Taylor & Francis
Taylor & Francis Group

Cochlear

Implants

il Cochlear Implants International

An inserdescipinary Jounal

An Interdisciplinary Journal

ISSN: (Print) (Online) Journal homepage: www.tandfonline.com/journals/ycii20

Piloting the recording of electrode voltages (REVS)
using surface electrodes as a test to identify
cochlear implant electrode migration, extra-
cochlear electrodes and basal electrodes causing
discomfort

Mary Grasmeder, Carl Verschuur, Robyn Ferris, Sundus Basodan, Tracey
Newman & Alan Sanderson

To cite this article: Mary Grasmeder, Carl Verschuur, Robyn Ferris, Sundus Basodan, Tracey
Newman & Alan Sanderson (2021) Piloting the recording of electrode voltages (REVS) using
surface electrodes as a test to identify cochlear implant electrode migration, extra-cochlear
electrodes and basal electrodes causing discomfort, Cochlear Implants International, 22:3,
157-169, DOI: 10.1080/14670100.2020.1863701

To link to this article: https://doi.org/10.1080/14670100.2020.1863701

ﬁ Published online: 06 Jan 2021.

N\
CJ/ Submit your article to this journal &

||I| Article views: 230

A
& View related articles &'

@ View Crossmark data ('

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journallnformation?journalCode=ycii20


https://www.tandfonline.com/action/journalInformation?journalCode=ycii20
https://www.tandfonline.com/journals/ycii20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/14670100.2020.1863701
https://doi.org/10.1080/14670100.2020.1863701
https://www.tandfonline.com/action/authorSubmission?journalCode=ycii20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=ycii20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/14670100.2020.1863701?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/14670100.2020.1863701?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/14670100.2020.1863701&domain=pdf&date_stamp=06 Jan 2021
http://crossmark.crossref.org/dialog/?doi=10.1080/14670100.2020.1863701&domain=pdf&date_stamp=06 Jan 2021

W) Check for updates

Piloting the recording of electrode voltages
(REVS) using surface electrodes as a test to
identify cochlear implant electrode migration,
extra-cochlear electrodes and basal
electrodes causing discomfort

*, Carl Verschuur ©*, Robyn Ferris®, Sundus Basodan?,

3, Alan Sanderson?

Mary Grasmeder
Tracey Newman

'Auditory Implant Service, University of Southampton, SO17 1B) Southampton, UK, *Faculty of Engineering
and Physical Sciences, University of Southampton, SO17 1BJ Southampton, UK, *Faculty of Medicine,
University of Southampton, SO17 1B) Southampton, UK

Objectives: To determine if Electrode Voltage (EV) measurements are potentially suitable as a test for
detecting extra-cochlear electrodes in cochlear implants (Cls).

Methods: EV measurements were made using surface electrodes in live mode in 17 adult cochlear implant
(Cl) users. Repeatability, the effects of stimulation level, Cl active electrode position, (active) recording
electrode position and stimulation mode (for Nucleus devices) were investigated.

Results/discussion: Recordings made in monopolar mode showed good repeatability when the active
recording electrode was placed on the ipsilateral earlobe; voltages increased linearly with stimulation
level as expected. EVs for basal electrodes differed greatly between partially inserted/migrated devices,
fully inserted devices with all electrodes activated, and those with deactivated basal electrodes [X2(2) =
10.2, p < 0.05 for the most basal electrode]. EVs for Nucleus devices were small for electrodes on the
array when compared to those for monopolar return electrodes, except for the participant with extra-
cochlear electrodes. We argue that fibrosis around the electrode array facilitated current flow across the
round window in this case.

Conclusion: The test appears to be a viable approach to detect electrode migration and extra-cochlear
electrodes in adult Cl users and may also be sensitive to discomfort caused by current leakage from the
basal end of the cochlea.

Keywords: Cochlear implant, Electrode, Voltage, Integrity test, Partial insertion, Migration, Extra-cochlear, Fibrosis

Introduction Deterioration in performance may result from

Cochlear implantation is recognized as a highly suc-
cessful intervention for severe and profound deafness
but outcomes vary considerably (Holden et al., 2013)
and the intervention carries a small risk of compli-
cations. A proportion of this variability can be attrib-
uted to the position of the electrode array. Holden
et al. found a significant difference in speech percep-
tion outcomes for electrodes located in the scala
tympani compared with those in the scala vestibuli.
Other authors have found that less successful out-
comes may result from partial insertion, especially if
associated with ossification (Yan et al.,, 2019).
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migration of the electrode array out of the cochlea
(Connell et al., 2008, Vaid et al., 2011). Limited
migration has been reported to occur more commonly
than was previously suspected (van der Marel et al.,
2012), having been found in 10 cases out of a series
of 35 individuals, who had had more than one post-
operative CT scan. In the majority of cases the
second CT scan was not arranged due to concerns
about performance with the device. Nine out of the
ten instances of migration occurred in 19 patients
with lateral wall electrode arrays. Signficant migration
potentially leading to re-implantation is relatively
rare, accounting for 3.62% of adverse events recorded
in the relevant FDA database in 2010 (Causon et al.,
2013). Care should be taken to attend to such cases in
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a timely manner if fibrosis or ossification is develop-
ing, as this can make re-implantation more difficult
and a more shallow insertion may result (Manrique-
Huarte et al., 2016).

Even with a full insertion of the electrode array,
stimulation of basal cochlear implant (CI) electrodes
can cause pain or discomfort at comfortable listening
levels or a lack of auditory sensation in some recipi-
ents (Broomfield et al., 2000, Stoddart and Cooper,
1999). In such cases one or more electrodes require
deactivation. At present, there is no easy way to
identify basal electrodes which may be at risk of
causing discomfort (without actually doing so).
Similarly, identification of extra-cochlear electrodes
by direct observation at the time of surgery is inac-
curate (Holder et al., 2018) and standard clinical pro-
cedures such as electrical impedance measurements
may give readings within the normal range for elec-
trodes outside the cochlea (Dietz et al., 2016). One
study, in which CT scans were performed for recipi-
ents with a range of different devices, found that
13% of devices had at least one extra-cochlear elec-
trode (Holder et al., 2018). A fast, reliable test of
migration and extra-cochlear position which is easy
to perform within an audiology clinic would there-
fore be very helpful.

Electrode voltage measurements (EVs) are well
established as a test of CI device function, as they
are used as part of the standard Nucleus integrity
test battery. They are measured using EEG.
Typically, surface electrodes are attached to the
scalp: on the mastoids, the nape of the neck, the
forehead, a combination of these or the earlobes,
and EVs are measured by the manufacturer’s
bespoke equipment or alternatively an evoked
potentials system. Voltages are typically averaged
over a number of recordings, facilitated by an exter-
nal trigger to the recording system from the manu-
facturer’s software, which also stimulates the
cochlear implant. The voltages recorded are
heavily dependent on the position of the implant’s
return electrode, as shown in Figure 1: when the
return electrode is outside the cochlea, known as
monopolar mode, voltages are typically large and
similar for different active electrodes (Mens
and Mulder, 2002). If the return electrode is within
the cochlea, voltages are considerably smaller,
suggesting that current flow is mostly contained
within the cochlea. In Common Ground (CGQG)
mode, where the active electrode is on the array
and all the remaining electrodes on the array are
connected together to act as the return electrode,
voltages vary in both amplitude and polarity
(Cullington and Clarke, 1997, Hughes et al., 2004,
Kileny et al., 1995). In other intra-cochlear modes,
where a single electrode acts as the return electrode
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Figure 1 Current flow for different positions of the return
electrode in cochlear implants. The left pane shows the
direction of current flow in different stimulation modes for a
hypothetical electrode array, where the active electrode is
shaded dark grey, the return electrode(s) is shaded light grey
and other electrodes have no shading. The right pane shows
typical EVs associated with activation of each electrode
along the array in turn in different stimulation modes, where
the active recording electrode is on the ipsilateral mastoid or
earlobe (not to scale).

(pseudomonopolar and bipolar modes), the polarity
of the voltage recorded is determined by whether the
return electrode is located in a more apical or basal
position than the active electrode (Hughes et al.,
2004). EVs show these same patterns in both
straight and curved electrode arrays (Cullington
and Clarke, 1997; Pijl et al., 2008).

EV measurements in all stimulation modes are
effective at identifying open circuits on individual
electrodes; short circuits and partial short circuits
are evident in common ground mode and bipolar
modes, where the return electrode(s) is on the array
(Hughes et al., 2004).

EVs also show deviations from the typical patterns
in cases of abnormal anatomy (Mens and Mulder,
2002, Rotteveel et al., 2008) and have been found to
be different in cases of partial insertion (Kileny
et al., 1995, Mahoney and Proctor, 1994, Monin
et al., 2006, Shallop, 1993). EVs may be more variable
for children than adults (Mahoney and Proctor,
1994). EVs are normally similar between electrodes
in monopolar mode (Mens et al., 1994, Mens and
Mulder, 2002), but one study found changes of both
amplitude and polarity in a minority of paediatric
cases (Monin et al., 2006).

Previous EV research has suggested that the current
path which allows surface voltages to be measured, at
least for intra-cochlear modes, is likely to be through
the cochlear fluid along the scala tympani towards the
basal end (Hughes, 2013). Mens et al. (1995) found
that when bipolar surface potentials were measured,
the measurements reflected the equivalent dipole in
the head for otosclerosis patients only. In a later
volume conduction modelling study (Mens et al.,
1999), they found that the uniform increase of poten-
tial with distance between stimulating electrodes
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found in most implanted subjects was reproduced
rather well using a single-cavity cochlea (with a low
impedance exit to the ipsilateral skin), in a highly
resistive bone compartment, surrounded by the
brain. The return of current in non-otosclerosis
patients was effectively directed away from the most
basal electrode (which was used as the active elec-
trode), irrespective of which intra-cochlear electrode
was used as the return electrode. This suggests that
the voltage which can be measured on the skin is
associated with current which flows in or out of the
cochlea via a single current path, rather than in mul-
tiple directions, as would be expected if significant
current flow from CI electrodes occurred across the
bony walls.

More recent volume conduction modelling work
for non-otosclerosis cases has focused on reprodu-
cing trans-impedance measurements made in mono-
polar stimulation mode. Detailed models suggest
that the majority of the current exits the cochlea
via its bony walls (Nogueira et al., 2016, Tran
et al., 2015), but 20-30% may exit the cochlea via
the basal end. Figure 5 from Tran et al., 2015
suggests that the voltage on the surface is likely to
be highest near to the reference electrode. The
voltage associated with the current field around the
active electrode may not be sufficiently large to be
measurable on the skin.

The path which current takes as it leaves the cochlea
is of interest for this study, as electrodes which are on
the array but outside the cochlea are not in direct
contact with the cochlear fluids and current flowing
towards the return electrode(s) may take a different
path from that for intra-cochlear electrodes, resulting
in altered EVs. The voltage measured will be depen-
dent on both the direction of current flow and the
conductivity of the material through which the
current is flowing.

This article describes work that tests the hypoth-
esis that EVs for partially inserted or migrated
arrays would differ from those for fully inserted
electrode arrays, assuming normal anatomy and
device function in all cases. We also develop an
empirically based model of EVs in different stimu-
lation modes, which provides insights into the
likely paths taken by current from fully inserted
and partially inserted arrays, based on the data for
participants with Nucleus devices.

Materials and methods

Participants

All participants were adult cochlear implant users.
Those in experiment 1 had Advanced Bionics (AB)
or MED-EL (M) devices; those who participated in
experiment 2 had Nucleus (N) devices. The inclusion
criteria for the study were normal device function,

as evidenced by normal impedances (except for open
circuits related to migration) and no suspicion or diag-
nosis of a device issue; also normal morphology of the
cochlea.

Seventeen participants were recruited with 18
devices; 1 participant was subsequently excluded
due to an open circuit and deactivated apical elec-
trodes. Participants 1M6, 1MSL (experiment 1)
and 2N5 (experiment 2) had partial insertions or
migration. All other participants had full insertions
at the time of surgery, confirmed by a post-operative
X-ray. Four of these (2N6, 2N8, 1AB3, 1M5) had
one basal electrode deactivated in their everyday
map and one had four basal electrodes deactivated
in their everyday map (1AB2).

Ethical review

Ethical review was performed by the University of
Southampton Research Governance Office and by
the National Health Service’s National Research
Ethics Service (Reference numbers 16/ WA /0209 and
17/SC/0360).

EVs were recorded using surface electrodes in all
cases. No averaging was performed, as the devices
were activated in live mode whilst the test was under-
taken and triggering is not available in live mode.
Hence each measurement was for a single biphasic
stimulation pulse on an individual electrode. Peak-
to-peak voltages were recorded and were labelled as
positive if the first phase was positive, or negative if
the first phase was negative.

Experiment 1

Experiment 1 assessed the repeatability of recordings,
the effect of stimulation level on EVs, and compared
EVs measured with the active recording electrode
placed on the mastoid or earlobe. Details are summar-
ized in Figure 2.

Surface electrodes were positioned on the ipsilat-
eral mastoid, ipsilateral earlobe, forehead (Fz) and
the contralateral mastoid. The active recording elec-
trode was either the ipsilateral mastoid or earlobe;
the reference recording electrode was the forehead
and the ground electrode was the contralateral
mastoid. The skin was wiped with an alcohol wipe
prior to attaching the electrode, but only limited
skin preparation was undertaken prior to recordings
being made.

A new map was made for the duration of the test
and was activated in live mode whilst the recordings
were undertaken. All electrodes were activated, as
there were none which showed open or short circuits
on impedance telemetry. All devices were pro-
grammed in monopolar mode with the implant’s
reference electrode located on the body of the recei-
ver-stimulator package. Stimulation levels, both
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Participants: Récording
4 AB, 4 MED-EL
: Measurements in electrodes Measurements
adult Cl users with sy
: 12 test conditions removed and repeated
9 devices
re-attached

N\

Stimulation levels
(charge units)

50, 65 and 80 (AB);
6, 8 and 10 (MED-EL)

Active recording
electrode positions

|psilateral earlobe and

mastoid

High pass filter settings

0.1 and 100 Hz

Participant | Electrode array Insertion | basal
electrodes
deactivated

1AB1 AB Mid Scala full 0

1AB2 AB Mid Scala full 4

1AB3 AB Mid Scala full 1

1m4 MED-ELFlex 28 full 0

1M5 MED-ELFlex 28 full 1

M6 MED-ELstandard | 2 outside | 4

1AB7 AB Mid Scala full 0

1M8L MED-ELstandard | 1 outside | 3

1MB8R MED-ELFlex 28 full 0

Figure 2 Experimental details for EV Measurements for Experiment 1.

threshold and comfort levels, were set to the same
level for all electrodes, except for one which was set
to a higher level and used as a marker, to ensure
that the electrodes could be identified. The voltage
measured for the marker electrode was reduced in pro-
portion to the stimulation level in order that all elec-
trodes could be compared with an equivalent
stimulation level. The coding strategy used was HD-
CIS for MED-EL recipients or HiRes-S for
Advanced Bionics (AB) recipients. These strategies
stimulate one electrode at a time and the channel
order is sequential from apex to base. The pulse
width was set manually to 100 us per phase. The
map was activated in live mode but no sound stimuli
was used, beyond what naturally occurred in the
room, as the strategies used produce constant stimu-
lation at threshold level.

The stimulation levels used for recording were 6,
8 and 10 charge units for MED-EL devices (=60,
80 and 100 pA) and 50, 65 and 80 charge units
for AB recipients (=39, 51, 62 pA); current levels
for AB recipients were limited by participants’
comfort levels. A Biologic Auditory Evoked
Potentials system was used for recording. The
high pass filter used for recording was either 0.1
Hz or 100 Hz. The recording window was 5.33
ms, the low pass filter was 15 kHz and the gain
was 100. A single recording was made for each
combination of stimulation level, high pass filter
setting and position of the active recording elec-
trode. The electrodes were then removed and the
patient given a break if desired. Following this the
electrodes were re-applied and a further set of
recordings were made.

Cochlear Implants International 2021 voL. 22 NO. 3

The participant’s usual map was reviewed and any
deactivated electrodes were noted.

Experiment 2

Experiment 2 assessed the effect of stimulation mode
on EVs measured with surface electrodes and the
repeatability of these measurements; details are
shown in Figure 3.

Nine adult participants were recruited with
Nucleus devices: all devices had been fully inserted
but one device had migrated to some extent (con-
firmed by a CT scan). EVs were recorded for this
device on two occasions, separated by three
months, during which further migration had
occurred, as evidenced by altered impedance teleme-
try. On the first occasion, electrodes 4 and 5 had
open circuits, whereas on the second occasion, elec-
trodes 5 and 6 showed open circuits; electrodes 1-6
were considered to be extra-cochlear at this point.
The EVs from the second session are included in
the analysis.

Surface electrodes were positioned on the ipsilateral
earlobe (active), forehead (Fz) (reference) and the
contralateral mastoid (ground). Skin preparation
was limited, as in experiment 1.

Recordings were made in monopolar modes MP1
and MP2, also in common ground mode (CG) and
in variable bipolar mode (VBP). In this mode, the
return electrode is the same regardless of which
active electrode is used: in this case the return elec-
trode was always E20, towards the apical end of the
array. The same recording system and parameters
were used as in experiment 1 but the high pass filter
for recording was always set to 0.1 Hz. The active
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Participants: - Recording
9 Nucleus adult Cl Measgreme{wts " electrodes |:|'> Measurements
users ‘:> 4 stimulation |:> removed and repeated
modes
re-attached
W

Participant Electrode array Insertion Basal Stimulation mode Common ground}
electrodes monopolar1,
deactivated monopolar2 and
{numbgrof variable bipolar
opencircuit (reference = 20)
electrodes)

N1 CaRteur advance full 0 (0) Active recording Ipsilateral earlobe

2N2 Contour advance full 0(0) slactrods position

2N3 Contour advance full 0 (0) High passfilter setting | 0.1 Hz

2N5 Slim straight 6 outside 11 (2)

2N6 Contour advance full 1(0)

2N7 Contour advance full 0(0)

2N8 Contour advance full 1(0)

2NS9 Slim straight full 0(0)

Figure 3 Experimental details for experiment 2.

electrodes were 1-22 in all modes except VBP mode,
where recordings were made for electrodes 1-10.
Electrodes which were open circuit at the time of
testing were not included and were assigned a
voltage of OpuV for the purpose of analysis. No
short circuits were recorded for any device.

The processing strategy used was ACE for mono-
polar modes and SPEAK for CG and BP modes.
The stimulation rate was set to 250 Hz for all maps
for consistency. There is a clear gap between stimu-
lation pulses at this rate. Neither the SPEAK or
ACE strategy provides constant stimulation at
threshold level, so a sound stimulus was constructed
for the purpose of the experiment. This was com-
prised of a series of frequency modulated tones,
with base frequencies at the centre frequencies of
the filters for a 12-channel map and modulated by
5%. The level of each tone was based on an estimate
of the effect of the microphone on stimulation levels
for different frequencies. The modulation rate varied
between tones so as to minimize any reduction in
level during the sound presentation. The sound was
presented at 70 dB(A) via Sony supra-aural head-
phones and was looped for continuous presentation.
All participants used behind-the-ear processors
(CP910 or CP810).

The pulse width was set to 50 us on all active chan-
nels except one, which was set to 100 us (either E8 or
E15). This channel was used as the marker, to enable
individual electrodes to be identified. The stimulation
order for Nucleus devices is sequential from base to
apex; the recording for the marker electrode was
identified by its wider pulse shape and the recordings

corresponding to the remaining electrodes were
labelled sequentially, consistent with the stimulation
order. The stimulation levels were set to 80 current
units for threshold levels and 82 units for comfort
levels for monopolar recordings (or the highest com-
fortable level available) and the highest available com-
fortable level for CG and VBP recordings. The highest
comfortable stimulation levels were used for CG and
VBP recordings as EV amplitudes can be small in
these modes, with the intention of minimizing the
number of EVs in the noise floor. The dynamic
range was always set to the minimum value of two
units. After the measurements were made, all voltages
were normalized to the equivalent of an 80 current
unit stimulation level, using the relevant equation
from the manufacturer (=76 uA). The number of
maxima available is limited to eight for SPEAK
maps and so this limited the number of electrodes
which could be measured at any one time. The
number of maxima was set equal to the number of
active electrodes in each map. The electrode array
was tested in three sections, E22 to E15, E15 to E8
and E8 to El in all modes except VBP, where E10
to E6 were tested and then E5 to El. It was expected
that eight biphasic pulses would be present between
marker stimuli in each recording, or five in VBP
mode. If there was a gap in the recordings, indicating
that one electrode had been missed, the recording was
repeated if there was no repeat of the electrode within
the trace. Recordings were made in each stimulation
mode, then the recording electrodes were removed
and the participant was given a break if required
and the recordings were repeated.
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Figure 4 Electrode Voltages for repeated measurements on the mastoid and earlobe.

The participant’s usual map was reviewed and any
deactivated electrodes were noted.

Results

Experiment 1

The repeatability of recordings made with the active
recording electrode on the earlobe and mastoid are
shown in Figure 4. In each case the reference record-
ing electrode was the forehead (Fz) and the ground
electrode was the contralateral mastoid.

A 2-tailed non-parametric correlation was per-
formed, Spearman’s p, and a significant correlation
was found between repeated measurements on both
the earlobe and mastoid (p=0.995, p <0.001 for
the earlobe and p = 0.889, p < 0.001 for the mastoid).

The greater variability for the mastoid recordings
was investigated. Figure 5 shows the recordings for
participant 1AB2 at the highest stimulation level
tested of 80 charge units. All traces show a decrease
in the voltages at the basal end of the array compared
to the apical end. Following removal and replacement
of the recording electrodes, the voltages were much
lower across the electrode array. However, it is notice-
able that the voltages have not changed relative to
their original value: there is a drop of approximately
350 uV for all electrodes. This suggests that there are
two components to these EVs, one which is
common to all electrodes and is sensitive to the pos-
ition of the recording electrode on the mastoid and
another which affects only the basal electrodes and
is insensitive to the position of the recording electrode
on the mastoid.

This effect was not observed for earlobe recordings
for the same participant, also shown in Figure 5.
There was a drop in the voltages towards the basal
end of the electrode array but very little difference in
the voltages for repeated measurements.

Cochlear Implants International 2021 voL. 22 NO. 3

Measurements for different stimulation levels
showed expected increases with level across the elec-
trode array when the active recording electrode was
placed on the earlobe, as shown in Figure 6.

The average EV and standard error for the earlobe
and mastoid recordings were reviewed for the level 3
measurements for individual participants. Standard
errors for individual electrodes for the four level 3
measurements were calculated for earlobe and
mastoid recordings and were averaged across the
array and expressed as a function of the mean EV for
all electrodes for each participant. These are shown in
Figure 7. For earlobe measurements, the standard
error was less than 5% of the mean EV in all but one
case (participant AB1). This participant also had the
smallest absolute voltages and some traces showed
marked baseline drift (earlobe level 3 average 213 uV;
average for the group 959 uV). For mastoid measure-
ments, the standard error was less than 5% of the
mean EV in only three out of nine cases.

The remaining analysis was performed with the
earlobe recordings only.

z
o
E —&— mastoid 1
i —g— mastoid 2
] —&— mastoid 3
=
2 —tr— mastoid 4
i === ariobe 1
H ====earlobe 2
=
& ==0==gariobe 3

=== garlobe 4

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Electrode

Figure 5 Electrode voltages for participant 1AB2 at 80
charge units with the active recording electrode on the
mastoid and earlobe: dotted lines show earlobe recordings
and solid lines show mastoid recordings.



Grasmeder et al. Recording Electrode Voltages on the Skin (REVS) to identify extra-cochlear electrodes

g

—+— L3 earlobe 1

g

—t— L3 earlobe 2

—&— L3 earlobe 3

&

—&— L3 earlobe 4
—#— L2 earlobe 1
~t==|2 earlobe 2

—&— L2 earlobe 3

g

—=—12 earlobe 4

Peak-to-peak Voltage (microVolts)

==-==L1e¢arlobe 1

g

==8--L1earlobe 2

==e--L1earlobe 3

o+

1 2 3 4 5 & 7 8 9 1011 12 13 14 15 16
Electrode

==A=-L1earlobe 4

Figure 6 EVs for participant 1AB2 in different test
conditions and at stimulation levels of 50, 65 and 80 charge
units.

EVs were averaged across electrodes for each con-
dition. Average EVs were found to be normally dis-
tributed for each condition (Shapiro-Wilk p > 0.05).
Repeated measures ANOVA was performed to investi-
gate the effects of stimulation level, filter setting and
first or second measurement.

Mauchly’s test of sphericity gave a significant result
(p <0.001), so the Greenhouse-Geisser correction
was applied. There was no significant effect of filter
setting [F(1,8) =0.677, p > 0.05] and no significant
effect of repeated recording, as expected [F(1,8)=
0.177, p > 0.05] but there was a significant effect of
stimulation level [F(2,16) = 20.7, p < 0.01]. This can
be seen in Figure 8. The changes of EV amplitude
are consistent with the changes in stimulation level
used. There were no significant interactions between
any variables (p > 0.05).

Experiment 2

First a check of the repeatability of measurements was
performed. Measurements were repeated at the same
level and pulse width (two recordings) for electrode

0.20

o

0,15

0.10H

Standard error/mean EV

0,05

— |

T
earlobe

0.00H

rnasltoild

Figure 7 Standard errors for four level 3 measurements
averaged across the electrode array for individual
participants, expressed as a fraction of the mean value for
earlobe and mastoid recordings.

2,000+

1,500

1,000~

500

Average Voltage for all Electrodes (microVolts)

T T T T T T T T T T T T
15t13 Ind L3 3rdL3 4thL3 1stl? 2nd L2 3rd L7 AthL2 1stll Ind L1 3rd L1 dthL1

Figure 8 Boxplots showing the voltages averaged across
electrodes in different test conditions. The heavy line shows
the median value, the boxes represent the 25th and 75th
centiles and the whiskers represent the range of data. L
represents the stimulation level, which was either 1,2 or 3.

15 in MP1, MP2 and CG modes. The standard
error for repeated measurements was calculated for
each mode of stimulation for each participant and in
each case was found to be less than 5% of the mean
EV for that electrode. However, in two cases, the com-
parison was not possible in CG mode, due to the vol-
tages being within the noise floor.

EV measurements in different stimulation modes
are shown in Figure 9.

EVs were compared for electrode 10, as this elec-
trode was tested in all modes and is in the middle of
the electrode array, so was intra-cochlear for partici-
pant 2NS5. Friedman’s test was used, as the data
were not normally distributed [y*(3)=21.0, p<
0.001]. Wilcoxon signed ranks test was used to
compare EVs for electrode 10 between different stimu-
lation modes. This gave the same significant result for
all comparisons [Z = —2.37, p < 0.05].

Eleven electrodes were assigned a voltage of 0 in CG
mode around the null point, due to the voltages being
within the noise floor.

EVs were very different for the migration case 2N5
when compared with those for participants with full
insertions. In monopolar modes, EV amplitudes
dropped substantially at the basal end for the
migration case, becoming negative for the extra-
cochlear electrodes, especially in MP2 mode. CG
and VBP EVs are small for participants with full
insertions, relative to the MP1 and MP2 EVs. The
amplitudes of the CG and VBP EVs are an order of
magnitude larger for the migration case than for
those with full insertions for most electrodes.

In order to investigate the effect of active electrode
position (intra- or extra-cochlear) on monopolar EVs
in more detail, the results for experiments 1 and 2 were
combined for those with repeatable recordings (N =
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Figure 9 EVs in different stimulation modes for participants with Nucleus devices. EVs are shown for all 8 participants in MP1
and MP2 modes; in CG and VBP modes, the results for 7 participants are shown, as the voltages for P2 were too small to
measure. EVs for participant 2N5 with electrode migration are shown for two time intervals. The first measurement was made
3-months post-activation and the second one six months post-activation. At 3-months post-activation, electrodes 1-5 were
extra-cochlear; at 6-months post-activation, electrodes 1-6 were extra-cochlear; electrodes 7-22 were intra-cochlear. Note the

differences in scale for different stimulation modes.

16). There were three participants with extra-cochlear
electrodes; all of these also had deactivated intra-
cochlear basal electrodes. A further five participants
with full insertions had deactivated basal electrodes.
These participants were considered as a separate
group from the participants with full insertions and
all electrodes activated. In order to compare results
for implants from different manufacturers with differ-
ent numbers of electrodes, six electrodes representing
different portions of the array were identified from
across the electrode array, as shown in Table 1.

EVs for these electrodes were compared with the
most apical electrode in each case (E1 for AB and
MED-EL, E22 for Nucleus), as shown in Figure 10.

Within the control group, EVs were compared for
the six selected electrodes using repeated measures

Table 1 Labelling of electrodes for different devices.
Electrode Advanced bionics MED-EL Nucleus
Apical 1 (A1) 2 2 21
Apical 2 (A2) 5 4 17
Medial 1 (M1) 8 6 13
Medial 2 (M2) 10 8 9
Basal 1 (B1) 13 10 5
Basal 2 (B2) 16 12 1

Cochlear Implants International 2021 voL. 22 NO. 3

ANOVA, as these were normally distributed. A signifi-
cant effect of electrode was found F(5,7) = 7.87, p <
0.001. Pairwise comparisons with Bonferroni correc-
tions showed that the EVs for apical electrode A2
were significantly different for those for basal elec-
trode B2.

The non-parametric Kruskal-Wallis test was used
to compare individual electrodes between the three
groups (fully inserted, all electrodes activated; fully
inserted, basal electrode(s) deactivated; partially
inserted /migrated). Bonferroni corrections for mul-
tiple comparisons were applied where appropriate. A
significant effect was found for basal electrodes Bl
[¥’(2) =10.6, p<0.05] and B2 [{*(2)=10.2, p<
0.05]. There was no significant effect of group for
apical electrodes Al [X2(2)=2.84, p>0.05]or A2
[X2(2)=0.759, or middle electrodes p > 0.05], Ml
[x’(2) = 7.01, p>0.05] or M2 [}*(2) = 8.95, p > 0.05].
Pairwise comparisons between groups for the basal
electrodes, using the Mann—Whitney test, gave signifi-
cant differences between the control group and the
basal electrodes deactivated group for basal electrodes
Bl [Z=-249, p<0.05] and B2 [Z=-2.34, p<
0.05]. Similarly, for the extra-cochlear electrodes
group, the Mann—Whitney test gave significant differ-
ences between this group and the control group for
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basal electrodes Bl [Z = —2.45, p < 0.05] and B2 [Z =
—2.45, p < 0.05].

As a significant difference was observed between
EVs for basal electrodes between the full insertion,
basal electrodes deactivated and extra-cochlear elec-
trodes group, further analysis was undertaken to
investigate EVs for activated and deactivated electro-
des. EVs for the last active electrode were compared
with those for the first deactivated electrode, both
relative to the most apical electrode, as shown in
Figure 11 for the eight individuals with at least one
deactivated basal electrode. A paired samples ¢-test
[¢(7) = 3.56, p < 0.01] found that the average EV for
the first deactivated electrode was significantly lower
than that for the last active electrode. This is unlikely
to be due to deactivation, as EVs change smoothly
across the electrode array for these participants, with
no discontinuity at the point of deactivation. The
drop in EV suggests that there is a relationship
between the active electrode voltage (relative to that

.70 - o

.60

EV relative to the EV of the most apical electrode

40

I
last active electrode first deactivated electrode

Figure 11 Electrode voltages for the last active electrode

and first deactivated electrode relative to that for the most
apical electrode.

of the most apical electrode) and the comfort of
stimulation on the electrode.

Discussion

We aimed to evaluate the application of EV measure-
ments, a test normally undertaken to determine device
hardware faults, for the detection of extra-cochlear
electrodes and associated electrode migration. A
voltage change of >20% between adjacent electrodes
is considered abnormal when EV measurements are
made for the purpose of testing a CI device
(Goehring et al., 2014). In order for these compari-
sons to be made, repeated measurements on the
same electrode should give only small changes of
amplitude if these comparisons are to be meaningful.
We considered that the standard error of the measure-
ments should be <5% of the mean voltage.

EV measurements without averaging met this cri-
terion value in monopolar mode for 16 out of 17 par-
ticipants, when the active recording electrode was
placed on the ipsilateral earlobe and the reference
recording electrode on the forehead. This suggests
that this method of recording is suitable for use in
clinic, with the proviso that the repeatability of the
measurements is checked by making at least two
measurements with the same recording conditions. If
the voltages are not repeatable, a higher stimulation
level may improve the repeatability of the measure-
ments. Each recording takes less than five seconds,
so repeating the measurements or making further
recordings using different stimulation levels is not at
all onerous. On the contrary, this method of recording
voltages is convenient, as it does not require bespoke
equipment and can be performed using equipment
which is commonly used for evoked potential
measurements in audiology clinics.
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EV measurements were less repeatable on the
mastoid, suggesting that the voltages change signifi-
cantly in this area over short distances. The mastoid
is also larger than the earlobe, so the placement of
the recording electrode is less likely to be consistent.

Common ground recordings were successful for
some participants without averaging but not for all,
due to the voltages being very small and within the
noise floor in some cases, especially around the null
point. As such it would be better to use averaging
for common ground recordings, to reduce noise and
facilitate measurements in a greater proportion of
adult cochlear implant users for a larger number of
electrodes.

As reported in previous studies (Hughes et al.,
2004), EVs differed between stimulation modes.
Intra-cochlear modes gave small EVs for electrode
arrays which were fully inserted; VBP recordings
gave negative leading traces, similar to measurements
reported in the literature for bipolar+1 recordings
(Hughes, 2013), whilst monopolar traces were positive
leading for all electrodes for fully inserted devices. The
profiles of CG EVs across electrode arrays for fully
inserted devices followed a distinct pattern, which is
typical of CG traces reported in the literature
(Garnham et al., 2001, Hughes, 2013).

Model of EVs in different stimulation modes

In order to assist with the interpretation of recordings
in different stimulation modes, a simple empirically
based mathematical model was developed. As
surface potentials are a far-field recording, the
measured voltage is likely to be dominated by differ-
ences in the current path between the electrodes and
the skin, rather than by the interface between each
of the electrodes and the immediately adjacent
tissue. If current flows out from the cochlea via both
the basal end and the bony walls, as modelling
based on trans-impedance measurements suggests,
there will be at least two current paths contributing
to the measured voltages for each electrode pair;
whereas if current flows out via the basal end only,
as Mens et al.’s model suggests for bipolar stimu-
lation, then the voltage measured at the surface in
bipolar modes can be written as:

Vm(a) = Vbe(a) + Vbe(r) (1)

Where V,,(a) is the measured voltage and V,.(a) and
Vie(r) are potentials at the surface associated with
stimulation of the current path from the active and
return electrodes via the basal end of the cochlea to
the skin respectively.

If this holds true, it will also be possible to predict
the voltages in CG mode from voltages measured in
bipolar modes, because current flow will be via the
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same current path and the measured voltages in CG
mode will be as follows:

1 Nr
Vin(@) = - Viel@) + Vie(r) 2)
i=1

Where V,, is now the measured CG voltage, Nr is the
number of return electrodes (21 for Nucleus devices)
and V(1) are the potentials at the surface associated
with stimulation of the return electrodes in bipolar
modes. We hypothesize that Vic(a) and Vie(r)
reflect a natural distribution of voltages in the
cochlea for this current path and are equal for a
given electrode but of opposite charge. The mean
Vie(r) for E20 was estimated for the five participants
in experiment 2 with full insertions and a full set of
recordings in each stimulation mode, by extrapolating
the mean VBP voltages in the apical direction. This
was based on the assumption that the voltages will
diminish in magnitude towards the apical end, as
shown in Figure 12, in keeping with recordings
made in other studies in bipolar stimulation modes
e.g. (Cullington and Clarke, 1997). This value was
then added to the extended VBP voltage measure-
ments to estimate the mean voltage at the surface
for each active electrode V;.(a) and from there the
mean V(a) in CG mode was predicted (also shown
in Figure 12). The correlation between the anticipated
and measured values was very strong (Spearman’s p =
0.992, p <0.01).

The monopolar voltages were also considered. As
the return electrodes are distant from the electrode
array, there will be separate paths for the return elec-
trodes to the skin. In MP2 mode the electrode is posi-
tioned directly underneath the skin, so we expect there
to be a single current path associated with that

Electrode

Figure 12 Measured and Predicted EVs in CG and VBP
modes for the control group, and predicted voltages
associated with stimulation of active electrodes on the array,
with current exiting the cochlea at the basal end (V},e).
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and V2(MP2)) for the control group.

electrode and the measured voltage to be:
Vin(@) = Veela) + V2(r) 3)

Where V,(r) is the voltage at the surface associated
with stimulation of the return electrode; this should
be the same for each Vic(a). The estimated Vie(a)
from the extended VBP recordings was subtracted
from V,(a) for the monopolar recordings, giving an
estimate of the mean value of V,(r) for MP2 record-
ings. The same procedure was applied for MPI
recordings, although in this case the return electrode
is not in direct contact with the skin so there may be
more than one current path from the return electrode
to the skin. The estimated V,(r) values are shown in
Figure 13.

V,(r) should have the same value for each active
electrode in each monopolar mode; here the estimated
value of V5(r) is similar across the electrode array
(except for E8 and E15, where the stimuli had wider
pulse widths), suggesting that the same current path
from the active electrode via the basal end to the
skin was used in monopolar stimulation as in CG
and VBP stimulation. The fact that V,(r) is so much
larger than Vye(a) suggests that only a limited
amount of current exited the cochlea or alternatively
that the current path from the cochlea to the recording
electrode was much more difficult than that from the
return electrode to the skin, for those within the
control group.

For the migration case, VBP recordings were only
available for four intra-cochlear electrodes, meaning
that V,.(E20) could not be easily estimated from the
VBP measurements. Instead, the variation in Vy.(a)
across the electrode array was taken from the MP2
recordings and then Vy(a) for each electrode was esti-
mated by adding an offset in keeping with the VBP
recordings. This is shown in Figure 14. Finally,
V(@) in CG mode was predicted and compared

with the measured values, also shown in Figure 14.
The agreement between the predicted and measured
values was very good (Spearman’s p=0.991, p <
0.01), suggesting that there was only one current
path between the active electrode and the skin in the
migration case also. The voltages were very much
larger in CG and VBP modes when compared to
those for the control group, suggesting that more
current was able to exit the cochlea in the migration
case. V4, for the basal electrodes was larger in magni-
tude than V5(r), so there is no suggestion of a difficult
current path from the cochlea to the recording elec-
trode on the surface.

Temporal bone studies have shown that fibrotic
tissue frequently develops around CI electrode
arrays, but varies considerably in thickness and mor-
phology between individuals (Kamakura and Nadol,
2016). We considered the possibility that fibrosis
might have facilitated current flow across the round
window for both intra-cochlear and extra-cochlear
electrodes. The implant which had migrated was
explanted and the patient received a new device.
Extensive tissue growth around the electrode array
was observed at the time of revision surgery. On
removal of the array a cuff of tissue was found
which was firmly adhered to the array. This tissue
was fixed then removed from the array and prepared
for histological analyses. A case report detailing the
hearing performance and electrical measures along
with the distribution of connective tissue and cell
types within and along the fibrotic mass has been
accepted for publication (Hough et al., in press).

It is likely that current flowed through the fibrotic
tissue for the extra-cochlear -electrodes in the
migration case, which may account for the normal
impedance measurements. The EV measurements
suggest that the direction of current flow in MP
modes was back into the cochlea rather than along

x-ﬂ~u-.ip-_y§_¥_1|:-£_;: 13

Electrode Voltage (microValts)
J

Electrode

==@==Predicted (G Voltages =——@=— Measured CG Voltages ——M=— Measured VEF

==¥== Estimated Vbe —p Measured MP2

Figure 14 Measured EVs in CG, VBP and MP2 modes for the
migration case, and predicted voltages in CG mode and

those associated with stimulation of active electrodes on the
array, with current exiting the cochlea at the basal end (V},¢)-
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the electrode wire towards the receiver/stimulator (as
negative leading pulses are associated with current
flow in the apical direction, as observed for measure-
ments made in variable bipolar mode). They indicate
that the current path for extra-cochlear electrodes was
similar to that for intra-cochlear electrodes but their
presence increased the amount of current flow along
that path; this was evidenced by large EVs in intra-
cochlear modes, even when apical electrodes were
stimulated.

Looking back to Figure 2 and the finding that there
were two contributions to the MP EVs for participant
1AB2, the likely explanation for this is that V,(r)
varied across the mastoid but not on the earlobe.
The earlobe is well placed to pick up voltages associ-
ated with stimulation of electrodes both on the array
and on the receiver/stimulator package.

Another interesting finding was that EVs differed
for intra-cochlear basal electrodes which were acti-
vated or deactivated, although this was not associated
with a discontinuity in the voltages along the electrode
array at the point of deactivation. The deactivated
intra-cochlear electrodes had all been deactivated
prior to the study, typically because of discomfort or
poor loudness growth. A possible explanation for
the discomfort or poor loudness growth which
resulted in deactivation is that current was able to
flow out of the cochlea into the middle ear for the
basal electrodes, causing discomfort. The EVs for
the basal electrodes suggest that the limit of comfort
for basal electrodes may be represented by a drop of
approximately 30% in the EV when compared with
the EV for the most apical electrode. Further investi-
gation of this effect would be beneficial, including
comparing voltages for basal electrodes with different
apical electrodes, as the most apical electrode did not
always have the highest EV. This suggestion is consist-
ent with the observation that the number of deacti-
vated electrodes was approximately double the
number of extra-cochlear electrodes for the three
patients with extra-cochlear electrodes in this study.

Conclusions

Electrode voltage measurements for CI electrodes
were made without averaging using standard evoked
potentials equipment and were found to be mostly
repeatable for recordings made in monopolar mode
with adult CI users with the active recording electrode
on the earlobe and the reference recording electrode
on the forehead.

EVs measured in monopolar modes differed greatly
for basal electrodes for fully inserted devices with all
electrodes activated compared with those with deacti-
vated basal electrodes or extra-cochlear electrodes. In
two cases with extra-cochlear electrodes, basal EVs

Cochlear Implants International 2021 voL. 22 NO. 3

had reversed polarity compared to EVs for apical
electrodes.

The polarity reversals suggest that the voltage
associated with current leakage from the cochlea via
the basal end was larger than that recorded from the
return electrode. In one case, the device was explanted
as a result of migration and it was found that a large
amount of fibrotic tissue had developed around the
electrode array. We hypothesize that this facilitated
current flow into and out of the cochlea. If a
migration case does not result in the development of
fibrosis around the extruded electrodes, electrode
impedances may show an open circuit and EVs may
have very low amplitudes on these electrodes. A
single electrical test for electrode migration may not
be possible but a combination of measures could be
effective for this purpose.

Our results suggest that recordings of EV made in
monopolar mode with adult CI users are sensitive to
the position of the basal electrodes and may be suit-
able as a test for electrode migration, particularly
when combined with impedance or trans-impedance
measurements. The results also yield novel insights
into the nature of current flow from CI electrodes,
suggesting that the basal end is the main source of
current leakage from the cochlea for adults with
normal anatomy. Further investigation is required to
develop the test for routine use in CI clinics.
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