region. This adverse effect may nonetheless be present and only manifest in the
basal region, where the current spread is so wide that a possible
increase in jitter cannot be mitigated anymore by a decrease in
the spread of excitation. Secondly, the thresholds are also of importance for the VS evaluation. Given that BPA are presented at
a higher current level (due to higher thresholds), the convergence
within the auditory system might lead to a stronger synchronization with the stimulus. The enhanced ﬁdelity recorded here could
thus be a consequence of the lower suprathreshold levels for PS
stimuli compared to BPA stimuli. However, we accounted for this
by keeping the current level well within the saturation of the dynamic range at threshold +6 dB, around 3 dB above the median
dynamic range. Further, the VS is normalized to the total number of spikes, meaning that the result cannot be based on a mere

12

G.L. Quass, P. Baumhoff and D. Gnansia et al. / Hearing Research 396 (2020) 108070

increased spike rate. Using intensity levels in the saturation of
the response thus excludes the inﬂuence of the slightly different
thresholds. Consistent with the above considerations, we propose
two effects that can explain the ﬁndings – a pulse shape effect
that is likely related to polarity and the excited neuronal populations, and an intensity coding effect that is likely mediated by the
spread of the electric ﬁeld itself.

4.5. Clinical application
The present experiments were performed on preserved spiral
ganglia to avoid the biasing factor of differences in neural “health”.
While this is an advantage for the present experiments, it may
constitute a factor to consider when translating the outcomes to
human CI subjects, where neural health varies considerably. Likewise, a potential drawback of the phase-duration-based intensity
coding in a CI sound processing strategy is the longer stimulus and
thus the necessity of a reduced stimulation rate. Depending on the
dynamic range, the maximum pulse rate for such a strategy using the phase durations tested here would cap around 1500 pps
(+6 dB) to 2500 pps (+3 dB). In the best-case scenario, an increase in information transmission ﬁdelity of 5% per channel, as
it was found here, would add up to one additional channel of information on a 20-channel implant, provided that there are no redundant channels. However, this increase was determined from interactions between electrodes 2 and 5, and not neighboring electrodes.
It is likely that the present outcomes are affected by electrode
spacing, which should be a focus of follow-up experiments. We
expect that the beneﬁt may become more apparent with more
closely spaced electrodes. However, a closer spacing might also increase the channel interactions so much that the sensitivity of this
method of investigation will be too low to show any potential advantage. There is limited evidence suggesting that in monopolar
conﬁguration, the electrode spacing inﬂuences the degree of channel interactions, but not necessarily to the degree that might be
expected (Stickney et al, 2006), warranting further investigation in
this direction.
Finally, it is diﬃcult to quantify or even estimate the exact impact on speech understanding of 5% less channel interactions, because an additional electrode does not equal an additional channel of information. Vocoder studies have more or less successfully
tried to compare the number of electrodes on a CI to spectral
bands (Başkent, 2006; Friesen et al., 2001). If an additional channel of information for a CI-user is indeed similar to an additional
spectral vocoder band, signiﬁcantly improved speech understanding could be possible. Encouragingly, it has previously been shown
that the positive effect of reduced channel interactions on speech
understanding is stronger, the fewer channels are available to begin with (Bingabr et al., 2008).

5. Conclusions
The present results suggest that pseudomonophasic stimuli may
reduce the spread of excitation, with duration coding holding an
additional advantage over amplitude coding. This kind of stimulation could provide approximately one additional channel of information to present day cochlear implants. Using PS stimuli in more
conﬁned, multipolar conﬁgurations could prove even more effective, especially in combination with phase duration-based intensity
coding. It would therefore be worthwhile to test this conﬁguration
in forward masking-, pitch ranking-, and speech perception studies
involving human patients to conﬁrm the beneﬁcial effects in clinical practice.
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