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TITLE

High Accuracy Tonotopic And Periodic Coding With Enhanced Harmonic
Resolution

[0001] This application claims priority from U.S. Provisional Patent Application
61/145,805, filed January 20, 2009, incorporated herein by reference.

FIELD OF THE INVENTION
[0002] The present invention relates to implantable medical devices, and more
specifically, to techniques for coding stimulation pulses in such devices, for example,

cochlear implant systems.

BACKGROUND ART
[0003] Cochlear implants can provide hearing to profoundly deaf or severely hearing
impaired persons. Unlike conventional hearing aids which mechanically apply an
amplified sound signal to the middle ear, a cochlear implant provides direct electrical
stimulation to multiple stimulation electrodes that excite the acoustic nerve in the inner
ear. Most existing cochlear implant stimulation coding strategies represent a sound signal
by splitting it into distinct frequency bands and extracting the envelope (i.e., energy) of
cach of these bands. These envelope representations of the acoustic signal are used to

define the pulse amplitude of stimulation pulses to each electrode.

[0004] The number of band pass signals typically equals the number of stimulation
clectrodes, and relatively broad frequency bands are needed to cover the acoustic
frequency range. A typical acoustic signal such as a human voice producing a vowel
includes a fundamental frequency and additional harmonics that are multiples of the
fundamental frequency. So if the fundamental frequency is typically between 100 and 200
Hz, then there will also be frequency harmonics that are spaced every 100 to 200 Hz. In
existing cochlear implant systems, the band pass filter band widths are usually more than

100 Hz, so that more than one harmonic is usually processed by each band pass filter.

[0005] In modern fine structure coding strategies, the stimulation signal timing is
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derived from the filter bank band pass signals. When multiple harmonics fall within a
given frequency band, the derived stimulation timing is usually not representative of any
particular harmonic but instead depends on the relative amplitudes and frequency spacing.
This means that the stimulation timing in low-to-mid frequency channels is relatively
complex instead of simply coding the periodicity of the dominant harmonics. Usually one
specific harmonic dominates a filter band, and in normal hearing such a dominant
harmonic masks the neighboring harmonics and carries the audio information that should

be tonotopically and temporally correct.

[0006] In psychoacoustic pitch testing, both periodic pitch and tonotopic pitch concepts
have been demonstrated to work for cochlear implant patients. A gradual shift of the
stimulation pattern from an apical electrode towards a more basal one at relatively high
rates leads to an increase in pitch percept. Nobbe et al. (Acta Oto-Laryngologica, 2007,
127: 1266-1272; incorporated herein by reference) showed that either simultaneous or
sequential stimulation leads to just noticeable differences in pitch changes of down to one
semitone. Similar results can be found if the low stimulation rate of one electrode is
increased, in which case, just noticeable differences in pitch range to within one semitone.
These results suggest that a combination of both types of pitch cues could lead to better
pitch perception in cochlear implant users. But in existing cochlear implant systems, both
tonotopic and periodic pitch cues are not integrated at the same time. The temporal fine
structure of the input signal is analyzed in relatively broad bands, and this generates shifts
in stimulation patterns at transitions between analysis filters which can lead to unexpected

and unwanted changes in pitch percepts.

[0007] One coding strategy that partially addresses the above is the Fine Structure
Processing (FSP) strategy used in the Med-El OPUS 1 and OPUS 2 speech processors.
The FSP strategy codes very low frequency harmonics, usually the fundamental frequency
and the second harmonic, by using a filter bank that ranges down to below the expected
fundamental frequencies. The spacing of the lowest frequency bands is such that the
harmonics coded are usually resolved, that is, only one harmonic falls into one low
frequency filter band. But higher harmonics are not explicitly resolved by this type of

signal processing. In addition, the shift of harmonics is mainly coded temporally. A
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tonotopic shift of the temporal code of fundamental frequency gliding from 100 Hz up is
only achieved at around 200 Hz.

[0008] The HiRes 120 strategy of Advanced Bionics Corporation uses active current
steering and additional spectral bands. The input signal is filtered into a large number of
spectral bands and a fast Fourier transformation (FFT) algorithm is applied for fine
spectral resolution. Hilbert processing derives temporal detail from the signals while the
spectral maximum for each electrode pair is determined across all the filter bands. Pulse
rate and stimulus location are determined from the estimated frequency of the spectral
maximum. A number of spectral bands are assigned to each electrode pair and the spectral
bands are delivered to locations along the electrode array by varying the proportion of

current delivered simultaneously to adjacent electrodes in each electrode pair.

SUMMARY OF THE INVENTION
[0009] Embodiments of the present invention are directed to generating electrode
stimulation signals for an implanted electrode array such as for a cochlear implant system.
An acoustic audio signal is processed to generate band pass signals which represent
associated bands of audio frequencies. Macro bands are defined, each of which
characterizes multiple band pass signals. The macro bands are processed in a sequence of
sampling intervals. For each sampling interval, the processing includes: i. extracting
timing and energy information from each band pass signal to form requested stimulation
events, ii. decimating the requested stimulation events to select a maximum energy band
pass signal within each macro band, and iii. decimating each selected band pass signal
based on a pulse selection inhibition function and preserving temporal and spectral
structures of the band pass signals so as to generate stimulation event signals. The
stimulation event signals are weighted with a weighting matrix reflecting patient-specific
pitch perception characteristics to produce output electrode stimulation signals to the

implanted electrode array.

[0010] Decimating each selected band pass signal may also take into account spatial
channel interaction characteristics and/or target nerve refractory properties. Zero crossings

or phase of the band pass signals may be used for extracting timing and energy
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information from each band pass signal. Channel specific sampling sequences (CSSS)
may be used to code timing and energy information. The maximum energy band pass
signal may be selected based on signal envelopes of the band pass signals. The number of
band signals may be much greater than the number of electrode stimulation signals. The

electrode stimulation signals may include simultaneous electrode stimulation signals.
[0011] Embodiments of the present invention also include a computer program product
implemented in a computer readable storage medium for generating electrode stimulation
signals for an implanted electrode array according to any of the above. Embodiments also
include a cochlear implant system operating according to any of the above.

BRIEF DESCRIPTION OF THE DRAWINGS
[0012] Figure 1 shows functional signal processing blocks according to an embodiment

of the present invention.

[0013] Figure 2 shows functional blocks in the information extraction (IE) stage of one

specific embodiment.

[0014] Figure 3 shows an example of a typical acoustic signal, a vowel glide.

[0015] Figure 4 shows an example of an acoustic signal decomposed into a set of 77

separate frequency band signals.

[0016] Figure 5 shows examples of the band pass signal envelopes.

[0017] Figure 6 shows details of the lowest 15 band pass signals.

[0018] Figure 7 shows an example of the requested stimulation events.

[0019] Figure 8 shows selected envelopes of the band pass signals within the second

stage of the information extraction module.
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[0020] Figure 9 shows examples of the inhibition states of the filters.

[0021] Figure 10 shows examples of selected stimulation events within selected bands.

[0022] Figure 11 shows examples of selected stimulation events on channels 1 to 20.

[0023] Figure 12 shows simultaneous stimulation of requested pulses mapped to a

smaller number of electrodes.

[0024] Figure 13 shows details of simultaneous stimulation.

[0025] Figure 14 shows examples of excitation maxima along the cochlea.

DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS
[0026] Embodiments of the present invention are directed to generating electrode
stimulation signals for an implanted electrode array for a cochlear implant system which
preserves temporal and spectral characteristics of the original audio input signal. A high
accuracy technique codes tonotopic and periodic pitch information with enhanced
harmonic resolution. This provides enhanced temporal coding of dominant signal

components such as formants and low frequency harmonics.

[0027] Figure 1 shows various functional signal processing blocks according to one
specific embodiment of the present invention wherein N band pass signals containing
stimulation timing and amplitude information are assigned to M stimulation electrodes.
Preprocessor Filter Bank 101 pre-processes an initial acoustic audio signal, ¢.g., automatic
gain control, noise reduction, etc. Each band pass filter in the Preprocessor Filter Bank 101
is associated with a specific band of audio frequencies so that the acoustic audio signal is
filtered into some N band pass signals, B; to By where each signal corresponds to the band

of frequencies for one of the band pass filters.

[0028] The band pass signals are input to an Information Extractor 102 which extracts

signal specific stimulation information—e.g., envelope information, phase information,
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timing of requested stimulation events, etc.—into a set of N stimulation event signals S; to
Sn, which represent electrode specific requested stimulation events. For example, channel
specific sampling sequences (CSSS) may be used as described in U.S. Patent 6,594,525,
which is incorporated herein by reference. The band pass signals are pooled into a smaller
number of overlapping macro bands, and within each macro band the channel with the
highest envelope is selected for a given sampling interval. The stimulation events are

decimated based on channel interaction and inhibition functions.

[0029] Pulse Weighting 103 weights each requested stimulation event signal S; to Sy
with a weighted matrix of M stimulation amplitudes that reflect patient-specific perceptual
characteristics to produce a sct of electrode stimulation signals A; to Ay that provide and
optimal electric tonotopic representation of the acoustic signal. Matrix weighting of the
stimulation pulses is described further in U.S. Patent Application 61/046,832, filed April
22, 2008, which is incorporated herein by reference. Equation 1 shows a typical weighting

matrix of size M x N:

1 0923 0846 .. .. O 0 0
0 0077 0154 .. .. O
W< 0 0 o .. .. 0 0 0 Equation 1
0 0 0 .. .. 0154 0077 O
0 0 0 .. ... 0846 0923 1

[0030] Finally, patient specific stimulation is achieved by individual amplitude mapping
and pulse shape definition in Pulse Shaper 104 which develops the set of electrode
stimulation signals Aj to Ay into a set of output electrode pulses E; to Ey to the electrodes
in the implanted electrode array which stimulate the adjacent nerve tissue. Whenever one
of the requested stimulation event signals S; to Sy requests a stimulation event, the

respective number of electrodes is activated with a set of output electrode pulses E; to Ey,.

[0031] Figure 2 is a functional block diagram showing further detail regarding the
information extraction within the information extractor 102. Timing and Energy

Detection 201 derives timing and energy information within each band pass signal, e.g.
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zero crossings or the phase of the band pass signal. The envelope of the band pass signal is
typically determined such as by using a Hilbert transform or by rectification and low-pass
filtering. Figure 3 depicts a typical voice signal in the specific form of a synthetic vowel
glide, which contains a rising fundamental frequency and corresponding rising harmonics,
as well as one falling and one rising formant. Figure 4 shows the band pass signals B;-Bx
produced by the Preprocessor Filter Bank 101 for this input signal, and Figure 5 shows the
envelope signals derived from the band pass signals B;-By using a Hilbert transform.
Figures 4 and 5 both reflect various characteristic properties of the synthetic vowel such as
a rising fundamental frequency seen in a shift of the maximum envelope from filter band
signal #1 to #7, as well as an increase of signal frequency within the excited bands. Figure
6 shows an increasing voice fundamental frequency and second harmonic in frequency
bands 1 to 15. Figure 7 shows all the requested stimulation time events (i.c. requested
stimulation pulses) calculated from B;-By by the Timing and Energy Detection 201 stage.
Temporal and spectral characteristics are well preserved up to this stage of signal

processing.

[0032] The Energy Maxima Decimation 202 block reduces the large number of
requested stimulation events based on the energy in the filter bands, which are pooled
together into a smaller number of macro band groups. For each sampling interval within
each macro band the channel with the maximum amplitude is determined and only
requested stimulation events within the selected filter bands are used for further
processing. Channel selection is further described in U.S. Patent 7,283,876, which is
incorporated herein by reference. Figure 8 shows examples of the envelopes of the

selected band pass signals within Energy Maxima Decimation 202 block.

[0033] The Temporal & Lateral Inhibition Decimation 203 block defines an inhibition
state for each channel as described further in U.S. Patent Application 12/267,858, filed
November 10, 2008, which is incorporated herein by reference. In this stage, the
stimulation pulses are further reduced using a model of refractory properties of the
acoustic nerve. Channel inhibition can also be applied to neighboring channels. Figure 9
shows examples of the inhibition state of each selected band pass signal, where upward

shifts of the inhibited regions around the selected low frequency harmonics can be clearly
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identified. After a stimulation event is selected on a specific channel, the inhibition state of
the selected channel that of neighboring channels is reset. The resulting selected
stimulation events are depicted in Figure 10. Although the number of stimulation events
has been drastically reduced in this processing stage, the dominant temporal and spectral
structures of the original signal are still preserved which can be clearly observed in low

frequency bands shown in Figure 11.

[0034] Figure 12 shows simultaneous stimulation pulses as produced after weighting of
each selected band pass channel and patient specific amplitude mapping, which can be
applied to the stimulation electrodes in the implanted electrode array. Figure 13 shows in
detail the simultaneous simulation of two adjacent electrode pairs. For each sampling
interval, the modeled corresponding frequency of maximum excitation was calculated and
is shown in Figure 14. This analysis shows that the tonotopic and periodic structure of the

original signal is transmitted by a specific embodiment of the described invention.

[0035] An embodiment of the present invention as described above provides enhanced
temporal coding of dominant signal components such as formants and low frequency
harmonics. There is also an improved match between tonotopicity and periodicity of
cochlear implant stimulation. In addition, the input audio signal is analyzed with more
filter bands than in the prior art. As a result, there can be improved representation of
musical signals, for example, using a semitone-filter bank. Because there are so many
filter bands, each band is much more narrow, which enables the dominant signal
components (usually harmonics) to be identified. The timing of the requested stimulation
pulses is directly derived from the selected band pass signal, and within each macro band,
just one band pass signal is selected, which usually encodes a dominant harmonic. Thus
only dominant harmonics are coded and easily tracked, and interactions of unresolved

harmonics with the derived stimulation timing are greatly reduced.

[0036] With a cochlear implant system that, for example, assigns a total of 77 analysis
filters to 12 stimulation contacts, the limit of temporal interactions between harmonics can
be pushed far beyond the relevant formant frequencies of speech signals. Especially for

low frequency harmonics, a large number of analysis filter bands certainly leads to more
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gradual and natural shift of pitch percept if the frequency of the signal increases gradually.
In current cochlear implant systems, a gradual shift of signal frequency often produces
masking of stimulation pulses requested from adjacent filter bands. This effect can be
avoided in specific embodiments of the present invention. In addition, the large number of
analysis filter bands and the weighted assignment to the stimulation contacts allows
accurate fitting of the system. The weighting matrix can be manipulated so that musical
intervals are perceived correctly by the cochlear implant user. And neuron refractory
properties and channel cross talk can be taken into account when reducing the number of
simultaneous stimulation events. Thus the system increases temporal accuracy by ensuring

that only unmasked stimulation pulses are applied.

[0037] Embodiments of the invention may be implemented in any conventional
computer programming language. For example, preferred embodiments may be
implemented in a procedural programming language (e.g., “C”) or an object oriented
programming language (e.g., “C++”, Python). Alternative embodiments of the invention
may be implemented as pre-programmed hardware elements, other related components, or

as a combination of hardware and software components.

[0038] Embodiments can be implemented as a computer program product for use with a
computer system. Such implementation may include a series of computer instructions
fixed either on a tangible medium, such as a computer readable medium (e.g., a diskette,
CD-ROM, ROM, or fixed disk) or transmittable to a computer system, via a modem or
other interface device, such as a communications adapter connected to a network over a
medium. The medium may be either a tangible medium (e.g., optical or analog
communications lines) or a medium implemented with wireless techniques (e.g.,
microwave, infrared or other transmission techniques). The series of computer
instructions embodies all or part of the functionality previously described herein with
respect to the system. Those skilled in the art should appreciate that such computer
instructions can be written in a number of programming languages for use with many
computer architectures or operating systems. Furthermore, such instructions may be
stored in any memory device, such as semiconductor, magnetic, optical or other memory

devices, and may be transmitted using any communications technology, such as optical,
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infrared, microwave, or other transmission technologies. It is expected that such a
computer program product may be distributed as a removable medium with accompanying
printed or electronic documentation (e.g., shrink wrapped software), preloaded with a
computer system (e.g., on system ROM or fixed disk), or distributed from a server or
clectronic bulletin board over the network (e.g., the Internet or World Wide Web). Of
course, some embodiments of the invention may be implemented as a combination of both
software (e.g., a computer program product) and hardware. Still other embodiments of the
invention are implemented as entirely hardware, or entirely software (e.g., a computer

program product).

[0039] Although various exemplary embodiments of the invention have been disclosed,
it should be apparent to those skilled in the art that various changes and modifications can
be made which will achieve some of the advantages of the invention without departing

from the true scope of the invention.
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CLAIMS

What is claimed is:

1. A method of generating electrode stimulation signals for an implanted electrode array,
the method comprising;
processing an acoustic audio signal to generate a plurality of band pass signals, each of
which represents an associated band of audio frequencies;
defining a plurality of macro bands, each of which characterizes a plurality of the band
pass signals;
processing the macro bands in a sequence of sampling intervals, wherein for each
sampling interval the processing includes:
i. extracting timing and energy information from each band pass signal to
form requested stimulation events,
ii. decimating the requested stimulation events to select a maximum energy
band pass signal within each macro band, and
iii. decimating each selected band pass signal based on a pulse selection
inhibition function and preserving temporal and spectral structures of the band
pass signals so as to generate stimulation event signals; and
weighting the stimulation event signals with a weighting matrix reflecting patient-
specific pitch perception characteristics to produce output electrode stimulation

signals to the implanted electrode array.

2. A method according to claim 1, wherein decimating each selected band pass signal

also takes into account spatial channel interaction characteristics.

3. A method according to claim 1, wherein decimating each selected band pass signal

also takes into account target nerve refractory properties.

4. A method according to claim 1 wherein zero crossings of the band pass signals are

used for extracting timing and energy information from each band pass signal.

5. A method according to claim 1 wherein the phase of the band pass signals are used for

11-



WO 2010/085477 PCT/US2010/021484

extracting timing and energy information from each band pass signal.

6. A method according to claim 1, wherein channel specific sampling sequences (CSSS)

is used for coding timing and energy information.

7. A method according to claim 1, wherein the maximum energy band pass signal is

selected based on signal envelopes of the band pass signals.

8. A method according to claim 1, wherein the number of band signals is much greater

than the number of electrode stimulation signals.

9. A method according to claim 1, wherein the electrode stimulation signals include

simultaneous electrode stimulation signals.

10. A cochlear implant system adapted to use the method according to any of claims 1-9.

11. A computer program product implemented in a computer readable storage medium for
generating electrode stimulation signals for an implanted electrode array, the product
comprising:
program code for processing an acoustic audio signal to generate a plurality of band
pass signals, each of which represents an associated band of audio frequencies;
program code for defining a plurality of macro bands, each of which characterizes a
plurality of the band pass signals;
program code for processing the macro bands in a sequence of sampling intervals,
wherein for each sampling interval the processing includes:
i. extracting timing and energy information from each band pass signal to
form requested stimulation events,
ii. decimating the requested stimulation events to select a maximum energy
band pass signal within each macro band, and
iii. decimating each selected band pass signal based on a pulse selection
inhibition function and preserving temporal and spectral structures of the band

pass signals so as to generate stimulation event signals; and
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program code for weighting the stimulation event signals with a weighting matrix
reflecting patient-specific pitch perception characteristics to produce output

electrode stimulation signals to the implanted electrode array.

12. A product according to claim 11, wherein decimating each selected band pass signal

also takes into account spatial channel interaction characteristics.

13. A product according to claim 11, wherein decimating each selected band pass signal

also takes into account target nerve refractory properties.

14. A product according to claim 11 wherein zero crossings of the band pass signals are

used for extracting timing and energy information from each band pass signal.

15. A product according to claim 11 wherein phase of the band pass signals are used for

extracting timing and energy information from each band pass signal.

16. A product according to claim 11, wherein channel specific sampling sequences (CSSS)

is used for coding timing and energy information.

17. A product according to claim 11, wherein the maximum energy band pass signal is

selected based on signal envelopes of the band pass signals.

18. A product according to claim 11, wherein the number of band signals is much greater

than the number of electrode stimulation signals.

19. A product according to claim 11, wherein the electrode stimulation signals include

simultaneous electrode stimulation signals.
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