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Abstract

Objective: To compare two methods of minimizing cochlear implant artifact in cortical auditory evoked potential (CAEP) recordings.

Methods: Two experiments were conducted. In the first, we assessed the use of independent component analysis (ICA) as a pre-processing
filter. In the second, we explored the use of an optimized differential reference (ODR) for minimizing artifacts.

Results: Both ICA and the ODR can minimize the artifact and allow measurement of CAEP responses.

Conclusions: When using a large number of recording electrodes ICA can be used to minimize the implant artifact. When using a single
electrode montage an optimized differential reference is adequate to minimize the artifact.

Significance: The use of an optimized differential reference could allow cortical evoked potentials to be used in routine clinical assessment of
auditory pathway development in children and adults fit with cochlear implants.

© 2006 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

The latency and morphology of the cortical, auditory-
evoked potential (CAEP) can provide information about the
maturation of central auditory pathways (Ceponiene et al.,
2002; Eggermont, 1988; Ponton et al., 1996, 2000; Sharma
et al., 1997, 2002b, 2004). In a series of papers, we have
documented the use of the CAEP as a measure of central
auditory maturation in children who have received cochlear
implants (CIs) and have suggested use of this measure in
monitoring auditory pathway development in hearing-
impaired patients (Sharma et al., 2002a,b,c, 2005). In
normal hearing children, the latency of the P1 CAEP
decreases systematically as age increases (Ponton et al.,
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2002; Sharma et al., 2002b). For newborn infants the latency
of the P1 can be as long as 300-400 ms. The latency can be
as short as 50 ms in adults. Thus, the region of interest for
the P1 is between 50 and 300 ms. Recording the CAEP in CI
patients poses a unique problem in that implant devices,
during stimulation, create electrical artifacts on the scalp,
which interfere with identification of the CAEP (Sharma
et al., 2002b; Singh et al., 2004). Several aspects of these
electrical artifacts can be visualized by comparing the
averaged CAEP records in Fig. 1 obtained using free-field
acoustic stimulation with a normal-hearing child and a child
fit with a CIL. For the normal-hearing child the CAEP is
dominated by the P1 neural response in a post-stimulus
latency window of 50-300 ms. In the case of the CI user the
record of the P1 response is obscured by a large magnitude
(50 puV) pedestal beginning slightly after the stimulus onset
and ending slightly after the stimulus offset. This pedestal is

1388-2457/$30.00 © 2006 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.

doi:10.1016/j.clinph.2006.04.018


http://www.elsevier.com/locate/clinph
mailto:pgilley@utdallas.edu

P.M. Gilley et al. / Clinical Neurophysiology 117 (2006) 1772-1782

1773

Comparison of CAEP Response and Cl Artifact

Normal Hearing

Region of Interest

Cochlear Implant

Region of Interest

67A P B __'| 507 B T
1
4. . 404
1
\ .
30 1 :
1 .
S 5l \ Artlf'act Pedestal
= 1 .
° 1 20
° 1
2 0 '
Q. \ 10 4
E - =4
<
2 0 A
R Ringing
. 1 .
41 Stimulus ;107 stimulus Overshoot
. ! — . W
T T T T T T  -20 T T T T T T |
-100 O 100 200 300 400 500 600 -100 O 100 200 300 400 500 600
Time (ms) Time (ms)

Fig. 1. (A) Typical CAEP response from a normal-hearing child aged 8 years. (B) CAEP response from a cochlear implanted user displaying a large stimulation
artifact from the implant device. The region of interest for the P CAEP components are within the dotted lines, and the duration of the stimulus is shown with
the bar above the abscissa. Note the different ordinate scales between panels A and B.

followed immediately by a larger negative-going overshoot
and subsequent ringing of the recording amplifier filters. In
addition, there is a low magnitude noise floor introduced
throughout the entire record due to the ongoing background
stimulation by the speech processor even during periods of
low sound levels.

To a large extent, distribution of the artifact on the scalp
is influenced by the type of cochlear implant device, its
mode of stimulation (e.g. monopolar or bipolar coupling),
and the surgical placement of the remote return electrode.
The placement of the remote return electrode for
monopolar stimulation varies widely across devices,
being integrated into the stimulator package in the Clarion
device but implemented as a separate electrode in the
Nucleus and Med El devices. In our earlier work (e.g.
Sharma et al., 2002b) we reported an artifact in about 12%
of cases when using a contralateral mastoid as the
reference electrode. In that earlier work, data were
collected in large part from patients fit with the Nucleus
22 device, which uses bipolar stimulation. Devices running
with bipolar electrodes in the cochlea produce substantially
smaller artifact on the scalp as compared to the now
commonly used monopolar-coupled electrodes. In fact,
recent data collected in our laboratory have revealed a
much greater incidence of the artifact problem from
patients with devices using monoplar stimulation as
described above. In general, the monopolar configuration
will be the most common configuration used in the future,
so the future incidence of artifact issues is likely to be very
large in children receiving cochlear implant devices.
Because the presence of the CI stimulation artifact
diminishes the utility of the CAEP in children fit with
implants, it would be useful to explore and understand the
nature of the artifact in order to create methods of
minimizing the artifact in CAEP recordings.

The scalp recorded EEG is assumed to be a linear,
instantaneous mixture of multiple neural sources plus noise,
and when multiple EEG epochs are averaged in response to
a common auditory stimulus the CAEP reflects neuronal
activity in response to that stimulus (Makeig et al., 2004;
Nunez, 1981; Scherg and Von Cramon, 1986). In practice,
most of the noise recorded in the EEG is minimized by
averaging multiple EEG epochs in response to repeated
stimulation. Because brain activity responding to the
stimulus is assumed to be represented in each EEG trial,
the resulting average should reveal the appropriate average
evoked potential. Electrical activity generated from the
implanted electrode array is not temporally random
throughout the EEG recording because bipolar electrical
pulses are generated with each presentation of the auditory
stimulus. Therefore, the CI stimulation artifact, as well as
the biologic response, are time-locked to the stimulus and
are represented in the averaged response. Assuming that the
recording system maintains linear operation throughout, one
possible correction for this might be to use an acoustic
stimulus that alternates in polarity on subsequent stimulus
presentations throughout the recording, thus canceling the
averaged stimulus artifact for an even number of trials.
However, this is not possible in recordings from CI patients
wearing their clinical processors as the speech processors do
not encode the phase of the incoming acoustic stimulus.
This approach would also require temporal synchronization
of the external acoustic stimulus, the pulse train delivered
by the processor, and the sampling clock of the recording
system (Miller et al., 2000; van den Honert and Stypulk-
owski, 1986). This is an achievable goal using specialized
hardware and software, but is beyond the capability
available in most clinics.

A CI stimulation artifact will last for at least the duration
of the stimulus. Given that the amplitude of the artifact can
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be 5-10 times larger than the averaged evoked response, the
artifact will mask a biologic response of interest that occurs
within the time frame of the stimulus duration. We have
used a 97 ms speech sound, /ba/, to elicit the CAEP in
implant patients (Sharma, 2002a,b,c). It is reasonable to
assume that shortening the speech stimulus would result in a
shorter artifact—one that does not coincide with the region
of interest for the P1. To determine if this is the case we
compared CAEPs from a short duration (23 ms) vowel
sound, ‘uh’, and a 97 ms speech sound, /ba/. As can be seen
in Fig. 2, the duration of the artifact pedestal was shorter in
the brief stimulus condition. However, the artifact did, in
fact, overlap the early portion of the time region of interest
because of filter ring. Limiting the amount of filter ring may
be possible by changing the analog filter characteristics of
the recording amplifiers (Andersen and Buchthal, 1970).
However, the use of wide-band filters and higher sampling
rates may also limit the feasibility of the CAEP as a clinical
tool, because additional biologic artifacts at higher
frequencies (e.g. muscle activity and fast ocular activity)
often contaminate higher bandwidth recordings. The
introduction of additional artifacts will increase the
computational resources required to achieve a useful
CAEP response and increase the time needed to retain
useable EEG recordings. Obtaining a useful CAEP in a
relatively short period of time is of great importance in a
clinical setting, especially when limited recording time is an
issue (e.g. recording from small children). The 23 ms signal
used in this preliminary test is at the lower limit of duration
for speech stimuli and still produced an artifact in the time
region of interest. Thus, it would be best to look for other
techniques to minimize the stimulus artifact.

Our experience has shown that, if not handled in a robust
manner, the electrical artifact will either obscure the desired
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Fig. 2. Comparison of CAEP responses elicited by the short duration/uh/and
long duration/ba/speech sounds.

biological response, or worse yet, be misinterpreted as a
biological response. The later outcome is common when
CAEP recordings are low-pass filtered at 30 Hz—a typical
procedure when processing CAEP recordings. In this paper
we examine two approaches for minimizing the two
problems described above.

1.1. Post-processing analysis for removal of artifact

Several techniques have been proposed for removal of
EEG artifacts that occur from biological sources such as
ocular, muscle, and cardiac activity. A technique commonly
used for artifact reduction is principal components analysis
(PCA) (Casarotto et al., 2004; Croft and Barry, 2002; Jung
et al., 2000a; Pantev et al., 2005; Vigario et al., 2000). PCA
is a statistical technique that decorrelates data into a series
of factors based upon the amount of variance explained. The
first principal component explains the largest amount of
variance in the original dataset, the second component the
second largest amount of variance, and so on. However,
because PCA only identifies orthogonal components based
upon the variance of the data, this technique may not
completely separate the biologic artifacts from the neural
responses, and some loss of EEG data may occur when
using this approach (Croft and Barry, 2002; Jung et al.,
2000a,b). Ideally, a decomposition of underlying activity
should maximize the independence of the sources con-
tributing to the EEG activity and minimize the loss of EEG
data that may be of interest after removal of the unwanted
signals. Independent Component Analysis (ICA) has been
proposed as a technique for achieving the required signal
separation (Bell and Sejnowski, 1995; Delorme and Makeig,
2004; Jung et al., 2000a; Makeig et al., 1997, 2004,
McKeown et al., 1998; Vigario et al., 2000).

The ICA model is a generative model that maximizes
information from higher-order statistics (typically using an
analysis of kurtosis or negentropy) to identify factors, or
components, that are uncorrelated and mutually indepen-
dent. Essentially, the ICA model first decorrelates the
dataset using a PCA model (second order statistics). Next,
an iterative process changes the weights and directions of
the vectors in a mixing matrix until maximum independence
is identified from the higher order statistics and the data
converge. The results of this generative model are a set of
components that represent the underlying structure of the
data. Theoretically, each independent component represents
the activation of one contributing source to the average
evoked potential. Therefore, it should be possible to linearly
subtract artifactual components from the ICA mixing
matrix.

The ICA model must satisfy a series of criteria about the
underlying sources. First, the sources are considered to be
maximally independent; that is they are statistically
uncorrelated with other sources. Second, the sources must
have non-Gaussian distributions. Third, the sources should
be, ideally, stationary (non-stationary ICA should be
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considered a separate problem). In the case of the CI
stimulation artifact all of these criteria are satisfied. It is
important to consider that these assumptions are strictly
statistical in nature and do not rely on the physiologic or
biologic nature of the signals to meet these criteria. The
artifactual sources from the implanted device are indepen-
dent, as they are generated by the implant array, and not by
other neural sources. Further, the activity from the array is
generated relative to one or more common electrodes, which
correlates this activity and reduces the number of underlying
components that are mutually independent. Most of the
clinical processors worn by the patients utilize a single,
common return electrode implanted at a remote location
under the scalp. Because this electrode is common to each
other electrode, the recorded activity is statistically
correlated and, therefore, not independent. The separation
of the components is then limited to the independence of the
signals recorded on the scalp, which consists of the low-
frequency pedestal and the high-frequency information
from the biphasic pulses along the implanted electrode
array, and is separated in the PCA in the first stages of ICA
decomposition. The artifact is time-locked to the auditory
stimulus, occurring at the same time in each EEG trial and,
thus, is stationary and non-Gaussian in distribution. Based
on the properties of the CI stimulation artifact in the EEG,
ICA is a plausible technique for identifying and removing
unwanted components in the EEG as a pre-processing step
before averaging.

1.2. Optimized differential reference for removal of artifact

Data from a large number of channels (ranging from 16
to 64) must be collected in order to implement an ICA
analysis. However, most audiology clinics do not have
instrumentation to accomplish this type of analysis. Thus, it
is necessary to explore techniques of artifact reduction,
which could be implemented using a small number of
recording channels. In the present study we explored a
recording technique, the optimized differential reference
technique (ODR), to minimize contribution of the artifact in
the evoked potential recording. Based on observations from
32 to 64 channel recordings we established that the
electrical activity generated by the implanted array is
broadly distributed on the scalp and generally has a dipole
distribution with peak magnitude levels near the active
stimulation electrode(s) located within the cochlea and a
common extracochlear return electrode located remotely
beneath the scalp. Recalling that our object is to record a
CAEP at Cz relative to a remote reference electrode
(typically placed on the contralateral mastoid), we seek to
minimize the artifact measured differentially at Cz by
selecting a more optimal reference electrode site (Kornfield
etal., 1985; McGill et al., 1982; Nilsson et al., 1988). There
may be many such reference electrode sites on the scalp,
which meet the criteria of (1) being located along an
isopotential electrical artifact contour passing through Cz

and (2) being sufficiently far away from Cz to be electrically
neutral to the CAEP events being recorded at Cz. In
particular, we recorded from several reference-electrode
sites around the forehead with the aim of determining the
reference site that showed a null artifact (i.e. a location
along the isopotential equal to that at Cz). If the spatial
location of this isopotential could be estimated, then placing
the reference electrode at this location should minimize the
contribution of the artifact (McGill et al., 1982). In other
words, we aimed to place our reference electrode at a
location where differential recording would minimize the
artifact.

1.3. Two experiments

In this study, we explored two methods to minimize the
stimulation artifact during CAEP recordings. In Experiment
1 we applied ICA to the contaminated EEG from a group of
CI users. In this analysis, multiple components in each
recording were identified and attributed to the implanted
device. After removing the unwanted signals, the EEG was
recomputed and processed for evaluation of the CAEP. In
Experiment 2 we explored the use of an optimized
differential reference, i.e. where signals on an active
electrode (Cz) were differentially recorded relative to a
reference electrode located at various positions. The aim
was to identify a reference location along the isopotential
contour of the artifact appearing at Cz and, thus, minimize
the artifact by recording differentially. Finally, we
compared the CAEP obtained after removing the artifact
using ICA to the CAEP recorded using the ‘optimized
differential reference technique’ for artifact minimization.
At issue was whether the two techniques to remove the CI
stimulation artifact revealed a similar biological response.

2. Methods

2.1. Subjects

Subjects were 5 children aged 5.2-12.7 years (mean age
=10.46) who had been fitted with a cochlear implant. The
children were selected for testing because in a previous visit
to our laboratory their CAEP records had been obscured by
an artifact. The children received their implants at ages
ranging from 2.6 to 10.9 years (mean implant age =6.5).
Four subjects used Nucleus 24 devices with a monopolar
configuration, and one subject (Subj B) used a Nucleus 22
device with a bipolar configuration. Three of the five
subjects performed Experiments 1 and 2 on the same day.
Subject A performed Experiment 1, 4 months after
Experiment 2. Subject D performed Experiment 2, 4 months
after Experiment 1.



1776 P.M. Gilley et al. / Clinical Neurophysiology 117 (2006) 1772—-1782

2.2. Stimuli

The acoustic stimulus was a computer synthesized
consonant-vowel syllable/ba/. Stimulus duration was
97 ms (see Sharma et al., 1997). The stimulus was presented
with an interstimulus interval of 610 ms.

2.3. Evoked potential recording

Subjects were situated in a sound attenuated booth, in a
comfortable chair, and allowed to watch a DVD movie of
their choice. Audio levels from the DVD movie were turned
off, and captioning was turned on. The speech sound was
presented at a level of 70 DB SPL as measured at the
subject’s head location in the booth. The stimulus was
presented through a loud speaker in the booth, placed at a
45° angle on the side of the CI, approximately 1.5 m from
the subject.

For Experiment 1 the EEG was recorded using a
66-channel scalp electrode array (sintered Ag/AgCl,
Neuroscan QuickCap) placed on the scalp according to
the extended International 10-20 System for electrode
placement. In some cases, one or more of the electrodes
could not be used, because the electrode was directly over
the implant transmission coil. The electrode (QuickCap)
application took approximately 30 min. For Experiment 2,
evoked responses were recorded from Cz, referenced to 6—
13 different locations across the forehead. A separate
channel was placed at the lateral canthus location of the eye
contra-lateral to the implant (referenced to supra-orbit) for
eye blink monitoring and on-line removal. Electrode
application took approximately 10 min for the ODR
montage.

In both experiments, continuous EEG was recorded using
a 66-channel Synamps amplifier system (Compumedics-
Neuroscan, El Paso, TX), with analog band-pass filter
settings from 0.1 to 100 Hz, at a sampling rate of 1000 Hz,
and an amplifier gain of 1000. Two recordings of
approximately 300 trials were collected during the testing
session, and saved to a computer for further analysis. The
total testing time after electrode application was approxi-
mately 30 min.

2.4. Data analysis

For Experiment 1 each continuous EEG trace was
visually analyzed for abnormal activity including extreme
muscle activity, and extraneous noise. Sections of the EEG
traces containing excess noise were blocked, and rejected
from further analysis. The remaining EEG was divided into
individual epochs around the onset of each stimulus
presentation, with a 100 ms pre-stimulus interval and a
600 ms post-stimulus interval, resulting in approximately
300 trials with 701 sample points per trial for each
recording. Epochs were baseline corrected to the average
amplitude across the entire epoch inclusive of any artifact

occurring within the record. Eye-blinks were monitored on
the separate eye channel, and epochs containing activity of
4100 uV were rejected from further analysis. After ICA
analysis (described below), the two runs of 300 sweeps were
averaged together to compute an average waveform for each
subject.

For Experiment 2 each recording was baseline corrected
to the average amplitude point of the waveform, and sweeps
containing eye activity greater than 100 uV in amplitude
were rejected off-line. The two runs of 300 sweeps were
averaged to compute a CAEP waveform for each subject.

2.5. Independent component analysis

The EEG files were imported in to the Matlab
environment using the EEGLAB Toolbox (EEGLAB, San
Diego, CA) under the public GNU license (Delorme and
Makeig, 2004). ICA was performed on each EEG recording
using the Infomax approach (Bell and Sejnowski, 1995).
Independent component activations were projected to the
scalp as isocontour maps for visual analysis, and each
component was analyzed for kurtosis, Gaussinaity, spectral
power, variance explained (component weight), and
amplitude duration in each trial of the EEG recording.
Component activations were treated as CI artifact if they
met the following criteria:

(i) the onset of activity occurred at the onset of the
auditory stimulus;

(ii) the offset of activity occurred at the offset of the
auditory stimulus (note: some components contained
additional activity related to filter ringing after the
offset of the stimulus, and this activity appeared as
activation in the same component. If this was the
case, and the initial activity met requirements (i) and
(ii), then the secondary activity from the filter
ringing was considered an artifactual component);

(iii) the duration of the activity was constant throughout
the duration of the auditory stimulus and

(iv) scalp projections of the activity revealed a centroid
on the side of the implanted device.

Components meeting these criteria were marked as CI
artifact and linearly subtracted from the mixing matrix. The
remaining components were then re-calculated to produce a
filtered EEG dataset, and averaged to produce the CAEP.

3. Results

3.1. Experiment 1: artifact minimization using independent
component analysis (ICA)

3.1.1. Scalp maps of the CI stimulation artifact
Scalp maps of the averaged evoked activity from the
evoked potential recordings revealed a scalp artifact
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Fig. 3. Scalp maps and CAEP waveforms (at Cz) from Experiment 2. Each CAEP is represented by the spline-interpolated scalp projection at the center of the
peak amplitude of the implant artifact. The isopotential contour passing through Cz is shown by the solid black line. The time-amplitude CAEP waveforms
from Cz are shown below each scalp map. Each subject is designated with a label (A—E) and is consistent with the remaining figures.

distribution that concealed biologic activity in the time
range of the CAEP (Fig. 3). In each case, the artifact was
centered on the hemisphere of the CI device and peaked in
the vicinity of the subcutaneous return electrode. Although,
the artifact amplitude was much lower at the Cz electrode,
which is typically used for CAEP recordings, than at sites
near the implant, sufficient artifact was present to mask the
biologic response.

3.1.2. ICA and artifact activations

Independent component analysis was performed on
recordings from 5 CI patients using a 66-channel recording.
At least two artifactual independent components, the artifact
pedestal, the biphasic pulse, or the filter ringing, were
identified in all patients. Fig. 4 shows the activity from the

independent components in all five subjects. As can be seen
in Fig. 4, there is considerable variability across subjects for
the scalp distribution of the components as well as for the
general morphology of the component waveform. However,
the scalp distribution of each component is generally
centered near the implant.

After removing the artifactual components from the
mixing matrix, CAEP responses were reconstructed. In all 5
subjects, the averaged CAEP contained a minimal artifact
and the waveform morphology of the CAEP at the vertex
(Cz) was similar to those of implanted subjects with little or
no artifact in the CAEP (cf. Sharma et al., 2002a,b,c). Fig. 5
shows the reconstructed CAEP waveforms and scalp maps
after artifact removal. A comparison of Figs. 3 and 5 reveals
that the CAEP components are clearly evident in the region
of interest where previously only the artifact was seen.
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3.2. Experiment 2: artifact minimization using an optimized
differential reference

Based on the scalp maps computed from multichannel
recordings we observed that in the scalp artifact distribution
an isopotential contour would commonly extend from Cz
and cross the forehead (Fig. 4). To evaluate the effect of
placing the reference electrode near the Cz isopotential
contour, we recorded individually from multiple reference
sites across the forehead.

In Fig. 6, we show the variability of the residual artifact
as a function of the placement of the reference electrode in a
representative subject. The location of each reference
electrode is represented on the head model and labeled
with a letter corresponding to the CAEP response referenced
to that location. In each of the recordings, Cz was used as

the active electrode and the labeled location as the
reference. Beginning at location A the residual artifact is
characterized by a negative pedestal followed by a positive
overshoot. Moving from position A to the right the artifact
reaches peak amplitude at D and then declines. It appears to
reach a minimum in the vicinity of F and G and then begins
to appear as a positive residual at H and I. The positions J, K
and L were chosen to track along a possible isopotential
contour toward Cz from the vicinity of G. Positions L and K
show minimum residual artifact as would be expected;
however, position J does not for unknown reasons. In this
example, the best site for the reference electrode was at site
K. The P1 latency at site K was 160 ms.

In Fig. 7 CAEPs recorded with the reference located
along the Cz isopotential contour are superimposed on the
CAEPs generated from the ICA filtering procedure in
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Fig. 5. Scalp maps and CAEP waveforms (at Cz) from Experiment 2 after the artifact ICs were removed. Each CAEP is represented by the spline-interpolated
scalp projection at the center of the peak amplitude of the first robust, positive CAEP peak (P1). The averaged CAEP waveform at electrode Cz is shown below
the scalp projections. Each subject is identified in the panel with a designated label (A-E) and is consistent for Fig. 4.

Experiment 1. The morphology of the two waveforms,
within subjects, is very similar. In two cases (A and D) there
are small differences in P1 latency. In these cases the two
recording sessions were three months apart and the changes
in latency are the expected consequence of the added
experience with stimulation (Sharma et al., 2002c). Fig. 8
compares the mean latency and amplitude of the P1 between
the ICA and ODR techniques. Paired z-tests of the latencies
and amplitudes revealed no significant differences (P =0.66
and 0.33, respectively).

4. Discussion

The CAEP could be a useful clinical tool for inferring the
maturational status of the central auditory system in CI

patients if the stimulus artifact could be minimized. In the
present study we examined two different techniques to
minimize the contribution of the artifact to the CAEP
response. In Experiment 1 we explored the use of ICA as a
preprocessing filter for minimization of the artifact. ICA
decomposition was performed on 66-channel recordings in
five subjects. In all five cases at least two independent
components attributed to the stimulus artifact were
identified. In each case, linear subtraction of the artifactual
components from the ICA mixing matrix resulted in CAEP
responses containing typical amplitudes and latencies.
Based on these results ICA is a viable tool for minimizing
stimulus artifact when assessing the CAEP from a large
number of recording electrodes.

One of the difficulties in using ICA for artifact removal is
the correct identification of artifactual components from the
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Optimized Differential Reference Responses
at 12 Locations Relative to CZ
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Fig. 6. CAEP responses from one representative subject as recorded using the optimized differential reference technique. The location of each reference
electrode is represented on the head model, and each labeled with a letter corresponding to the CAEP response referenced to that location. In each of the
recordings, Cz was used as the active electrode and the labeled location as the reference. The enlarged waveform at the top is from location K, and is displayed
with a standard low-pass filter of 30 Hz (zero-phase shift, 12 DB/octave). This figure demonstrates the variable contribution of the artifact in a differential

recording montage depending on the reference location.

analysis. In the present study, we implemented a fairly strict
set of criteria for labeling such components. As a result, we
were unable to completely remove the artifact, because
components that contained stimulus-related activity but did
not meet the criteria were not removed from the ICA mixing
matrix. However, we were able to achieve results that
minimized the artifact enough to reveal the biologic
components of interest. There are several considerations
about the nature of the stimulus artifact that may hinder
identification of all artifactual components.

First, we make the assumption that the origin of activity
in the recordings is the implanted electrode array. If this is
the case, then the projection of the artifact may vary with the
number of active electrodes in the array, the orientation of
the active electrodes in the cochlea, and the location and
orientation of the return electrode on the array. For example,
a patient with 12-16 active electrodes, monopolar stimu-
lation and a basal return electrode may show a broader
dispersion of electrical activity on the scalp than a CI user

with 24 active electrodes using bipolar stimulation, i.e.
when the return electrode is unique to a given electrode pair.

Second, we must assume that, because each patient’s
processor is individually programmed for best use, there
will be individual differences in the electrical artifact. The
speech processing algorithms used in CI devices employ
several different strategies for electrode stimulation.
Because the electrode stimulation patterns vary by
processing strategy, the corresponding independent com-
ponents could have different time-amplitude morphologies,
weights, and distributions. Moreover, the pulses from the
implanted array are not synchronous with the actual speech
stimulus and/or the sampling of the averaging system. This
can introduce significant jitter and variation from one record
to another.

In Experiment 2 we utilized an optimized differential
reference technique to identify a location on the scalp near
the isopotential contour of the artifact that also crosses Cz.
The aim was to determine whether placing a reference
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Fig. 7. CAEP responses from the ODR technique (thick, black line) and
from the ICA filtering technique (thin, dotted line) for each of the subjects.
The location of the reference electrode for the ODR condition is shown as a
black dot on the head model to the right of each waveform. The test ear is
indicated with the ‘CI” label next to each head model.

electrode on or near this isopotential contour could
minimize the contribution of the artifact to the CAEP
response. Results from this experiment indicated that the
artifact could, indeed, be minimized and a biological
response could be measured. To further verify these results
we compared the CAEP responses using the ODR technique
to the responses minimized by ICA analysis. The Pl
latencies and amplitudes were similar in each case
suggesting that the optimized differential reference tech-
nique could be clinically useful. Although we found no

Mean Comparison of P1 Peaks for ODR and ICA
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Fig. 8. Means and standard errors for (A) P1 latency and (B) P1 amplitude
for all subjects.

significant differences in amplitude between the ICA and
ODR responses, some minor variations in amplitude might
be present. Such differences in amplitude might be
accounted for by the use of a reference signal that is
derived as a common average of all electrodes in the
montage when using the ICA approach. In effect, the
component of the P1 response contributed by biological
signals on the reference will be spatially averaged over the
entire cranium using the common average reference signal
and would be expected to be smaller than the contribution
from many single electrode sites. This common average
reference signal is in contrast to the reference signal from a
single electrode as with the ODR approach. One of the
strengths of the optimized differential reference technique is
that it is immune to the problem of time jitter as described
above. Locating the correct isopotential location will allow
the differential signal to minimize near zero, hence
minimizing the artifact. These findings are consistent with
findings from electromyographic and nerve conduction
studies, which show that stimulus artifacts can be reduced
by altering the orientation of either the stimulus or recording
electrodes, as well as altering properties of the stimulus
itself (Kornfield et al., 1985; McGill et al., 1982; Nilsson
et al., 1988).

We can identify at least four problems that could
constrain the use of the ODR technique. One is the number
and location of electrodes needed to find an optimal
reference point. If a large number of electrodes are
necessary, then the clinical usefulness of the technique
will be lessened. A second problem is how to obtain an
objective measure of effectiveness of the technique. That is,
once a small artifact is obtained, might another reference
point yield an even smaller artifact? A third problem is how
to judge the effect of even a minimal artifact in a recording,
e.g. might a very minimal artifact still alter the measure-
ments of interest or even be interpreted as a physiological
response? Finally, we have observed that in some subjects
the artifact isopotential contour passing through Cz may
follow a very different trajectory from that typically seen
across the forehead. Strategies to reliably and efficiently
identify this situation and locate suitable alternative
reference sites will be critical to successful clinical
application of this approach. If these problems can be
solved, then the optimized differential reference technique
may allow CAEP studies to be used routinely to monitor
objectively CNS maturation in newly implanted CI patients,
especially the very young.
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