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1. Introduction

The auditory system provides a natural frequency-to-place mapping which is designated as
tonotopic organisation of the cochlea. In the normal-hearing system, the acoustic signal causes
a fluid pressure wave which propagates into the cochlea. At particular positions within the
cochlea, most of the energy of the wave is absorbed causing mechanical oscillations of the
basilar membrane. The oscillations are transduced into electrical signals (action potentials)
in neurons by the action of the inner hair cells. Waves caused by low input frequencies
travel further into the cochlea than those caused by high frequencies. Thus, each position of
the basilar membrane can be associated with a particular frequency of the input signal
(Greenwood, 1990). This natural form of frequency-to-place mapping, together with the fact
that the positioning and fixation of an intrascalar electrode array is comparatively simple, is
likely one of the most important factors for the success of cochlear implants as compared to
other sensory neural prostheses.

1.1 The "Continuous Interleaved Sampling" stimulation strategy

In the late 1980s, Wilson and colleagues introduced a coding strategy for cochlear implants
designated as "Continuous Interleaved Sampling" (CIS) strategy (Wilson et al., 1991).
Supporting significantly better speech perception in comparison to all other coding
strategies at the time, CIS became and still is the de-facto standard among CI coding
strategy. CIS signal processing involves splitting up of the audio frequency range into
spectral bands by means of a filter bank, envelope detection of each filter output signal, and
instantaneous nonlinear compression of the envelope signals (map law).

According to the tonotopic principle of the cochlea, each stimulation electrode in the scala
tympani is associated with a band pass filter of the external filter bank. High-frequency
bands are associated with electrodes positioned more closely to the base, and low-frequency
bands to electrodes positioned more deeply in the direction of the apex. For stimulation,
charge-balanced current pulses - usually biphasic symmetrical pulses - are applied. The
amplitudes of the stimulation pulses are directly derived from the compressed envelope
signals. These signals are sampled sequentially, and, as the characteristic CIS paradigm, the
stimulation pulses are applied in a strictly non-overlapping way in time. Typically, the pulse
sampling rate per channel is within the range of 0.8-1.5 kpulses/sec.
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Many investigators have aimed at finding optimum CIS parameters for best speech
perception, e.g., for parameters such as number of channels, stimulation rate per channel,
etc. (Loizou et al., 2000). It turns out that four channels seem to be the absolute minimum
number of channels for reasonable speech intelligibility, and speech perception reaches an
asymptotic level of performance at about ten channels. Stimulation rates higher than about
1.5 kpulses/sec per channel also do not substantially improve speech perception.

Other approaches to improve speech recognition are based on the idea that neurons should
have some activity even in the absence of an acoustic input. In a normal-hearing system
such an activity is present and is generally designated as “spontaneous activity”, i.e.,
neurons produce action potentials and cause a type of noise floor of neural activity.
Following the principle of stochastic resonance (Morse & Evans, 1999), such a noise floor
could provide a more natural representation of the envelope signals in the spiking patterns
of neurons. In the deaf ear, there is no or very little spontaneous activity of neurons. To
combine the CIS strategy with principles of stochastic resonance, it has been suggested to
introduce high-frequency pulse trains with constant amplitudes - so-called “conditioner
pulses” - in addition to the CIS pulses (Rubinstein et al., 1999). However, such approaches
have so far not found their way into broad clinical applications, partly because no
substantial improvement in speech intelligibility has been found and partly for practical
reasons, because the power consumption of the implants is considerably increased.

1.2 Temporal fine structure

According to the principles of the Fourier transform, each signal can be decomposed into
a sum of sinusoids of different frequencies and amplitudes. Following Hilbert (Hilbert,
1912), an alternative way of signal decomposition is to factor a signal into the product of a
slowly varying envelope and a rapidly varying temporal fine structure. Hilbert's
decomposition is particularly useful in the case of band pass signals as used in a CIS filter
bank. Considering the response of a band pass filter to a voiced speech segment, the
envelope carries mainly pitch frequency information. Temporal fine structure information
is, first of all, present in the position of the zero crossings of the signal and shows the
exact spectral position of the center of gravity of the signal within its band pass region,
including temporal transitions of such centers of gravity. For example, the temporal
transitions of formant frequencies in vowel spectra are highly important cues for the
perception of subsequent plosives of other unvoiced utterances. Furthermore, a close look
at the details of a band pass filter output also reveals that the pitch frequency is clearly
present in the temporal structure of the zero crossings.

It is known from literature that the neurons in the peripheral auditory system are able to
track analogue electrical sinusoidal signals up to about 1 kHz (Hochmair-Desoyer et al.,
1983; Johnson, 1980). However, CIS is entirely based on envelope information, and temporal
fine structure information is largely discarded. For example, consider the response of an
ideal CIS system (filter bank composed of ideal rectangular band pass filters) to a sinusoidal
input signal with constant amplitude and a frequency which is swept over the whole input
frequency range. Then one channel after the other will generate an output. The CIS response
reflects the approximate spectral position of the input signal (i.e., the information, which
band filter within the filter bank is responding), but within each responding filter, there is
no further spectral resolution.
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Smith and colleagues (Smith et al., 2002) described an experiment with normal-hearing
subjects based on a vocoder-type signal processor similar to CIS. Audio input signals were
split up by means of a filter bank, and both envelope and temporal fine structure
information was extracted from each channel. So-called “auditory chimaeras” were then
constructed by combining, across channels, the envelopes of one sound with the temporal
fine structure of a different sound. By presenting these auditory chimaeras to normal-
hearing listeners, the relative perceptual importance of envelope and fine structure was
investigated for speech (American English), musical melodies, and sound localization. The
main outcome was that for an intermediate number of 4 to 16 channels, the envelope is
dominant for speech perception, and the temporal fine structure is most important for pitch
perception (melody recognition) and sound localization. When envelope information is in
conflict with fine structure information, the sound of speech is heard at a location
determined by the fine structure, but the words are identified according to the envelope.

In the light of these results, standard CIS is a good choice for the encoding of speech in
Western languages (e.g., for American English). However, regarding music perception and
perception of tone languages (e.g., Mandarin Chinese, Cantonese, Vietnamese, etc.), CIS
might be suboptimal due to the lack of temporal fine structure information.

1.3 Spatial channel interaction

One basic problem in cochlear implant applications is spatial channel interaction. Spatial
channel interaction means that there is considerable geometric overlap of the electrical fields
at the location of the excitable neurons, if different stimulation electrodes in the scala
tympani are activated. Thus, the same neurons can potentially be activated if different
electrodes are stimulated. Spatial channel interaction is mainly due to the conductive fluids
and tissues surrounding the stimulation electrode array.

One approach to defuse spatial channel interaction is to employ particular electrode
configurations which aim at concentrating electrical fields in particular regions. Bipolar or
even multipolar configurations have been investigated. These configurations have in
common that active and return electrodes are positioned within the scala tympani of the
cochlea (Miyoshi et al., 1997, van den Honert & Kelsall, 2007, van den Honert &
Stypulkowski, 1987). For example, a bipolar configuration uses single sink and source
electrodes which are typically separated by 1-3 mm. The main disadvantage of these
approaches is that comparatively high stimulation pulse amplitudes are necessary to
achieve sufficient loudness. This is because the conductivity between the active electrodes
represents a low-impedance shunt conductance which causes most of the current to flow
within the scala tympani and only a small portion to reach the sites of excitable neurons.

Regarding power consumption, the most effective electrode configuration is the monopolar
configuration. Monopolar means that only one active electrode is within the scala tympani,
and a remote return electrode is positioned outside. E.g., a 12-channel CIS system
employing monopolar stimulation uses a 12-channel electrode array within the scala
tympani and a return electrode which may by positioned under the temporal muscle and is
shared by all 12 electrodes. In CIS, only one electrode of the array is active at any given time
(non-overlapping pulses).
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Remarkably, although spatial channel interaction in bipolar or multipolar configurations is
substantially less than in monopolar configurations, this advantage in general cannot be
converted to better speech perception, as has been shown in a number of studies (Loizou et
al., 2003; Stickney et al., 2006; Xu et al., 2005). Thus, monopolar configurations are widely
used in clinical applications.

The channel separation in systems using monopolar electrode configurations may be
improved by a closer positioning of the active electrodes to the excitable structures. Such
special electrode arrays are designated as “modiolus-hugging” or “perimodiolar” arrays,
and a variety of designs have been developed (Lenarz et al., 2000; Wackym et al., 2004).
However, one basic requirement of modiolus-hugging electrode arrays is that after
implantation the array should not exert any permanent mechanical pressure on the
structures within the cochlea, because mechanical pressure can damage neural tissue or
cause ossification if applied to bony structures. As a matter of fact, this requirement is
difficult to meet in most approaches. Temporal bone studies have shown that modiolus-
hugging electrodes increase the danger of basilar membrane perforations and spiral lamina
fractures (Gstoettner et al., 2001; Richter et al., 2002; Roland et al., 2000). Besides, even if the
array is closer to the modiolus, the surrounding conductive fluids will still cause broad
potential distributions, and it is questionable whether a substantial improvement of channel
separation is possible at all.

2. Supporting concepts

Fine structure stimulation strategies require a precise representation of temporal
information in individual electrode channels. Maintaining the CIS paradigm of using
non-overlapping pulses, the precision of representation is limited by the minimum phase
duration of sequentially applied biphasic stimuli (Zierhofer, 2001). To relax such limitations
and allow the implementation of fine structure stimulation with reasonable phase durations
on multiple channels, two "supporting concepts" are investigated, i.e., simultaneous
stimulation in combination with "Channel Interaction Compensation" (CIC) and the
"Selected Groups" (SG) concept.

Both supporting concepts may generally be useful also for envelope-based stimulation
without temporal fine structure. For example, the power consumption of a cochlear implant
may be reduced without compromising the hearing performance.

As a first step, the supporting concepts have been evaluated with envelope-based coding
strategies and compared to a standard CIS reference strategy.

2.1 Simultaneous stimulation
2.1.1 Channel interaction compensation

For the stimulation concept presented here, the simultaneous activation of two or more
electrodes in the scala tympani against a remote return (ground) electrode is considered. As
a basic requirement for simultaneous stimulation, pulses are 100% synchronous in time and
have equal phase polarities. In the following, such pulses are designated as "sign-
correlated".
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The injection of a stimulation current into a single electrode will cause a particular voltage
distribution within the scala tympani. If currents are simultaneously injected in more than
one electrode, the individual voltage distributions are superimposed.

The basic idea of CIC is to replace a particular number of sequentially applied stimulation
pulses (CIS paradigm) by the same number of simultaneously applied sign-correlated
pulses. However, the amplitudes of the simultaneous pulses are reduced such that the
electrical potentials at the position of the electrodes remain unchanged. Regarding the
practical realization in a cochlear implant with limited space- and power resources, CIC
based on general assumptions regarding voltage distributions is a computational challenge.

The computational cost for CIC can be reduced significantly, if a model of voltage
distributions as shown in Fig. 1 is used (Zierhofer & Schatzer, 2008).
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Fig. 1. Model of voltage distributions in the scala tympani as responses to unit currents in
individual electrodes Ej, Ey, ..., E12 of a 12-channel array.

Each voltage distribution represents the response to a unit current in a single electrode and
is composed of two branches with exponential decays (constants A, towards the apex, and
A towards the base). Due to the varying diameter of the scala tympani, the unit responses
are place-dependent. The peaks of the distributions are also assumed to be located on an
exponential characterized by constant A,

Assuming equally spaced electrodes (distance d), decay constants A,, Ag, and A, define CIC
parameters o, B, and v, i.e.,

o = exp _ki] (1a)

B—exp —%} (1b)
B

: =exp[—§] (19
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Assuming M sequential amplitudes Ixsequ(k=1,2, ..., M) applied in M electrodes, the
relation between the sequential amplitudes and the simultaneous amplitudes
Ik (k=1,2, .., M) is given by the set of linear equations

Isequ,l Il
b || 1 ®
Isequ,M IM

where H denotes the "interaction matrix"

1 o o (yof . (ya)
% 1 vo o (ya)"7
H - (%)2 % 1 ()" ©)
e

With (2), the simultaneous amplitudes are obtained with

Il Isequ,l
I2 _ H-] Isequ,2 (4)
IM Isequ,M

where H-! represents the inverse matrix of H. It can be shown that, fortunately, matrix H-! in
general exists and is a tri-diagonal matrix. For a more detailed description the reader is
referred to (Zierhofer & Schatzer, 2008).

2.1.2 Results

Sentence recognition in noise was assessed using the adaptive German Oldenburg sentence
test (OLSA) in noise (Kollmeier & Wesselkamp, 1997). The test comprises 40 lists of 30
sentences each. The corpus is a closed set of nonsense sentences with a fixed name-verb-
numeral-adjective-object word arrangement. As masker, unmodulated speech-shaped noise
with the same spectral envelope as the long-term average spectrum of speech according to
the standardized Comité Consultatif International Téléphonique et Télégraphique (CCITT)
Rec. 227, was used (Fastl, 1993). The speech level was kept constant at comfortable loudness,
while the level of the competing noise was varied adaptively. The speech reception
threshold (SRT) was assessed at the 50% intelligibility point. The speech-noise mixture was
fed into a MED-EL OPUSI] research processor via direct input (automatic gain control by-
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passed). Galvanic separation between PC sound card and speech processor was provided
via an audio isolation transformer. The results of two experiments are presented here.

Experiment 1 assessed the effect of varying the number of simultaneous electrodes.
Variations included 2, 3, 4, half and all electrodes stimulated simultaneously with optimum
subject-specific CIC parameters o, , and y. In this experiment, the distances between
simultaneously stimulated electrodes were maximized. For example, for configuration P2 in
a ten-channel setting, the electrode addresses of simultaneously stimulated electrodes are
[1,6],[2 7], [3, 8], [4 9], and [5, 10].

Group results for six MED-EL CI users are shown in Fig. 2. Because the data did not meet
the equal-variance criterion for the parametric analysis of variance (ANOVA) test, they were
analysed with a non-parametric Friedman repeated-measures (RM) ANOVA test on ranks.
This test revealed a significant effect of the number of simultaneous electrodes on speech
test performance (p < 0.05). Post-hoc multiple comparisons using Dunn’s method indicated a
significantly inferior test performance with the all-simultaneous setting Pall in comparison
to CIS.
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Fig. 2. SRT differences relative to CIS as a function of the number of simultaneous
electrodes. Horizontal lines within the interquartile-range boxes indicate median SRT
differences, whiskers encompass the ranges of SRT differences. The number of
simultaneously activated electrodes was maximized. Only simultaneous stimulation of all
electrodes significantly deteriorates test performance as compared to CIS (as marked by an
asterisk).

Experiment 2 assessed the effect of varying the number of simultaneous channels for
adjacent electrodes, in contrast to maximally separated electrodes as in the prior experiment.
CIC parameters a, 3, and y were again individually adjusted.

Group means for five MED-EL CI users are shown in Fig. 3. A one-way RM ANOVA
revealed no significant effect of electrode distances on mean SRTs (F(2,12) = 0.016, p = 0.984).
Parametric test requirements for the ANOVA, i.e. normal distributions and equal variances,
were verified with a Shapiro-Wilk (p =0.059) and Levene test (p =0.963), respectively.
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However, because of the small sample size and the resulting low statistical power (p = 0.049)
of this test, results have to be considered as preliminary.

5

N=5

SRT difference re. CIS (dB)
o

-5 T T
P2min P3min

Fig. 3. SRT differences relative to CIS in a group of five subjects for two and three adjacent
electrodes being stimulated simultaneously. Here, speech test performance is on a par to
sequential stimulation with CIS, in contrast to the two- and three-electrodes settings P2 and
P3 with maximum electrode separation in Fig. 2.

2.1.3 Discussion

Throughout all test conditions, including the CIS control condition, frame rates and phase
durations were kept constant. In all configurations, the same amount of information was
represented, which is why no advantage in performance of CIC as compared to CIS was
expected.

Simultaneous stimulation on up to four maximally separated electrodes results in a slight,
but not statistically significant, decrement in performance. When half of the electrodes are
stimulated simultaneously, the decrement in performance is larger, but still not significant.
The CIC configuration with all electrodes stimulated simultaneously leads to a statistically
significant decrement in speech perception.

For CIC configurations with two or three neighboring electrodes the results are on a par
with CIS and show no trend to a degradation of speech recognition. Thus, minimizing the
distance between simultaneous electrodes is the recommended CIC configuration.

If the stimulation configuration is switched from a sequential to a simultaneous setting and
the parameters are properly chosen, there should be no difference in loudness.
Simultaneous stimulation without CIC leads to a percept that is too loud and requires an
overall reduction of stimulation levels, e.g., by means of a volume control. However, this
leads to an information loss in the stimulation pattern and speech perception is impaired
(Zierhofer et al., 2009). On the other hand, overcompensation with CIC is also possible. If the
spatial parameters o, 3, and y are set too high (e.g., too close to one), the perceived loudness
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is too low and an overall increase of stimulation levels is necessary. Also in this case, speech
perception is compromised. Thus, the subjective loudness is an indication for the quality of
the choice of CIC parameters a, 3, and y.

Regarding fine structure stimulation strategies, simultaneous stimulation based on CIC
represents a powerful tool. The overall number of stimulation pulses per second can be
increased without reducing the phase durations. For example, in a CIC configuration with
two simultaneous electrodes, the overall number of stimulation pulses per second can be
doubled by filling up the temporal gaps between pairs of simultaneous pulses by additional
pairs of simultaneous pulses.

2.2 The "Selected Groups" approach
2.2.1 Concept

It is well known that neurons show refractory behaviour. Immediately after an action potential
has been elicited, a neuron cannot fire again during the absolute refractory period (typically
about 0.8 ms in the neurons of the auditory system). After that, the excitation threshold
decreases to the normal value within the relative refractory period (typically 7-10 ms).

Spatial channel interaction in combination with the refractory properties of the neurons lead
to pronounced masking effects. For example, in response to a first stimulation pulse, most
neurons will be activated in the immediate proximity of the stimulation electrode, and the
number of activated neurons will decrease with increasing distance to the electrode. These
neurons cannot be retriggered during the absolute refractory period. If a second stimulation
pulse in another electrode is applied in this period, its efficacy will depend on the distance
between the two electrodes. If the second pulse occurs in an adjacent electrode, it will elicit
additional action potentials only when the amplitude is approximately equal to or higher
than the amplitude of the first pulse. If it is lower, it will be almost entirely masked by the
first pulse and largely unable to elicit additional action potentials. It is intuitively clear that
the neural activation pattern will not differ substantially if, as opposed to both stimulation
pulses, only the pulse with the larger amplitude is applied. However, as the distance
between activated electrodes is increasing, the minimum amplitude required to elicit
additional neural activity gradually decreases.

The basic idea of the SG approach is to detect and avoid pulses with high masking factors
(Kals et al., 2010; Zierhofer, 2007). Neighbouring stimulation channels, i.e. channels with
presumably high interaction, are arranged into groups. Within each stimulation frame, a
particular number of active channels with the highest amplitudes in each group are selected
for stimulation. The pulses with the smaller amplitudes are omitted. With SG, a uniformly
distributed stimulation activity over all cochlear regions is ensured, and a clustering of
pulses at particular electrode positions is avoided.

In a formal notation, groups of channels are represented within brackets. The index after the
closing bracket denotes the number of channels within a group which are selected for
stimulation. For example, [1 2]; [3 4]1 [5 6]1 [7 8]1 [9 10]1 [11 12]; represents a twelve-channel
configuration, where two adjacent channels each form a group, resulting in six “Selected
Groups”. Within each one of these six groups, the channel with the larger amplitude is
dynamically selected for stimulation. In short, such a configuration is denoted as SG_1/2.
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Note that CIS and NofM represent special cases of the SG concept (McKay et al., 1991;
Wilson et al., 1988). E.g., a twelve-channel CIS strategy would be described by [1]; [2]: [3]1
[4]1 [5]1 [6]1 [7]1 [8]1 [9]1 [10]1 [11]: [12]4, corresponding to the trivial case of SG with group
size one and one active channel per group (in short, this would be denoted as SG_1/1). A
60f12 strategy is described by [123 45 6 7 8 9 10 11 12]¢, corresponding to SG with one
single group comprising all twelve channels from which six are dynamically picked (in
short, this is denoted as SG_6/12).

2.2.2 Results

Speech recognition with CIS and SG was assessed by measuring SRTs for German OLSA
sentences in CCITT noise. Throughout all test conditions, including the CIS control
condition, frame rates were kept constant. Two experiments were conducted.

Experiment 1 assessed the effect of group size variations, using the same phase durations as
for CIS. Thus, according to the SG algorithm, stimulation pulses were simply discarded, and
the resulting gaps were not filled with any additional pulses.

Individual and group means of the SRTs for nine tested ears (N =9) are shown in Fig. 4.
Mean SRTs for SG_1/2, SG_1/3, and SG_1/4 increased respectively by 0.3+£0.5dB,
0.6£0.9 dB, and 1.841.0 dB (meant95% confidence interval) compared to the CIS control
condition. A one-way RM ANOVA (Shapiro-Wilk normality test p =0.326, Levene equal
variance test p =0.758) revealed a significant effect of the group size on mean SRTs
(p <0.001, F(3,24) = 9.275). Post-hoc Holm-Sidak multiple comparisons against CIS indicated
a significant difference for SG_1/4 only (p = 0.004, a. = 0.017). Conditions SG_1/2 (p = 0.163,
a = 0.050) and SG_1/3 (p = 0.189, a. = 0.025) were not significantly different from CIS.
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Fig. 4. SRTs for OLSA sentences in CCITT noise in eight subjects with CIS and three SG
configurations including group sizes of two, three, and four. Error bars represent the
standard deviations in the individual results. A significant difference among group means
in comparison to CIS was found for setting SG_1/4. (From Kals et al., 2009. Used with
permission of Elsevier B.V.)

Experiment 2 assessed the effect of doubling pulse phase durations with SG. Only one SG
condition with a group size of two was used, and the phase durations of the stimulation
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pulses were doubled compared to CIS. Configurations with doubled pulse phase duration
are denoted with the suffix "2DUR". For double phase duration, new MCL and THR levels
were determined.

Results are summarized in Fig. 5, showing individual and group means of SRTs for six
tested ears (N = 6). The mean SRT for SG_1/2-2DUR was 0.5£0.9 dB lower than the mean
SRT for CIS. However, this difference was not significant (p = 0.184, #(5) = 1.540; Shapiro-
Wilk normality test p = 0.799). Due to the small sample size and low statistical power of the
test (p = 0.155), however, results need to be regarded as preliminary. The doubling of phase
durations resulted in a significant reduction of both MCL and THR currents. MCL and THR
levels were lower by 5.0+2.2 dB (p = 0.002) and 7.1+4.3 dB (p = 0.008), respectively.
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Fig. 5. SRTs for OLSA sentences in CCITT noise in five subjects with CIS and SG with
doubled phase duration and a group size of two. Error bars represent the standard
deviations in the individual results. No statistically significant differences between group
means (a = 0.05) were found. (From Kals et al., 2009. Used with permission of Elsevier B.V.)

2.2.3 Discussion

For group sizes two and three, SG supports the same sentence recognition in noise as CIS.
This suggests that a dynamic selection of up to one third of the stimulation pulses with SG
still includes all relevant pulses, at least for this particular type of test materials. SG provides
a simple and robust selection algorithm for increasing the efficacy of the applied stimulation
pulses and does not require any subject-specific parameters. Hence, the application in
current implant designs is straightforward. With a further pulse reduction (group sizes
larger than three), SG starts to suppress relevant pulses, resulting in a significant decrement
in performance.

The dynamic channel-picking with SG may be utilized to increase pulse phase durations
and consequently reduce pulse amplitudes, yielding to less stringent implant supply voltage
requirements. In our test setup, pulse amplitude reductions of about 40% with doubled
phase durations and a group size of two supported sentence recognition scores which were
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on a par with CIS. Such a reduction is likely to be beneficial for future designs of low-power
or totally implantable cochlear implants. Additionally, longer phase durations resulted in
larger electrode dynamic ranges, which may support better speech reception in CI users.

During testing, subjective sound quality was informally assessed with settings including
both standard and longer phase durations. All test settings were presented multiple times in
random order to the subjects, with live speech or speech test materials as input signals.
Subjects did not know which setting was presented at any time. Most of them indicated
SG_1/2-2DUR as their preferred setting.

3. Electric-acoustic pitch comparisons in unilateral Cl subjects

In the peripheral auditory system, frequency information is thought to be encoded by a
combination of two mechanisms. The first mechanism, or place principle, is based on the
notion that the place of maximum excitation along the organ of Corti changes systematically
as function of stimulus frequency, as previously mentioned (von Békésy, 1960; von
Helmbholtz, 1863). Low frequencies are “mapped” at the cochlear apex and high frequencies
at the cochlear base. For humans and other mammals, cochlear frequency-place maps are
well known (Greenwood, 1990, 1961). The second mechanism, or time principle,
hypothesizes that stimulus frequency is encoded in the temporal structure of neural
discharge patterns. Mediated by the phase locking properties of auditory nerve fibers
(Johnson, 1980), neural discharges occur in synchrony to the individual harmonics of
subharmonics of a stimulus waveform.

Cochlear implants implicitly assume that both place and time principles equally apply for
electrical stimulation, as they do for normal acoustic stimulation. Frequency bands in implant
speech processors are assigned to electrodes in tonotopic order. With CIS and related coding
strategies, channel envelope modulations sampled by interleaved constant-rate pulse carriers
represent a temporal code for periodic harmonic stimuli. However, due to the vastly different
modality of neural excitation with electric and acoustic stimulation, the frequency-place map
for electrical stimulation might differ from Greenwood’s map for humans, and temporal cues
to pitch mediated by phase locking may be encoded more robustly using other stimulus
patterns than the CIS channel envelopes sampled at constant pulse rates. Although studies
show that learning can compensate to a certain extent for a frequency-place mismatch (Svirsky
et al., 2004), an optimal assignment of frequency bands based on a measured electrical
frequency-place map may be beneficial in terms of CI performance and how fast asymptotic
levels of performance are reached in newly implanted CI users.

In recent years, cochlear implants have become an effective treatment option for patients
with single-sided deafness and intractable ipsilateral tinnitus (Van de Heyning et al., 2008).
With near-normal hearing in one and a CI in the contralateral ear, direct comparisons of
normal and electric hearing are possible in this unique subject population. At our
laboratory, we were in the fortunate situation to study such a group of unilateral CI subjects
implanted by Prof. Van de Heyning at the University Hospital Antwerp, Belgium. One aim
of the study was to assess the frequency-place map for high-rate electrical stimulation, using
a different methodology than similar studies in CI users with contralateral hearing (Boéx et
al., 2006; Carlyon et al., 2010; Dorman et al., 2007; Vermeire et al., 2008). The second aim
was to investigate the relative contributions of rate and place to pitch, in particular for low
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frequencies, i.e. in the apical region. Preliminary results from this study have been
presented by the authors and colleagues (Schatzer et al., 2009a; Vermeire et al., 2009).

In our study group, the frequency-place maps were between Greenwood and one octave
below at basal and medial electrode positions, levelling off in the apical region to on average
correspond to Greenwood. This levelling-off is likely to be a consequence of the absence of
any temporal code in the constant-amplitude 1.5 kpulses/sec pulse trains that could be
perceived by CI users (with electrical stimulation, there seems to be a canonical pitch
saturation limit of 300-500 Hz, where a further increase of pulse rate does not result in a
further increase of perceived pitch, as for lower rates), but may also be due to the cochlear
anatomy in the apex. Whereas in the basal cochlear turn auditory nerve fibers innervating
the organ of Corti take a radial course, in the apical turn they gradually take on a more
tangential course. Additionally, the spiral ganglion holding the cell bodies of the bipolar
auditory neurons does not reach all the way to the apical turn, forming a cluster of cell
bodies at its apical end. As electrodes sit in close proximity to the organ of Corti, current
spread on apical electrodes may target more innervating fibers or spiral ganglion cells as on
basal electrodes, producing a broader and less distinct pitch percept.

The most interesting finding emerging from the second experiment was that for electrical
stimulation place and rate, or in other words spatial and temporal cues, may have to match
to produce a robust pitch percept. For instance, most subjects could only match electrical
stimuli reliably to low-frequency pure tones ranging from 100 to 200 Hz, if those electrical
stimuli had a correspondingly low pulse rate and were applied on electrodes inserted more
than 360 degrees from the round window into the cochlea. Thus, in order to produce low
pitch percepts in the FO range, electrodes need to be placed beyond the first cochlear turn.
This finding is of particular relevance to the design of coding strategies that represent
within-channel temporal fine structure information as channel-specific rate codes on apical
electrodes, as discussed in in the following section.

This observation is consistent with findings in normal-hearing listeners. Oxenham and
colleagues (Oxenham et al., 2004) demonstrated that pitch discrimination thresholds for
“transposed” acoustic stimuli, where the temporal information of low-frequency sinusoids
is presented to locations in the cochlea tuned to high frequencies, are significantly
deteriorated compared to discrimination thresholds for pure tones. Also, using harmonic
transposed stimuli, they found that subjects were largely unable to extract the fundamental
frequency from multiple low-frequency harmonics presented to high-frequency cochlear
regions. These results also indicate the importance of a match between temporal and
tonotopic cues for a robust pitch perception.

4. Temporal fine structure with Channel Specific Sampling Sequences
4.1 Concept

The basic idea of a stimulation strategy based on "Channel Specific Sampling Sequences"
(CSSS) is to add fine time information to the envelope information already present in a
speech processor, at least in the low-frequency filter bands (Zierhofer, 2003). For this, a
particular stimulation pulse sequence composed of high-rate biphasic pulses (typically
5 kpulses/sec per channel) is associated to the filter channel. Such a sequence is designated
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as "Channel Specific Sampling Sequence" and has a programmable length (number of
pulses) and a programmable amplitude distribution. The length of a CSSS sequence can be
anywhere from a single-pulse to a sequence of 16 pulses.

For stimulation, the sequences are triggered by the zero-crossings (e.g., negative-to-positive)
of the band pass filter output signal. The individual sequences are weighted by the
instantaneous envelopes of the output signal. Note that such a stimulation sequence
contains both envelope- and temporal fine structure information. An example is shown in
Fig. 6, where the sampling sequence is a pair of pulses. The sampling sequences are started
at every other zero crossing of the band pass filter output (upper panel). The weights of the
sequences are derived from the envelope of the band pass output signal.

Fig. 6. Example for stimulation according to the CSSS concept. Upper panel: Output of a
band pass filter from 450 to 603 Hz. Lower panel: CSSS stimulation sequence. Each vertical
line represents a biphasic stimulation pulse. Here, the sampling sequences are double
pulses, separated by 0.25 ms. The sequences are started at every other zero crossing of the
band pass output.

Given the phase-locking limit of primary auditory neurons (Johnson, 1980) and the finding
that in CI subjects the so-called “rate pitch” shows an upper boundary at about
300-500 pulses/sec in most subjects (Wilson et al., 1997; Zeng, 2002), but can also extend up
to about 1 kpulses/sec (Hochmair-Desoyer et al., 1983; Kong & Carlyon, 2010), a stimulation
based on CSSS seems appropriate only for stimulation channels below about 1 kHz. For
higher-frequency channels, CIS stimulation based on envelope information only is applied.
Thus, in practical implementations, a mixture between low-frequency CSSS channels and
high-frequency CIS channels will be reasonable. For convenience, such a mixture between
CSSS and CIS channels is designated as CSSS concept in the following.

4.2 Results

Effects of CSSS fine structure stimulation on speech recognition in competing-voice back-
grounds and for the recognition of tonal languages have been investigated in recent studies,
conducted at our laboratories and at Queen Mary Hospital in Hong Kong, China (Schatzer
et al., 2010).
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4.2.1 CSSS study in our laboratories
Subjects and strategy settings

In eight MED-EL implant subjects, SRTs were measured for OLSA sentences using a female-
talker sentence as masker. Strategies were fitted and tested acutely with no listening
experience for the subjects.

The overall frequency range for both CIS and CSSS settings was 80 to 8500 Hz. For CSSS,
4 CSSS channels from 80 to 800 Hz were arranged in two selected groups [1 2]; and [3 4]..
Maximum pulse rates were 4545 and 1515 pulses/sec on CSSS and CIS channels,
respectively. Sequences were double pulses on CSSS channels 1 and 2 and single pulses on
CSSS channels 3 and 4.

Results and discussion

Individual and group results for the eight subjects are shown in Fig. 7. A paired t-test
revealed a statistically significant difference among group means of 1.0 dB (p = 0.008,
t(12) = 3.192, Shapiro-Wilk normality test p = 0.675), with better performance for the CSSS
condition.
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Fig. 7. Individual and group results for OLSA sentences presented with a competing female-
talker masking sentence.

In this study a significant improvement in speech perception was found in acute tests.
Results reported in literature often do not find an initial benefit for CSSS (Schatzer et al.,
2009b), but an improvement over time (Lorens et al., 2010; Riss et al., 2011).

4.2.2 CSSS study in Hong Kong
Subjects and test materials

Twelve adult and experienced implant users participated in this study. All subjects are
native speakers of Cantonese and implanted with MED-EL C40+ or PULSARc1% devices
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with full electrode insertions. At the time of testing, all participants were users of the
MED-EL TEMPO+ speech processor and had no prior exposure to temporal fine structure
stimulation.

Test materials included the Cantonese lexical tone identification test and the Cantonese
Hearing in Noise (CHINT) sentence test. The tone identification test was presented at a
subject-specific constant SNR, i.e. CCITT noise was added on a per-subject basis to avoid
ceiling effects, if necessary. Acutely compared test settings comprised CIS and CSSS.

The overall frequency range for both CIS and CSSS settings was 100 to 8500 Hz. For CSSS,
4 CSSS channels from 100 to 800 Hz were arranged in two selected groups [1 2]; and [3 4];.
Maximum pulse rates were 4545 and 1515 pulses/sec on CSSS and CIS channels,
respectively. Sequences on CSSS channels were quarter-sine shaped. For further details, the
reader is referred to (Schatzer et al., 2010).

Results and discussion

Group results of CIS and CSSS performance for Cantonese tones and sentences are
illustrated in Fig. 8. Mean identification scores of Cantonese lexical tones in 12 subjects were
59.2415.2 % (meantstandard deviation) with CIS and 59.2+15.3 % with CSSS, indicating
identical intelligibility with CIS and fine structure stimulation (paired t-test on percent-
correct scores, p=0.972, t(11)= 0.036; Shapiro-Wilk normality test p=0.873). Mean
identification scores for CHINT sentences were 54.2+27.7 % with CIS and 55.9+22.8 % with
CSSS, indicating no significant difference (paired t-test, p = 0.676, (7) = 0.436; Shapiro-Wilk
normality test p = 0.539).
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Fig. 8. Group results for Cantonese tone identification (left panel, 12 subjects) and CHINT
sentences (right panel, 8 subjects) with CIS and CSSS, respectively.

These findings are consistent with results from studies in which experienced CI users were
switched from CIS to fine structure stimulation, showing equal performance for the two
coding strategies at baseline, and a statistically significant benefit with fine structure
stimulation only after weeks or even months of fine structure use (Arnoldner et al., 2007).
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4.2.3 Expanded pitch range with CSSS

When being switched from CIS to fine structure stimulation with CSSS, many CI recipients
report an overall pitch shift towards lower frequencies. This effect was explored and quantified.

Subjects and methods

Seven experienced cochlear implant subjects participated in the study. The stimuli were
500 ms harmonic tone complexes with a spectral roll-off of 9 dB per octave, presented via
the direct input of an OPUSI research speech processor. All stimuli were carefully balanced
for equal loudness before running the actual experiment. Additionally, in order to prevent
the participants from basing their decisions on residual loudness differences, amplitudes
were roved by 2 dB during the main experiment.

For pitch comparisons, a method of constant stimuli was utilized. Subjects were asked to
compare the pitch of the harmonic tone complexes presented in two 500-ms intervals
separated by 300 ms. In the first interval a harmonic tone was presented with the first
strategy (either CSSS or CIS), in the second interval another harmonic tone was presented
with the second strategy. Based on psychometric functions fitted to the data, points of
subjective equivalence were derived. These indicated which pair of FOs elicited the same
pitch when one of them was processed with the CSSS strategy and the other one was
processed with the CIS strategy. For a more detailed description of the study the reader is
referred to (Krenmayr et al., 2011).

Results and discussion

A summary of the results is illustrated in Fig. 9. For each one of the four reference frequencies,
the frequency difference between CSSS and CIS required for identical pitch is plotted.
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Fig. 9. Pitch differences between CSSS and CIS, expressed in semitones, as a function of FO.
Dotted lines represent the individual data, the solid black line indicates the group mean. The
pitch difference is most pronounced at low frequencies and vanishes towards higher
frequencies, where the stimulation patterns of CSSS and CIS become more and more alike.
(From Krenmayr et al., 2011. Used with permission of Maney Publishing.)
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The results indicate that the pitch of a given harmonic tone complex decreases when
presenting it with CSSS compared to when presenting it with CIS. On average, this pitch
shift was 5 semitones or one perfect fourth at the lowest tested FO (161 Hz). As expected,
this pitch shift decreased at higher FOs. At 287 Hz it was 4 semitones or one major third,
while at 455 Hz it was already reduced to 2 semitones or one major second. At the “blank
trial” frequency of 811 Hz, the group mean was 0.5 semitones. Since these data were
collected with one strategy as reference stimulus only, they can still contain possible
subjective response bias. However, this response bias is expected to average out when
calculating the group mean. Therefore the blank trial gives an estimate for the accuracy of
the method.

The study quantitatively shows that explicitly stimulating the fine structure component of
the lowest partials decreases the pitch of harmonic tone complexes with fundamental
frequencies below 811 Hz. Since the pitches produced by both coding strategies converge at
811 Hz, it can be concluded that fine structure stimulation expands the range of perceivable
pitches as compared to CIS.

As the present results are only based on a small number of subjects, further studies are
needed to support the findings. However, the robustness of FO representation with CSSS has
also been demonstrated in another, more recent study (Bader et al., 2011). There, two pulse
trains of equal rates have been applied in two neighbouring apical electrodes. In a ranking
experiment, pitch percepts have been compared for dual-electrode pulse trains which were
almost in phase (they were not completely in phase because of sequential stimulation) and
dual-electrode pulse trains which were out of phase (phase shift ). Remarkably, the pitch
percept in the latter case did not correspond to that of a stimulus with twice the rate of the
individual pulse trains as could be expected in the case of spatial channel interaction, but
just shifted slightly towards higher frequencies. Interestingly, Macherey and Carlyon found
similar results of very low temporal channel interaction at low rates for phase-shifted pulse
trains on electrode pairs which are not positioned in the apical, but the middle range of the
cochlea (Macherey & Carlyon, 2010).

5. Conclusion

The introduction of the CIS strategy certainly represented a breakthrough in the field of
cochlear implants. In its standard version, CIS provides an optimized level of speech
perception for Western languages. CIS is first of all based on the tonotopic principle of
hearing. The temporal information is limited to envelope signals.

Fine structure stimulation aims at representing temporal cues beyond envelopes and thus is
based on the periodicity principle of hearing. Experiences with early cochlear implants (i.e.,
with single channel devices) and also more recent studies show that such temporal cues
indeed can be used in a frequency range up to about 1 kHz. This essentially covers the
ranges of the fundamental frequency FO and the first formant frequency F1.

The need for a precise representation of both envelope and fine structure information lead to
the development of two supporting concepts, i.e., simultaneous stimulation based on CIC
and SG. Both concepts have been evaluated with envelope-based stimulation strategies
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without temporal fine structure. Among CIC settings, configurations with neighbouring
simultaneous channels resulted in speech test performance on a par with CIS. So far, only
two and three neighbouring channels have been investigated, and studies with even more
simultaneous channels are currently conducted. SG settings yielded no statistically
significant difference to CIS for group sizes of two and three. However, also for these group
sizes, a tendency to a reduction of speech perception scores was observed.

Implant subjects with unilateral deafness and contralateral normal hearing provide the
possibility to directly compare electrical and acoustic hearing. An important finding from
pitch matching studies in unilaterally deaf subjects was that the perception of low
frequencies in the FO range requires electrode insertion depths greater than 360 degrees, in
combination with adequate low-frequency temporal cues. Thus, a sufficient insertion depth
of the electrodes represents a necessary condition. 1If electrodes are not inserted deeply
enough, low rate temporal cues alone do not produce low pitch percepts.

A strategy based on CSSS combines fine structure and envelope information. High-rate
pulse packages are triggered at every other zero crossing of the band pass output signals,
and the weights of the sequences are derived from the band pass envelopes. Practical
configurations are mixtures of CSSS channels in the low frequency region (e.g., 100-800
Hz covering the FO and F1 regions) and CIS channels for the higher frequencies (e.g.,
800-8500 Hz). When being switched from a CIS to a CSSS stimulation setting, most
patients perceive an immediate downward pitch shift. This effect has been quantified. On
average, pitch shifts of five semitones at the low frequency end were measured. This is a
clear indication that the additional temporal information represented in the low frequency
CSSS channels can indeed be perceived despite the presence of spatial channel interaction.
Besides, many patients are reporting an improvement in sound quality with fine structure
stimulation. Typically, they report the sound being fuller and more natural as compared
to their CIS settings. In acute tests, speech perception with CSSS is often on a par with
CIS. However, there is increasing evidence that with fine structure stimulation,
speech performance does improve over time, even in CI users with long-term implant
experience.
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