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Abstract

Neural response telemetry (NRT) permits in situ intra-
cochlear recordings of the electrically evoked compound
action potential from the auditory nerves using scala
tympani electrodes. The recorded NRT waveforms can
generally be categorized under either single positive
peak or double positive peak waveforms. This is similar
to the observations from Stypulkowski and van den Ho-
nert, who suggested that the double peak complex arises
from two components that could be axonal and dendritic
in origin, respectively. Using a simple mathematical
model which linearly combines two separate waveforms
similar in shape but differing in amplitude and latencies,
it was possible to simulate the various NRT waveform
categories. The simulation results support the view that
the two waveform components originate from dendritic
or axonal processes and implies that the shape of the
response waveform may provide information about the
degree of neural survival in the stimulated cochlea. This
information could be useful for determining optimal
speech coding parameters for cochlear implant users on
an individual basis.

Copyright© 2000 S. Karger AG, Basel

Introduction

With the advent of increasingly sophisticated multi-
channel cochlear implant systems able to implement
more than one stimulation paradigm or coding strategy,
the task of providing the user with individually optimized
programs in their speech processors has become more
complex. For instance, the various stimulation paradigms
presently in common usage - e.g. MPEAK (Multi Peak)
[Skinner et al., 1997; Cafarelli Dees et al., 1995], SPEAK
(Spectral Peak) [Whitford et al., 1995; Skinner et al.,
1994], ACE (Advanced Combination Encoder) [Vanda-
li et al., in press], CIS (Continuous Interleaved Stimula-
tion) [Boex et al., 1996; Kiefer et al., 1996; Wilson et al.,
1993] - each produce quite different sound percepts,
often requiring a certain period of familiarization before
they can be properly evaluated. Consequently, the process
of selecting an optimal stimulation paradigm can be rath-
er time-consuming. The fitting procedures will also be-
come more complex as an increasing number of parame-
ters (e.g. the rate of stimulation, the number of active
channels) need to be optimized in order to achieve good
individually fitted speech processor programs. The prob-
lems are further compounded for the ever-increasing
number of very young children being implanted who are
less likely to be able to provide accurate subjective feed-
back about the settings of the fitting parameters. Objec-
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tive measures are therefore desirable to assist with the
optimization process by narrowing down the initial
choices of parameter settings for the individual user.

One prospective approach would be to examine the
behavior of the eighth nerve to electrical stimulation in
order to deduce the capacity of the implant user’s audito-
ry pathway to transmit the stimulus information. Meth-
ods ranging from direct measurements involving single
auditory nerve fibers to measurements of the compound
action potentials as well as early and late auditory re-
sponses using various electrophysiological techniques
have been employed to achieve a better understanding of
how the auditory periphery functions. Methods examin-
ing auditory nerve potentials have the advantage that they
help to characterize the peripheral behavior more accu-
rately. However, access to the peripheral nerves necessi-
tates special equipment. Very often, the subject also needs
either to remain very quiet or to be sedated during the
measurements which would then still require averaging
over hundreds or thousands of sweeps to extract the de-
sired signal from the accompanying measurement noise.

Recently, a new and convenient method for measuring
the intracochlear evoked compound action potential
(ECAP) has become available with the Nucleus 24 multi-
channel cochlear implant system [Carter et al., 1995].
Called neural response telemetry (NRT), this measure-
ment method was developed based on the intracochlear
ECAP measurement techniques used by Brown et al.
[1990]. The Nucleus 24 implant features a number of
back-telemetry options, one of which is able to measure
the evoked whole-nerve action potentials using the im-
plant’s own intracochlear electrodes as recording elec-
trodes. Integrated within the implant are voltage-sam-
pling, encoding and back-transmission circuitry. Specially
written NRT software supports communication with the
implant to perform entire ECAP measurements using the
standard clinical equipment without additional hard-
ware.

The proximity of the intracochlear recording elec-
trodes to the neural interface means that the susceptibility
of the signal to noise is considerably reduced (and so too
the amount of averaging or recording time required to
obtain a clear recording of the neural response). This
improved noise immunity also means that the subject
does not have to be sedated for a measurement session.
The measurements can indeed be conducted with an
awake subject who may simultaneously be occupied with
sedentary activities such as knitting, reading or watching
a (silent) video.
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The measured neural response waveform provides a
record of the behavior of the auditory nerve fibers in
response to electrical stimulation. By examining various
aspects of the response waveform systematically, it may
be possible to deduce useful information about these
auditory nerve fibers. For instance, the size of the re-
sponse amplitude could be related to the population den-
sity of the responding neurons, or their temporal response
properties could be related to the capacity of those nerve
fibers to transmit information encoded in the rate of stim-
ulation. Another aspect of the response waveforms, and
one which this paper will concentrate on, is the shape of
the waveform itself, which could provide useful insights
into the way these neural responses are generated.

Stypulkowski and van den Honert [1984] reported that
the ECAP of the intact auditory nerve from cats exhibits
two peaks. Following cochlear laminectomy where the
basilar membrane (and presumedly the peripheral pro-
cesses) was removed, the resulting action potentials
showed only the earlier of the two peaks. They then postu-
lated that the two peaks represented action potentials ini-
tiated from either the axon of the cells or from the den-
dritic processes. These results were based on the extreme
cases where there was either a fully intact cochlea or the
entire periphery was missing, resulting in a total absence
of the later positive peak. In pathological cochleae, the
proportion of surviving axonal and dendritic processes
will vary from patient to patient, as well as from site to site
along the cochlea. Different proportions of surviving ax-
onal and dendritic processes could foreseeably give rise to
a range of response waveforms. In order to establish
whether it is possible for such a mechanism involving two
sites of origin of neural activity to give rise to the range
of clinically observed NRT waveforms, a mathematical
model was constructed.

This paper consists of two parts. In one part, the NRT
measurement system and the actual measurement data
are briefly described. A categorical scale for classifying the
response waveforms is then presented. In the other part, a
simple first-order mathematical model which generates
compound waveforms similar to the NRT response wave-
forms using two-component waveforms is presented.
Based on the simulation results using this model to recon-
struct the observed NRT waveforms, a simple method is
proposed by which NRT waveforms may be interpreted
to identify the relative contributions from these two com-
ponents. Finally, the implications of these results for
optimizing the fitting procedures of the cochlear implant
users’ speech processors will be discussed.
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Fig. 1. The NRT measurement system consisting of a host PC with custom NRT control software which communi-
cates with the CI24M implant via the standard Nucleus clinical equipment (IF5 interface card, PCI processor control
interface and SPrint speech processor). Encoded stimulus and recording parameters are transmitted via radio fre-
quency (RF) link and are received (Rx) by the implant. After the desired stimuli have been presented, the resultant
action potential from the activated nerve fibers is recorded by the measurement amplifier, encoded and then trans-
mitted (Tx) back to the SPrint processor over the radio frequency link. The recorded data are processed by the NRT

software and stored in the host PC.

Method

The NRT Measurement System

Principles of Operation

The NRT measurement system illustrated in figure 1 comprises
the standard Nucleus 24 clinical system (i.e. IF5 interface card, PCI
processor control interface and SPrint speech processor) together
with custom NRT software [operating under the Windows (3.1, 95
and 98) environment] which controls the stimulation and measure-
ment parameters. These parameters are encoded by the SPrint
speech processor as a sequence of radio frequency bursts for trans-
mission across the skin to the implant’s receiver/stimulator. This
encoded information received by the implant is then decoded and
used to (1) configure the implant’s ECAP measurement circuitry and
(2) stimulate the selected electrodes accordingly. The resultant ECAP
(as well as any accompanying stimulus artifact) is then sampled at the
specified measurement electrode and encoded for transmission back
across the skin to the SPrint speech processor via the radio frequency

Two-Component Model of the ECAP in the
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coils. The NRT software communicates with the SPrint speech pro-
cessor to capture, process, store, display and analyze these measure-
ment data on the host personal computer (PC).

Subtraction Paradigm

To separate out the relatively small neural action potentials from
accompanying stimulus artifacts in the ECAP recording, the NRT
software implements a forward masking artifact subtraction para-
digm. Also referred to as the subtraction paradigm, it is a modified
version of the method described by Brown et al. [1990] for cochlear
implant users which was in turn adapted from the method originally
described by Charlet de Sauvage et al. [1983].

The subtraction paradigm (illustrated in fig. 2) essentially takes
advantage of adaptation effects to separate the neural response from
the stimulus artifact. Using three different stimulus intervals A (pre-
senting the probe alone), B (presenting a masker followed by the
probe) and C (presenting the masker alone), the neural response can
be separated from the stimulus artifacts arising from both masker
and probe by subtracting the recordings from the three respective
intervals according to A — (B - C).
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Fig. 2. The subtraction paradigm as implemented by the NRT system to separate out the relatively small ECAP or
neural response from the accompanying stimulus artifacts. Note that the ordinate is plotted positive upward for the
individual recordings from the four stimulus intervals.

A further artifact to be accounted for is caused by the measure-
ment amplifier itself and is produced every time the amplifier is
switched on to perform a measurement. This switch-on artifact can
be measured using a fourth interval D which presents both masker
and probe at minimal amplitude, simulating a stimulus interval in
order to initiate a measurement, but producing no accompanying
stimulus artifacts. This artifact is eliminated from the recordings by
subtraction according to [A — (B — C)] - D to yield the desired neural
response.

Figure 2 also shows a typical neural response waveform with a
negative peak N followed by a positive peak P; before the response
waveform settles back to zero. The response amplitude is measured
simply as the amplitude difference between the P; and N peaks.

Stimulation and Recording

An ECAP measurement is initiated by first presenting the biphas-
ic stimulus on a selected electrode pair. The stimulus is followed by a
blanking delay of programmable duration before the amplifier is
enabled to perform the voltage measurements. The blanking delay is
needed to prevent the amplifier from being driven into saturation by
the stimulus artifact and is also critical in determining the time win-
dow available to capture the response waveform. A sufficiently long
delay is necessary to avoid nonlinear behavior (due to saturation or
otherwise) of the amplifier caused by the stimulus artifact. Too long a
delay, however, would result in a time window which misses captur-
ing important early features of the neural response such as the first
negative peak. Thus, the measurement parameters, particularly the
delay, need to be carefully adjusted to optimize this measurement
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time window. Further details on the optimization of the measure-
ment parameters have been documented by Abbas et al. [1999] and
Lai [1999].

At the end of this delay, the blanking is removed and the evoked
action potential is then measured from another selected pair of elec-
trodes as a series of voltage samples (32 samples at 20 kHz sampling
rate) spanning a time window of 1.55 ms. It is these 32 voltage sam-
ples that are encoded and transmitted back first to the speech proces-
sor and then to the controlling NRT software on the host PC as the
neural response.

Both stimulation and recording can be performed in either mono-
polar or bipolar configuration. Typically, stimulation in monopolar
configuration (MP1 extracochlear reference ball electrode) is used,
together with recording in monopolar configuration (MP2 extraco-
chlear reference plate electrode). Bipolar stimulation and monopolar
recording configurations can also be used. Bipolar recording configu-
rations, however, generally yield poor recording results [Carter et al.,
1995].

NRT Data Collection

NRT recordings were collected on a routine basis for all 60
Nucleus 24 implant users implanted at the ENT Department of the
University Hospital in Zurich. No subjects were excluded on the
basis of etiology or speech performance. Postoperative recordings
were made for all 60 subjects. Intraoperative recordings were also
made for 24 of the subjects.

Lai/Dillier



Intraoperatively, NRT recordings were made for all 22 intraco-
chlear stimulation sites. Postoperatively, a minimum of 5 stimula-
tion sites (electrodes 20, 15, 10, 05 and 03) spread out along the in-
tracochlear array were tested. The corresponding recording site was
typically chosen to be two electrodes apical to the stimulation site
(i.e. the neural response to stimulation on electrode E would be
recorded from electrode E + 2). Where this was not possible (i.e. for
stimulation presented on the most apical electrodes 21 and 22), the
recording site was chosen to be two electrodes basal to the stimula-
tion site. Stimulation or measurement sites indicated by the Nucleus
WinDPS programming software to be either open (>20 kQ) or short
(<200 Q) circuit were not used and were substituted by a neighboring
site whenever possible.

Biphasic stimuli of 25 us per phase were used for both masker and
probe stimuli. The subtraction paradigm requires that there be suffi-
cient adaptation due to the masker for effective artifact subtraction.
A masker amplitude larger than the probe amplitude by 5 current
level units was employed, with the masker preceding the probe by
500 ps. The loudest acceptable presentation level as judged by the
subject was first determined for each stimulation site prior to making
any recordings. Stimuli were never presented above the loudest
acceptable presentation level, which, depending on the subject, may
be either substantially higher than or close to the behavioral comfort-
able loudness level. The recording parameters can be adjusted to
optimize the quality of the recorded waveform. If no neural response
could be observed despite adjustment of the recording parameters,
measurements would proceed to the next predetermined stimula-
tion/recording site. Recordings averaged over 100 sweeps at either 35
or 80 Hz were made with the measurement amplifier gain set at
60 dB. When the lower gain of 40 dB was selected, the number of
sweeps was increased to 200.

Altogether, NRT recordings were performed for a total of 785
stimulation/recording sites.

Mathematical Modeling of the Response Waveforms

A simple mathematical model based on the assumption that the
measured neural response consists of only two components was con-
structed. The two components supposedly represent the neural
response from the respective populations of axonal and dendritic
processes that are activated, as postulated by Stypulkowski and van
den Honert [1984]. This model uses a linear combination of the two
components to produce the compound waveform. In the simulations,
the relative amplitudes and latencies of these two components were
then independently adjusted to see if this would give rise to similar
waveform morphology as obtained using NRT.

To perform the simulations, the impulse response r(z) of a sec-
ond-order low-pass Butterworth digital filter (cutoff frequency
100 Hz, Nyquist frequency 1000 Hz) was sign-inverted for use as a
first-order approximation of the neural responses from the dendritic
periphery and from the axons, respectively. An exponential weight-
ing function #2, where p is the independent variable, was employed to
alter the relative amplitudes of the positive and negative peaks (i.e.
skewness) of this impulse response r(z), while the overall amplitude
of the waveform was set by a separate attenuation factor m. Thus,
each response component was modeled by the function

m X r(t) x t* (t=0), (1)

Two-Component Model of the ECAP in the
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where m and p are both real numbers. Note that the sign inversion of
r(t) is reflected in a negative value of m.

According to the physiological model from Stypulkowski and van
den Honert [1984], the axonal component should occur earlier than
the dendritic component for a recording electrode placed on the audi-
tory nerve. The two waveforms should differ in amplitude, skewness
as well as the onset time. If the two (axonal and dendritic) compo-
nents above were represented by the time functions r,(z) and r,4(t + ),
respectively, the combined response R(?) would be given by

R(t)=my X 1y (1) X tha+ myg X 1y (t+6) X (t+ )

(t=0), 2
where m, and p, are the amplitude factors of the first (axonal) com-
ponent, and m, and p, are the amplitude factors of the second (den-
dritic) component. The two functions r,(¢) and ry4(t + 6) are similar
except that the latter is delayed by time 6. The simulations were made
by adjusting m,, my, p.,, ps and 6. Note that as the simulations
involved digital filters, 6 was implemented as an integer variable.

The simulations were conducted using MATLAB (from The
MathWorks Inc., Natick, Mass., USA) to reconstruct the neural
response waveforms.

Results
NRT Waveforms

From the total of 785 stimulation/recording sites
tested, clear neural responses could be obtained for 665
sites (84.7%). Of these, the NRT measurement data
exhibited a variety of response amplitudes and response
waveforms. The response waveforms were characteristic
of evoked action potentials and may be broadly classified
according to their morphology into two main categories,
namely single positive peak (category I) responses and
double positive peak (category II) responses. The single
peak (category I) responses may in turn be further classi-
fied into three subcategories Ia, Ib and Ic. Examples of
each category and subcategory are shown in figure 3 and
are described in greater detail as follows.

Category la

This first subcategory of single positive peak responses
represents the most commonly encountered and recogniz-
able shape of the NRT response waveforms. It is charac-
terized by a distinct negative peak N followed clearly by a
positive peak Py of smaller amplitude. The N, peak typi-
cally occurs around 300-400 us and the P peak at around
600-700 ps. In a limited number of cases, the P; peak
occurred as early as 400-500 ps.
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Fig. 3. Examples of the four NRT waveform categories. The stimuli consisted of biphasic pulses of 25 us per phase.
Monopolar stimulation and recording configurations were used, with the recording site always two electrodes away

from the stimulation site.

Fig. 4. Proportion of occurrences of category I and category II
responses across all 22 stimulation/recording sites. Electrode 1 is the
most basal site and electrode 22 the most apical one in the array.

Category Ib

This second subcategory of responses resembles the
former, except that the N peak is not visible; its presence
is implied only by the rising trajectory of the response
waveform. The N; peak appears to have occurred earlier
than can be captured within the recording time window.
Together, category Ia and Ib responses accounted for
82.2% of the waveforms obtained.

Category Ic

The third subcategory of single positive peak response
waveforms resembles both category Ia and category Ib

338 Audiol Neurootol 2000;5:333-345

responses. This time, however, there is no clear P; peak
visible although the trajectory from the negative peak is
present (with or without a visible N peak). The waveform
appears to have a rising trajectory that asymptotes to-
wards zero, giving the impression of a response with only
a negative N peak. These responses were less common
(8.3%) than the former two categories of responses.

Category I1

This category of responses differs clearly from the
previous ones in that the response waveforms display two
distinct positive peaks Py and P,, both occurring after the
negative N; peak. The N; peak is often not visible in
these responses. Typically, the first peak P occurs around
400-500 ps, and the second peak P, around 600-700 ps.
In general, category II responses were relatively rare
(9.5%).

Figure 4 shows the proportion of occurrences of the
various response categories obtained across all 22 stimu-
lation/recording sites. With the array divided equally into
basal and apical segments (11 electrodes each), a y?2 test
showed no significant difference in the distribution of the
category I responses between the two segments, implying
that these responses were uniformly distributed across the
array. Category II responses, on the other hand, were
observed significantly (<0.1% confidence level) more of-
ten at the apical half of the array.

Modeling Results
Please note that for the purposes of these simulations,

category Ib responses were regarded as essentially catego-
ry Ia responses whose P, peak could not be captured with-
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Fig. 5. Simulation results from linearly com-
bining two component waveforms of differ-
ent relative amplitudes and relative onset
times. The dashed and dotted lines represent
the r,(t) and r,4(t) components, respectively,
and the solid line the combined response
waveform R(z). Both the time (x-axis) and
amplitude (y-axis) scales are in arbitrary
units.

in the recording time window. Thus, the two categories
were treated as one.

Using this simple linear model above, it was possible to
produce compound waveforms that resemble category Ia,
Ic and II response waveforms by adjusting the relative
onset time and relative amplitudes of the two component
waveforms, as demonstrated in figure 5. The values of the
my, My, Pa Da and 6 parameters in equation 2 used to
reproduce these response waveforms are summarized in
table 1. It should be noted here that the time axes of the
diagrams shown in figure 5 are in arbitrary time units
dependent on the sampling frequency used for the filter
design. By selecting an appropriate sampling frequencys, it
1s possible to match the temporal characteristics of the
simulated waveforms to those of the measured NRT
waveforms.

An interesting outcome of this simulation is that cer-
tain amplitude and delay combinations of the two compo-
nents could actually produce a compound response wave-
form with only a single positive peak, similar to catego-
ry Ia (and category Ib) responses. According to the mathe-
matical model, these single positive peak responses con-
sisted approximately of a 2:1 proportion of the r,(?) and
r4(t) components with the r;() component appearing at
the same time as the negative peak of r,(z). However, it
must also be pointed out that single peak responses may
also arise from the trivial case when only a single r,(t) or
r4(t) component is present.

Category Ic responses which have no distinct positive
peak appeared to consist mainly of an r,(t) component
combined with a small r;4(z) component of intermediate
latencies.

The simulations of the double peak category II re-
sponses indicated a slightly greater proportion (approx.
3:1) of the r,(t) and r4(t) components compared to catego-
ry la responses, as well as a larger latency difference
between the two components. The simulation results sug-

Two-Component Model of the ECAP in the
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Table 1. Summary of model parameter values used to produce the
simulation results for category Ia, Ic and II response waveforms as
shown in figure 5

my Da mgq Da )
Category Ia -1.54 1.8 -0.15 2.5 7
Category Ic -28.6 0.25 -1.0 0.8 10
Category I1 -1.0 2.0 -0.14 3.3 11

gest that it was the increased latency between the r,(7) and
r4(t) components which gave rise to the double peak struc-
ture.

Discussion
Rationalizing the Single Peak Response Subcategories

Of the three subcategories of single positive peak cate-
gory 1 responses, category Ib responses can easily be
visualized as category Ia responses whose N; peaks have
occurred earlier than can be captured within the measure-
ment time window. For instance, when a large stimulus
artifact is present, it is necessary to increase the blanking
delay to avoid nonlinear behavior of the measurement
amplifier when it is enabled. The increased delay could
result in a measurement window that begins later than the
actual occurrence of the N peak. Another possible reason
for not capturing the N; peak is when it has a very short
latency (<110 ps), occurring before the minimum blank-
ing delay of the measurement amplifier has elapsed and
the amplifier can be enabled. Such an N; peak of very
short latency may be interpreted as corresponding to very
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Fig. 6. NRT recording series illustrating how the response waveform
changes from category Ic (no distinct P; peak) at lower stimulation
levels (=217 current level units) to category la (=222 current level
units) as the Py peak emerges at the higher stimulation levels, and
eventually to category Ib responses (=232 current level units) as the
N, peak shifts towards shorter latencies with increasing stimulation
level. The cascade display of response waveforms has been adjusted
such that the end points of the waveforms are equally spaced for clar-

1ty.

high levels of synchronicity in the neural firing and/or to
very fast conduction of the action potentials. It is conceiv-
able that a very-short-latency N; peak occurring to the
first phase of the biphasic stimulus pulse could appear
during the presentation of the second phase of the stimu-
lus pulse. It would then be impossible for any amplifier to
actually capture such an N; peak embedded within the
stimulus artifact itself.
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Figure 6 shows an example from the NRT measure-
ment data where the latency of the N; peak is observed to
decrease with increasing stimulation level, to the extent
that a visible N; peak at lower levels of stimulation disap-
pears from the recordings at higher levels of stimulation.
The decrease in the N; peak latencies could possibly be
due to increased levels of synchrony in the firings of the
auditory neurons at higher stimulation levels, leading to
shorter integration times, and hence shorter latencies, of
the total neural response.

The recording series shown in figure 6 also illustrates
how category Ic responses could be seen to be related to
category la responses. The P; peak is absent at lower lev-
els of stimulation but gradually appears at higher levels. It
is, however, not a general observation that category Ic
responses changed to category Ia responses with increas-
ing stimulation level. Instances of persistent category Ia or
Ic responses with changing stimulation levels have also
been recorded. Category Ic responses can also have an
absent N peak for the same reasons given above.

Double Peaks and Sites of Origin of the Neural
Responses

Double peak ECAP waveforms recorded from an elec-
trode placed on the auditory nerve as it exited the internal
auditory meatus have been reported by Stypulkoswki and
van den Honert [1984] from the cat. Double peak wave-
forms have also consistently been observed in the ECAP
[Killian, 1994] (recorded using two electrodes placed in
the auditory bulla) and also in wave I of electrically
evoked auditory brainstem response recordings [Miller et
al., 1993] (using far-field scalp electrodes) of guinea pigs.
NRT data presented here show that such double peak
waveforms are also to be found in NRT recordings using
scala tympani electrodes from the human auditory pe-
riphery.

The results shown in figure 7 demonstrate that the two
peaks do not necessarily grow at the same rate, implying
that the two peaks represent two different and possibly
independent components of the overall waveform. Note
that the absence of a distinct N; peak at stimulation levels
just above threshold compromises the accuracy of the
response amplitude measurements. However, for these
discussions, it is not so much the absolute amplitudes as
the relative rate of growth of the two components that is of
interest. When double peaks occur, the peak with the
shorter latency is often only visible towards higher stimu-
lation levels, as can also be seen from figure 7. One inter-
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Fig. 7. NRT amplitude growth functions of
the P; and P, peaks. Note also how the
response waveform changes from category la
to category II with increasing stimulation
level.

pretation of this is that the two peaks represent responses
from two different neural populations within the cochlea,
one closer to the stimulation site and the other one more
removed, and that the shorter latency peak which appears
at higher stimulation levels corresponds to the more
remote neural population which is stimulated by the
enlarged electric field at higher stimulation levels. How-
ever, such an interpretation which assumed that only
exactly two discrete populations were able to respond to
the stimulus is simplistic. Extending this interpretation
further to a more general case involving more than 2 dis-
crete populations, or a more distributed population of
excited neurons, would result in response waveforms with
more than two peaks, or a broad peak that is smeared
across a range of latency values. This is not the case as the
double peak structure seen in figure 7 remains very dis-
tinct with increasing stimulation levels, and the likelihood
of a compound response waveform arising from multiple
sites of stimulation within the cochlea is diminished.
Another possible cause of the double peaks could be
that they arise in reaction to the individual phases of the
biphasic stimulus pulse. Such a possibility had been ruled
out in earlier comparisons of recordings made using 25-us
and 50-us phase width stimuli which both yielded re-
sponses whose two peaks were 300 us apart, suggesting
that the two peaks were independent of the phase dura-
tion of the stimuli. Furthermore, if the two phases of the

Two-Component Model of the ECAP in the
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stimuli were the cause of the double peaks, one would
have expected to see these response waveforms more
often than in the mere 9.5% of the cases reported here.

A more likely candidate for explaining the origin of
these two components is that proposed by Stypulkowski
and van den Honert [1984] based on ECAP recordings
from the cat. According to their model, the earlier of the
two peaks is attributed to direct excitation of the axons
proximal to the soma and the later peak to activation of
the dendrites. The cat data showed ECAP waveforms with
two positive peaks at around 350-us and 550-us latencies.
The waveforms and the order of magnitude of the reported
latencies correlate well with the observed NRT wave-
forms. Further investigations [van den Honert and Stypul-
kowski, 1984] using single fiber recordings revealed a
more complex pattern of activity with poststimulus time
histograms, implying that the simple mechanism with two
discrete sites of neural response activity may need to take
into consideration other possible factors such as a contin-
uous range of propagation delays as well as distributed
excitation sites along the stimulated neurons.

Stypulkowski and van den Honert [ 1984] also reported
that changes to the response waveform could be observed
when small changes were made in the position of the
intracranial recording electrode. This raised the possibili-
ty that the double peaks were merely an artifact of the
location of the recording electrode. If this were so, one
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Fig. 8. Recording series with monopolar (MP1) stimuli were present-
ed at electrode 10 (25 pus phase width, 224 current level units) and
recorded at 6 different sites (electrodes 1, 3, 7, 12, 17, 22) along the
array in the monopolar (MP2) configuration. The NRT waveforms
show slight differences in response amplitude but no changes in the
response waveform category as a function of recording site.

would expect similar changes in the NRT waveforms
when different recording sites were used. This is not the
case, as shown in figure 8 where the double peak structure
was seen to be robust with respect to changes in the
recording site both apical as well as basal of the stimula-
tion site. Although one cannot be conclusive when com-
paring the effects of intracranial versus intracochlear
recording sites in this manner, the NRT data support the
view that the double peaks are more likely a result of
the dendritic/axonal model than simply a byproduct of
changing the recording site.
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Implications of the Simulation Results

The simulation results show that the apparently trivial
act of combining two single peak components to simulate
the double peaks does not only give rise to double peak
waveforms. Instead, depending on the relative amplitudes
and onset times of the two components, the different
types of NRT waveforms exhibited in our data could be
reproduced. The success in modeling the different neural
response waveform categories encourages the view that
the neural response is produced by two components. The
mathematical model suggests that these two components
could be related to active axonal and dendritic processes,
respectively.

The simulations of category Ia (and Ib) responses did
not indicate conclusively whether only one or two compo-
nents were present in the response waveform. Given that
cochlear implant patients generally have a history of sen-
sorineural hearing loss, it is expected that the majority of
them would exhibit significant retrograde degeneration of
their auditory peripheral processes in the manner indi-
cated by physiological data from human temporal bone
studies (e.g. Pollak and Felix [1985], Nadol [1990]). Other
physiological studies (e.g. Goycoolea et al. [1990]) have
suggested that the spiral ganglion cells may survive al-
though their corresponding dendrites have degenerated.
The fact that category Ia (and Ib) responses also represent
the majority of observed neural response waveforms
therefore suggests that these response waveforms are
more likely to consist of only a single r,(?) axonal compo-
nent. This, however, implies that the expected latency of
the single positive peak would be shorter than that
observed for category Ia (and Ib) responses. Miller et al.
[1993] have suggested that the absence of the shorter
latency positive peak in the resultant neural response
could involve the excitation of predominantly high-capa-
citive membranes. The extra capacitance would then
account for some of the increased response latencies.

The simulation results, however, also raised the possi-
bility of two components adding up to yield a compound
response waveform with a single positive peak. In this
case, the proportion of r,(t) and ry(t) components that
gave rise to category Ia (and Ib) responses would involve
an axonal component which is about twice as large as the
dendritic component. It is not possible to ascertain from
the NRT data alone whether the size of the components
would be related to the respective population densities of
the axonal or dendritic processes, or if it would be related
to the proximity of the stimulating electrode to these pro-
cesses. That a dendritic component is implied at all sug-
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gests that there are some surviving dendritic processes.
Although in general the peripheral processes are expected
to be missing in cases of sensorineural hearing loss, as
already argued above, there is also a great deal of variabil-
ity in nerve survival which is probably dependent on etiol-
ogy. For instance, human temporal bone studies have
been reported (e.g. Felix et al. [1997]) which support the
presence of intact nerve fibers in the osseous spiral lamina
in patients with prolonged sensorineural hearing loss.

The simulation of the category Ic responses is less
ambiguous and clearly indicates the presence of two com-
ponents to account for the missing positive Py peak. The
model results suggest that these response waveforms con-
sist predominantly of the axonal r,(¢) component, but
with a small dendritic component sufficient to cause the
cancellation of the positive P; peak in the compound
response waveform. The simulation results do not indi-
cate whether the small dendritic component is a result of a
small population of surviving dendritic processes or
whether it is due to a more perimodiolar position of the
stimulation electrode, resulting in stronger stimulation of
the axonal processes compared to the dendritic pro-
cesses.

Modeling of the category II responses with the double
positive peak suggests a longer delay between the axonal
and the dendritic components compared to the category I
responses. This can be interpreted in two ways. On the
one hand, the longer delay may be attributed to the den-
dritic component, implying that the dendritic activity has
taken longer to propagate. The delay in the conduction of
the dendritic component is attributed to longer peripheral
processes as the neural conduction velocity is the more
likely mechanism regulating propagation delays. The den-
sity of surviving dendrites is more likely to be reflected in
the amplitude of the action potentials, but this is more
difficult to quantify. The presence of longer and therefore
more intact peripheral processes indicates a better likeli-
hood of good dendritic survival. This is consistent with
the observation that category II responses were signifi-
cantly more often to be found towards the apical end of
the array, where one would expect better survival of the
dendrites. On the other hand, the increased delay between
the two components can also be interpreted as an axonal
component which occurs earlier. The net result is again a
larger relative delay between the two components. As the
scala tympani gets narrower towards the apex, the elec-
trode array is constricted towards a more perimodiolar
position. The resultant stimulation can then be expected
to stimulate the axonal processes more intensely, resulting
in axonal activity with shorter latencies. A dendritic com-

Two-Component Model of the ECAP in the
Human Cochlea

ponent is still required to account for the later positive
peak. Both interpretations indicate the presence of axonal
and dendritic components, and either one or both mecha-
nisms would give rise to the two components postulated
by the model required to obtain a double peak response.

The present model involving only two components
arising from within the same neural population is further
supported by finite-element modeling and simulation re-
sults observed by F. Rattay, P. Lutter and H. Felix [un-
publ. data], who were also able to demonstrate neural
activity with two peaks having latencies similar to those
measured using NRT.

The simulation results from such a simple model, how-
ever, still need to be interpreted with care. As it stands,
the model provides only a first-order approximation of
the neural mechanisms giving rise to the measured re-
sponse waveforms. Factors that can influence the ampli-
tudes and latencies of the potentials that contribute to the
measured response waveform such as (1) different popu-
lation densities (i.e. survival) of axonal and dendritic pro-
cesses or (2) the proximity of the stimulating electrodes to
these responding processes are not specifically built into
the model. Furthermore, the simulation results are not
able to conclusively identify whether there is only one or
two components present, as in the case of category Ia and
Ib responses. Van den Honert and Stypulkowski [1984]
also suggested that action potentials could arise from a
continuous progression of stimulation sites along the den-
drite to the axon. Such a mechanism is not accounted for
by the model in its present form.

Further studies to examine these correlations would be
needed to refine the diagnostic power of such a simple
mathematical model. It would be instructive to examine
how the neural response waveforms differ when different
electrode configurations are employed, particularly with
the upcoming generation of modiolus-hugging electrode
arrays which are expected to produce more localized stim-
ulation sites. This will have an impact on the design of
coding strategies and stimulation paradigms.

Clinical Implications

According to the simulation results, the shape (or
waveform category) of the recorded neural response
waveform provides some information regarding the
amount of axonal versus dendritic activity. Double posi-
tive peak category II response waveforms appear to indi-
cate the presence of two components, as do the ‘no appar-
ent positive peak’ category Ic responses which require the
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presence of two components to account for the ‘missing’
P, peak. Single positive peak category Ia and Ib response
waveforms could be a result of either one or two compo-
nents, although the likelihood is greater that these re-
sponses consist of only a single component. In terms of
nerve survival, this would correspond to the more gener-
ally expected cases of retrograde degeneration. Additional
information will be required to determine exactly whether
these response waveforms consist of only one or two com-
ponents.

The mathematical model therefore suggests that cate-
gory Ic and category II responses indicate some degree of
dendritic activity, while category Ia and Ib responses are
more likely to correspond to poor dendritic activity. Fur-
ther studies will have to be conducted to investigate the
information-carrying capacities of these two modes of
neural activity, and whether these indeed have any effect
on sound perception. If an effect can be established, this
will have very important implications for designing op-
timized coding strategies for individual patients. For
instance, the response waveform category may be useful
for the selection or exclusion of particular electrodes
based on the expected information-carrying capacity of
the active neural elements. Another possibility is that the
response waveform may provide clues about the capacity
of the active neurons in transmitting rate-coded informa-
tion such that one kind of response waveform indicates
high-rate coding strategies while another indicates lower-
rate coding strategies. This kind of applications of objec-
tive NRT data in speech processor programming is partic-
ularly useful in situations where the patient, such as a
child, is not able to give reliable feedback about loudness
and quality judgements.

In addition to the clinical applications of NRT arising
from the mathematical modeling results presented above,
NRT is potentially a very useful clinical tool. The utility
of the neural response measurement threshold as a guide-
line for fitting the maps of a patient’s speech processor has
been investigated by Franck [1999]. The use of the neural
responses’ amplitude growth function for electrode selec-
tion or exclusion in conjunction with an evaluation com-
paring different coding strategies is presently being exam-
ined in a number of clinical studies.

Conclusion

A simple mathematical model which linearly combines
two-component waveforms was able to simulate the dif-
ferent NRT waveform categories obtained from 60 pa-
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tients. The model was based on the assumption that the
two components with different amplitudes and latencies
originate either from the dendritic processes or from the
axonal processes. Such a mechanism was postulated by
Stypulkowski and van den Honert [1984] based on com-
pound action potential recordings from the cat, and fur-
ther indications of this mechanism are provided by the
NRT measurements which demonstrate double positive
peaks. Simulation results using the mathematical model
described here support the hypothesis that such a mecha-
nism is indeed in operation and that this mechanism not
only gave rise to the double peak responses, but indeed
also to the other types of NRT response waveforms ob-
served. The simulation results also help provide impor-
tant clues about the relative amount of axonal versus den-
dritic activity by breaking down a response into these two
components, respectively. Double peak response wave-
forms appear to indicate good dendritic survival while
single peak response waveforms suggest poor dendritic
survival.

The implications of the relative amount of axonal ver-
sus dendritic activity for speech and sound perception
remain to be investigated in future studies. This informa-
tion would not only be useful in assisting clinicians in
selecting an optimal stimulation paradigm for individual
cochlear implant users, but could also have important
ramifications for future electrode designs and the further
development of coding strategies.
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