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References for electrophysiological measurements for
intraoperative verification of placement for several types

of Cl electrodes

Vergleichswerte elektrophysiologischer Messungen zur intraoperativen

Lagekontrolle bei verschiedenen Cl-Elektrodentragern

Abstract

Quality assured implantation and fitting of cochlear implants (Cl) is
based on several pre-, intra- and postoperative audiological measure-
ment methods. Verification of Cl electrode position is an important part
of the intraoperative measurements during the implantation. Postoper-
ative electrode localization checks are usually based on CT scan and
conventional X-Ray and lead to an additional radiation exposure for the
patient. Spread of Excitation measurement (SOE) is an alternative intra-
operative electrophysiological method avoiding especially postoperative
imaging techniques. Several studies have shown that this objective
method can detect a “tip foldover” and is therefore suitable as a fast
and cost efficient procedure to detect electrode displacements during
the procedure. For evaluation this method needs standardized measure-
ment protocols and electrode specific normal values. In our study this
was performed, analyzed and discussed in 37 patients using different
electrodes.

Keywords: cochlear implants, intraoperative measurements, spread of
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Zusammenfassung

Die Grundlage fur eine qualitatsgesicherte Versorgung mit Cochlea-Im-
plantaten (Cl) bilden eine Reihe pra-, intra- und postoperativer audiolo-
gischer Messmethoden. Die postoperative Kontrolle der Cl-Elektroden-
lage ist dabei ein wichtiger Bestandteil der operativen Phase der CI-
Versorgung. Diese erfolgt konventionell radiologisch, welche jedoch mit
einer zusatzlichen Strahlenbelastung fur den Patienten verbunden ist.
Ein alternatives rein funktionsdiagnostisches Verfahren ohne Strahlen-
belastung stellt die Spread Of Excitation-Messung (SOE) dar. In friheren
Arbeiten konnten die Autoren zeigen, dass durch dieses Verfahren ein
intraoperativ aufgetretenes ,Tip-Foldover” nachgewiesen werden kann.
Prinzipiell eignet sie sich somit als schnelle, belastungsfreie und auch
kostenglinstige Prozedur zur Objektivierung und Differenzierung einer
Elektrodenfehllage. Fur die Etablierung eines solchen Verfahrens sind
ein einheitliches Vorgehen bei der SOE-Messung sowie elektrodenspe-
zifische Vergleichswerte (Normdaten) notwendig. In dieser Arbeit werden
von den Autoren ein geeignetes Test-Setting, SOE-Messungen von ins-
gesamt 37 Patienten mit verschiedenen Elektrodentragern sowie ein
Normierungsverfahren vorgestellt und diskutiert
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Introduction

The treatment of severe to profound hearing loss using
a cochlear implant (Cl) has been established for many
years. The treatment is divided into four successive
phases. Preoperative diagnostics with indication and
planning of the operation are at the beginning of CI
treatment. During the surgical phase, the implant and
the electrodes required for electrostimulation are im-
planted. The basic therapy and the subsequent lifelong
follow-up therapy train, evaluate and document the
hearing success. This multidisciplinary care concept is
condensed in a Sk2 guideline [1].

Audiological services are an essential part of a multidisci-
plinary therapy concept in all phases of Cl care. The type
and scope of these audiological services were published
as a basic recommendation in a consensus paper by the
German Society of Audiology (DGA) [2].

The surgical phase in particular comprises three important
audiological tasks: testing the integrity of the implant,
testing the neural coupling of the implanted electrode
array and checking its position. A number of equivalent
methods are available for these three tasks, the choice
of which should be made depending on the situation [3].
Currently, projection radiologic control (images according
to Schuller or Stenvers) is the “gold standard” for assess-
ing the position of the electrode array [4], [5]. From a ra-
diation hygiene and economic point of view, functional
diagnostic procedures offer an alternative for document-
ing the correct electrode position. In the work of
Walkowiak et al. [6] and Grolman et al. [7], spread of ex-
citation (SOE) measurements were described for intraop-
erative electrophysiological position monitoring of the
inserted Cl electrode array. Such a procedure would rep-
resent an objective, fast and cost-effective measurement
method, which would only have to be followed by a radi-
ological examination if the results could not be interpreted
well enough. It could also offer the surgeon the opportun-
ity to correct the position of the electrode array intraoper-
atively.

According to Grolman et al. [7], the measurement and
especially the evaluation of intraoperative SOE measure-
ments have so far been highly dependent on the exam-
iner. Grolman et al. [7] describe that the intraoperative
measurements and the assessment of the position of the
electrode array were performed by a qualified and expe-
rienced audiologist in all but one cases. In this one case,
the correct position of the electrode array was not recog-
nized by a qualified but less experienced audiologist.
The comparison of individual measurements with data
from a comparison group within a measurement method
is a proven means of evaluating normal values. Test
procedures, for example in the sense of screening, require
a clearly described test range and stable comparative
values. Such standards are desirable for intraoperative
position monitoring of Cl electrode wearers.

Objective

To date, there is no established standard for monitoring
the position of Cl electrode wearers using SOE measure-
ments. Uniform stimulation and measurement conditions
as well as comparative values in the sense of normal
data are fundamental for their diagnostic use. In order
to optimize the stimulation and measurement conditions
for the SOE measurement, the following objectives were
set for this study:

* Creation of an intraoperatively robust and time-effec-
tive measurement setup

* Inter-individual comparability of the measurement
results

* Determination of a reference standard for position
control independent of the electrode holder

In the following, the authors present their test setup for
intraoperative electrophysiological position monitoring of
the implanted Cl electrode array. The SOE measurements
obtained with different electrode arrays and a standard-
ization procedure are then discussed.

Methods

Patients

This prospective, bi-center study included 37 patients
(22 female/15 male) with unilateral or bilateral deafness
who were implanted or reimplanted in Greifswald or Berlin
between August 2013 and December 2015. Preoperative
diagnostics excluded absolute and relative contraindica-
tions as defined by the guideline [1] for Cl treatment in
all patients.

The patients were fitted with Cochlear™ Nucleus® CI24RE,
Cl422, CI512 or CI522 implants. A Slim-Straight electrode
array was implanted in 17 cases and a Contour Advance™
electrode array in 20 cases. Electrode insertion was
complete and without complications in all cases. Post-
operative monitoring confirmed correct electrode position
at the latest at the time of initial fitting. This was con-
firmed radiologically or by subjectively checking the
tonotopy of all intracochlear electrodes in accordance
with Battmer [8].

After processing and analyzing all individual intraoperative
measurement data (ECAP thresholds or SOE), the patients
were included in or excluded from the comparison group.
A total of 34 patients (21 female/13 male) with unilateral
or bilateral-sequential Cl initial treatment were included
in this comparison group. In the case of bilateral-sequen-
tial treatment, the last ear treated was included. The age
of these patients at the time of fitting ranged from 8
months to 76 years with a mean age of 24.6 years. The
number of electrode types in the comparison group was
15 Slim-Straight and 19 Contour Advance™. The inclusion
parameters are described below.

Three patients (1 female/2 male) could not be included
in the comparison group. These are discussed separately.
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The inclusion and exclusion criteria are presented in detail
below.

Intraoperative measurements

The manufacturer’s clinical software Custom Sound® EP
4.x (CS EP) was used for all intraoperative measurements.
Immediately after insertion of the electrode array into the
cochlea and placement of the reference electrode, the
following measurements were performed:

* Impedance telemetry

* Triggering of the electrically evoked stapedius reflex
with successive stimulation of individual electrodes.

* Measurement and threshold determination of electric-
ally evoked compound action potentials (ECAP) of all
intracochlear (22) electrodes in AutoNRT mode (250 Hz
stimulation rate, 25 us phase duration, 35 averages)

¢ Position control measurement - Spread of Excitation
(SOE)

After wound closure, a final impedance telemetry was
performed.

For the position control measurement, a “Spread of Exci-
tation” (SOE) measurement series selectable in the CS
EP software was modified. The choice of stimulation
electrode was based on its position outside an expected
foldover area of the electrode array [7]. Miller et al. [9]
describe a range of intracochlear electrodes 9 to 13 with
the lowest scatter of the ECAP threshold in intraoperative
measurements. Therefore, electrode 13 was determined
to be the active stimulation electrode. Missing individual
measurements were added to the preset measurement
series to obtain a complete series in the apical electrode
direction. The basic settings are shown in Table 1. The
modified measurement series was saved in the CS EP as
a template and used unchanged.

Depending on pathological changes in the inner ear (e.g.
ossification, malformation) and the type and position of
the electrode array in the scala tympani, the ECAP
threshold (AutoNRT) is an indirect measure of the quality
of the electrode coupling to the neuronal structure and
is subject to great interindividual variability (cf. [9]). Nev-
ertheless, in order to enable interindividual comparability
of the SOE measurement series, the SOE was measured
in all cases at approximately the stimulation intensity
(current units [cu]) which was found as the ECAP
threshold of electrode 13 in AutoNRT mode. The phase
duration for stimulation of the SOE measurement was
doubled to 50 pys compared to the AutoNRT algorithm.
The orientation to the ECAP threshold thus only serves
as an inter-individual normalization point.

Evaluation and data analysis of the ECAP
measurements and inclusion criterion
in the comparison group

All measurement series were also evaluated using the
CS EP software.

All ECAP measurements (AutoNRT and SOE) were low-
pass filtered at 4 kHz [10]. Following Hey and Muller-Deile
[11], ECAP measurements with an N1-P1 amplitude of
less than 10 yV were not considered.

The threshold evaluation of the ECAPs from the AutoNRT
of electrode 13 was performed manually. The lowest
stimulation intensity with recordable ECAP amplitude was
designated as the “visual T-NRT”. Furthermore, the soft-
ware-internal regression was used to determine the “ex-
trapolated T-NRT”.

Within each SOE measurement series, the positions of
the markers for the N1 and P1 latency were set the same
for all individual measurements based on the clearly
suprathreshold ECAP amplitudes. The masker stimulation
at electrode 15 led to an incorrect measurement in all
cases, as this was used as a recording electrode (cf.
Table 1).

The data analysis for inclusion in the comparison group
was carried out in two steps. Only those measurement
series were included whose ECAP threshold measurement
(AutoNRT) could be classified as a “normal case” accord-
ing to Muller et al. [9] - criterion 1. If the ECAP amplitudes
of the subsequent SOE measurement showed a strictly
monotonically decreasing course in the apical direction
- criterion 2, this SOE measurement series was included
in the comparison group. From these data, the position
and scattering measures of the individual electrode types
were determined in absolute terms. For an analysis of
the data independent of the respective implanted elec-
trode type, the position and scatter dimensions of all
measurement series were created in normalized repre-
sentation. The distribution of electrode-specific measured
values between the Contour Advance™ and Slim-Straight
electrode categories was analyzed using the Wilcoxon
rank sum test for unpaired samples. Subsequently, indi-
vidual SOE measurement series that could not be in-
cluded in the comparison group were compared with
these results.

Table 2 lists the mean values and standard deviation of
the two ECAP threshold determination methods for the
threshold determination of electrode 13 and, for compar-
ison, the mean stimulation intensity of all SOE measure-
ments of the comparison group.
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Table 1: Settings for the Spread of Excitation measurement for the position control of the Cl electrode array in the Custom
Sound EP 4.x software (Cochlear® Ltd.). The table contains the settings of the “Basic Parameter Set”. The settings of the
“Advanced Parameter Set” were not changed after creating a “Spread of Excitation” series. The stimulation intensity was

selected according to the ECAP threshold (AutoNRT) of electrode 13.

Basic parameter set

Probe active electrode 13

o | Sample indifferent electrode MP 1

E‘ Probe current level @ T-NRT

& | Probe pulse width [us] 50
Sample rate [Hz] 40
Masker active electrode Variable
Masker indifferent electrode MP 1

5 Masker current level @ T-NRT

< | Masker pulse width [us] 50

:Eu Number of maskers 1
Masker rate [Hz] NA
Masker probe interval [us] 400
Recording active electrode 15

o | Recording indifferent electrode MP 2

< | Gain [dB] 50

g [Delay [us] 122

& |Artefact cancellation technique Forward masking
Artifact reduction Off

oy Number of sweeps 50

.? Measurement window [us] 1,600

3 Effective sample rate [kHz] 20

Table 2: The manual evaluation of the AutoNRT thresholds measured during stimulation of electrode 13 of all measurement
series of the comparison group. The lowest stimulation intensity with recordable ECAP amplitude was designated as “visual
T-NRT". The software-internal regression for determining the ECAP threshold was labeled “extrapolated T-NRT”. The stimulation
intensity for the SOE measurement was selected approximately at visual T-NRT. The table shows the mean values and standard
deviation of the values of all measurement series included in the comparison group.

visual T-NRT | extrapolated T-NRT | SOE stimulation
(AutoNRT) (AutoNRT) intensity
Mean value 195.91 cu 192.33 cu 195.44 cu
Standard deviation 13.41 cu 15.74 cu 11.58 cu

Results

Electrode type-specific results

Figure 1 shows the electrode type-specific position and
scattering mass of the measurement results of typical
SOE amplitude curves. While the absolute ECAP ampli-
tudes are significantly higher when using the Contour
Advance™ electrode array than when using the Slim
Straight electrode array, both electrode arrays show a
similar monotonically decreasing amplitude curve in the
apical direction. The dispersion of the absolute values of
the ECAP amplitudes is significantly greater with the
Contour Advance™ electrode array.

Standardization of the results

In order to create the possibility of a comparison of the
SOE profile independent of the electrode type, each indi-
vidual measurement series was normalized. The normal-
ization is based on the division by the value of the abso-
lute ECAP amplitude during Masker stimulation of elec-
trode 14, as this showed the maximum ECAP amplitude
in the median for both electrode types. Figure 2 shows
the scattering of the measured values which lie up to
twice the interquartile range around the median. There
are electrode type-specific differences with regard to the
scattering of the measured values. However, the median
does not show any significant differences in the course.
The statistical comparison of the measured values across
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Figure 1: Spread of excitation measured during stimulation of electrode 13. The complete ECAP amplitude curve of the electrode
types Contour Advance™ (white, N=19) and Slim Straight (gray, N=15) is shown separately above the stimulation position of
the masking pulse. The boxes show the median and the quartiles. The whiskers show the absolute dispersion.
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Figure 2: Normalized representation of the spread of excitation measured during stimulation of electrode 13. Normalization
was performed individually to the ECAP amplitude during masking stimulation of electrode 14. The normalized ECAP amplitude
curves of the electrode types “Contour Advance™” (white, N=19) and “Slim Straight” (grey, N=15) are shown separately above
the stimulation position of the masking pulse. The boxes show median and quartiles. The whiskers show the twofold interquartile

range.

the Contour Advance™ and Slim Straight electrode arrays
did not prove to be significantly different.

In the range of masker stimulation between electrodes
14 to 22 and 1 to 14, exponential functions were approx-
imated to the mean value of the normalized ECAP ampli-
tudes of all 34 measurement series (Figure 3). These
functions can be described by the following equations:

¥,=3.9093 e % for [22>x>14]
¥,=0.0114 e™**** for [13>x>1]

The coefficient of determination of this exponential
function resulted in:

R,=0.9924 for [22>x>14]
R,=0.9469 for [13>x>1]
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Figure 3: Position and spread of all values. The boxes show the median and quartiles, the whiskers the twofold interquartile
range. The constrictions illustrate the 95% confidence interval of the median. The trend lines were approximated to the median
in the areas around electrode 13.

Not inconspicuous position of the
electrode array

An actual malposition (tip foldover) of an implanted
electrode array has never been documented intraopera-
tively. Figure 4 shows three examples in which a conspicu-
ous position of the electrode array could not be confirmed
when comparing the measurement series to the refer-
ence. In such cases, the position of the electrode array
was described as “not inconspicuous”. The measurement
series of the individual examples were compared against
the median and the spread of the quartiles of the refer-
ence group. The subsequent postoperative position check
confirmed the correct position of the electrode array in
all three cases.

Discussion

The design of the electrode array plays a significant role
in the measurement and evaluation of electrically evoked
compound action potentials (ECAP). With perimodiolar
electrode array designs, ECAP thresholds can be mea-
sured at significantly lower stimulation levels [12], [13].
The electrode array-specific measurement results of the
spread of excitation measurements shown in Figure 1 il-
lustrate this correlation. The stimulation level for the SOE
measurement was selected depending on the individually
measured ECAP threshold (electrode 13). It can be seen
that a significantly higher ECAP amplitude is detectable
in perimodiolar electrode arrays. Likewise, the ECAP
amplitude scattering within the SOE measurement series
varies depending on the electrode.

The SOE measurement for assessing the position of the
electrode array is based on an evaluation of the influence
of a masking stimulus (masker) on the ECAP amplitude
at different spatial distances from the actual measuring
pulse (sample). The apical region is of particular interest
when evaluating the position, especially with regard to
possible tip foldover. The SOE measurement series
measured with the same stimulation pattern on different
Cl electrode arrays show a very homogeneous course in
the normalized representation (Figure 2). An apparent
observation of the course of the median between elec-
trodes 14 to 22 shows an almost congruent course of
the electrode-specific SOE measurement series. The
normalized representation also clearly shows the increas-
ing variability with the distance of the masker. Assuming
that misalignments of the electrode support in the sense
of a “tip foldover” occur in the apical area of the electrode
array, a detailed examination of the basal area was
omitted.

For the electrode-independent analysis, the position and
scattering values of all measurement series were shown.
Since a normal distribution cannot be assumed for the
measurement data, it is not expedient to consider the
mean value here. The exponential course of the median,
primarily in the apical direction, with a coefficient of de-
termination of over 99% can be interpreted as a clear
measure of the robustness of this method.

The standardized measurement results show that when
using an SOE stimulus paradigm based on the previously
determined ECAP threshold, a comprehensive evaluation
for position control of different electrode arrays of a Cl
manufacturer can be performed. Our results also show
that the determination of specific standardized data for
certain electrode arrays is possible with regard to the
accuracy of the method, but does not necessarily have
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Figure 4: Examples of “inconspicuous” spread of excitation measurement series in normalized representation. The constrictions
mark the 95% confidence interval of the median and the quartiles. The whiskers show the simple interquartile range of the
entire comparison group. Example A (male, 54 years, C1522) shows an insufficiently falling amplitude curve Example B (male,
32 years, Cl422) shows a measurement series with a horizontal amplitude curve. Example C (female, 43 years old, CI24RE,
re-implantation) shows an excessively steep amplitude curve.

to be carried out with regard to a general screening pro-
cedure specific to a manufacturer.

The spread of excitation measurement is a fast and reli-
able examination method for checking the position of the
electrode array. As an integral part of intraoperative
measurements, it is also not associated with any addition-
al stress or risk for the patient. Compared to routine ra-
diological position checks, this method is a very time-effi-
cient alternative with an intraoperative measurement
time of less than 2 minutes.

Examples of “inconspicuous” position of
the electrode array

The diagrams in Figure 4 document SOE measurement
laths in which a correct position of the electrode support
could not be confirmed in comparison to the normal val-
ues.

A borderline case is shown in Figure 4A of a male patient
(54 years, CI522). Although there is a hint of a falling SOE
profile here, the profile does not follow the exponential
course of the trend line (cf. Figure 3). A deviation from
the monotony can be seen particularly in the area of
electrodes 20 to 22. The stimulation to SOE took place
at 170 cu and is thus about 25 cu below the average
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stimulation intensity of comparable SOE measurements.
In contrast to the procedure described above, the mea-
surements were carried out after wound closure. No
other external influencing factors were observed. It should
be noted that changes in the surgical procedure can
cause changes in the boundary conditions of the ECAP
measurements, which can influence the evaluation of
the SOE result.

The ECAP thresholds of the AutoNRT of the second ex-
ample (Figure 4B, male, 32 years, Cl422) were visual T-
NRT=224 cu and extrapolated T-NRT=221.9 cu. Thus,
the SOE measurement was performed at a stimulation
level of 220 cu. The non-monotonically decreasing course
of the ECAP amplitudes can be interpreted here as an
almost completely saturated excitation of the cochlea by
the electric field of the masking pulse. The mean stimu-
lation level of the SOE measurements of the normal group
was 195 cu. Consequently, SOE measurements at signi-
ficantly higher stimulation levels compared to the control
group can lead to false-negative results when assessing
the position of the electrode array.

The measurement series of the third example (Figure 4C)
of a 43-year-old female patient was taken during Cl revi-
sion surgery with a CI24RE. The stimulation level of the
SOE was selected at 195 cu. Nevertheless, no complete
SOE profile was measurable with masker stimulation of
the apical electrodes. An SOE profile with a clearly
steeper decline was observed. It can be assumed that
the intraoperative conditions during Cl revision surgery
were so altered that the measurability of ECAP was im-
paired.

Limits of the procedure and outlook

There are also limits to purely electrophysiological position
monitoring. The clear measurability of ECAP is a manda-
tory prerequisite for such a method. ECAPs cannot be
measured or can only be measured poorly if the electrode
integrity is insufficient. The absolute stimulation intensity
is also a limiting factor in SOE measurement. The values
shown in Figure 4 illustrate that at very high stimulation
levels the influence of the masker along the electrode
array does not decrease strongly enough. This leads to
an insufficiently steep exponential curve and thus to false-
negative test results. However, too low stimulation can
also lead to false-negative results. If no usable ECAP can
be measured during apical mask stimulation, no state-
ment can be made about the course of the SOE. Although
an actual radiologically confirmed malposition of the im-
planted electrode array was not found in any of the 34
cases, the results shown in Figure 4 show the potential
of this method for an intraoperative screening procedure
to detect such a malposition. Especially in connection
with the intraoperative measurability of ECAPs [9] and
the associated possibility of classification, an intraoper-
ative, multi-stage, ECAP-based screening procedure can
lead to an even safer Cl fitting. Only in the case of incon-
clusive ECAP or SOE measurement results would radiolo-

gical imaging examinations be necessary as a follow-up.
The work of Mittmann et al. [14] represents an addition
to the electrophysiological inventory of methods for intra-
operative position monitoring of an implanted perimo-
diolar electrode array with regard to scale breakthroughs.
Current developments in the field of Cl fitting aim to
achieve the most atraumatic insertion possible with
maximum residual hearing retention by using even thinner
and more fragile electrode array designs. This develop-
ment is clearly to be welcomed in terms of improving the
quality of care. In the authors’ opinion, the risk of malpo-
sition of implanted electrode arrays could increase with
such electrode designs. Electrophysiological position
monitoring is gaining in importance against the back-
ground of a cost- and time-efficient surgical phase of Cl
fitting. Intraoperative multi-stage Cl electrode screening
would fulfill this task.
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