SMIAGZIUMIPXZOBBGROATOAEIOYIASALLIAIPO0AEIEAHIDNI/AD AUMY TXOMA

DUOINXFOHISABZIYTCA+eyNIOITWNOTZTARHHJRSGHINAUG Aq Bulresy-res/wod mm| sfeulnol//.dny woly pspeojumod

€20¢/60/50 Uo

Postoperative Impedance-Based Estimation of Cochlear
Implant Electrode Insertion Depth

Stephan Schraivogel,'# Philipp Aebischer,'* Franca Wagner,’ Stefan Weder,*
Georgios Mantokoudis,> Marco Caversaccio,"? and Wilhelm Wimmer!>#

Objectives: Reliable determination of cochlear implant electrode posi-
tions shows promise for clinical applications, including anatomy-based
fitting of audio processors or monitoring of electrode migration during
follow-up. Currently, electrode positioning is measured using radiogra-
phy. The primary objective of this study is to extend and validate an
impedance-based method for estimating electrode insertion depths,
which could serve as a radiation-free and cost-effective alternative to
radiography. The secondary objective is to evaluate the reliability of the
estimation method in the postoperative follow-up over several months.

Design: The ground truth insertion depths were measured from postopera-
tive computed tomography scans obtained from the records of 56 cases
with an identical lateral wall electrode array. For each of these cases, imped-
ance telemetry records were retrieved starting from the day of implantation
up to a maximum observation period of 60 mo. Based on these recordings,
the linear and angular electrode insertion depths were estimated using a
phenomenological model. The estimates obtained were compared with the
ground truth values to calculate the accuracy of the model.

Results: Analysis of the long-term recordings using a linear mixed-
effects model showed that postoperative tissue resistances remained
stable throughout the follow-up period, except for the two most basal
electrodes, which increased significantly over time (electrode 11: ~10 Q/
year, electrode 12: ~30 Q/year). Inferred phenomenological models from
early and late impedance telemetry recordings were not different. The
insertion depth of all electrodes was estimated with an absolute error of
0.9mm + 0.6 mm or 22° + 18° angle (mean + SD).

Conclusions: Insertion depth estimations of the model were reliable over
time when comparing two postoperative computed tomography scans
of the same ear. Our results confirm that the impedance-based position
estimation method can be applied to postoperative impedance telemetry
recordings. Future work needs to address extracochlear electrode detec-
tion to increase the performance of the method.
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position, Follow-up, Hearing preservation, Radiation-free.
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INTRODUCTION

Cochlear implants (CIs) are highly effective neuroprostheses
for patients with partial or complete deafness; it is estimated
that more than 1 million systems have been implanted world-
wide (Zeng 2022). In addition to restoring hearing through
electrical stimulation of the auditory nerve, modern CIs have
telemetry capabilities that enable the measurement of electri-
cal impedances and neural responses. Impedance telemetry has
been routinely used in clinical practice to check the integrity
of the implant and to detect open or short circuits (Carlson et
al. 2010). Furthermore, advances in impedance field telemetry
(IFT) provide information about the patient’s anatomy and CI
electrode contacts (Vanpoucke et al. 2004; Tykocinski et al.
2005). This led several research groups to develop methods to
infer electrode positions (de Rijk et al. 2020; Dong et al. 2021;
Hou et al. 2021; Klabbers et al. 2021; Hoppe et al. 2022), the
array orientation during insertion (Hafeez et al. 2021), and
the proximity of contacts to the modiolus or the facial nerve
(Giardina et al. 2017; Pile et al. 2017; Bruns et al. 2021; Sijgers
et al. 2022) from IFT data.

In a previous study, a phenomenological model was pro-
posed to estimate linear and angular insertion depths of CI
arrays using intraoperative IFT recordings (Aebischer et al.
2020). The model is based on the correlation between a sub-
component of the measured clinical impedances and ground
truth linear electrode insertion depth from computed tomog-
raphy (CT) scans (obtained by manually labeling and calcu-
lating the linear distance of the electrodes from the round
window [RW]). Since the definition of the cochlear view by
Xu et al. (2000), knowledge of the CI insertion depth is of
clinical importance for postoperative evaluation. Either imme-
diately to verify the surgical outcome (O’Connell et al. 2016;
Rathgeb et al. 2019) or later in the follow-up to monitor elec-
trode migration (Dietz et al. 2016) or to explain parts of the
variability in postoperative speech understanding outcomes
(Chakravorti et al. 2019). In addition, CI audio processor fit-
ting can be personalized to take into account patient anatomy
and electrode locations, potentially improving hearing out-
comes (Venail et al. 2015; Kurz et al. 2022; Mertens et al.
2022). The current gold standard for determining intraco-
chlear electrode positions is radiography, which entails radia-
tion exposure, requires dedicated infrastructure, and incurs
additional costs, limiting its use in routine clinical practice
(McCollough et al. 2015). Therefore, a cost-effective and radi-
ation-free alternative method would be of great value to the
clinical community, especially for children (Ehrmann-Miiller
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et al. 2020). Alternative methods could infer electrode posi-
tions using facial nerve stimulation (Herrmann et al. 2022),
electrically evoked compound action potentials (Lambriks et
al. 2023), or electrocochleography (O’Connell et al. 2017).
In addition, the impedance-based estimation model proposed
by Aebischer et al. (2020) showed potential applicability but
was based on a small data set of intraoperative IFT record-
ings. Further analyses with larger sample sizes are needed
to evaluate the method’s applicability in the long term. This
is especially important since clinical impedances are known
to change during the postoperative follow-up period due to
immune responses and intracochlear inflammatory reactions
(Vargas et al. 2012; Wolf-Magele et al. 2015; Hu et al. 2020;
Alhabib et al. 2021; Wimmer et al. 2022a).

Therefore, the aim of this study is to evaluate whether
the method proposed by Aebischer et al. (2020) can also be
applied to postoperative IFT recordings. We hypothesized
that tissue resistances, subcomponents of clinical imped-
ances, remain stable during postoperative follow-up, mak-
ing the phenomenological model suitable for postoperative
recordings.

MATERIALS AND METHODS

Study Design and Demographics

We performed a retrospective analysis of impedance telem-
etry and CT data from patients who underwent cochlear implan-
tation between March 2015 and February 2021. The study was
approved by our local institutional review board (ID 2019-
01578). Only data from patients implanted with the electrode
array most commonly used at our center (FLEX?; MED-EL,
Austria) were included in the analysis.

Each patient was required to have a preoperative CT scan
obtained during the assessment of eligibility for CI and at least
one postoperative CT scan obtained either within 5 days of
the implantation or within 5 days of the activation (day 28). In
total, data were obtained for 56 cases from 48 patients (eight
bilateral cases; 36 females and 20 males). The patients’ age
ranged from 0 to 81 years (median age 49 years), and there
were 19 left and 37 right-sided implantations. In all cases,
cochlear implantation was performed using a RW approach,
and electrode arrays were stabilized with fat tissue and tem-
poral fascia.
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Impedance Telemetry Data

For each case, all available IFT recordings were retrieved from
the day of implantation to the time of this study. All IFT data were
recorded using the standard clinical protocol of the manufacturer’s
telemetry software (MAESTRO; MED-EL) with an amplitude
and pulse width of approximately 300 pA and 27 ps, respectively.
The voltage potential at the recording electrode was measured at
the end of the second phase of the charge-balanced biphasic pulse
(Zierhofer et al. 1997). IFT recordings were checked for anomalies
such as short or open circuits detected by the telemetry software.
If more than one electrode failed to record a valid potential (i.e., a
short circuit or open circuit was detected), the respective IFT record-
ing was excluded from the dataset. If the affected IFT was recorded
closest to and thus associated with the first postoperative CT scan,
the corresponding case was excluded from the study. Otherwise,
data indicating a short circuit or open circuit in the recorded volt-
age matrix were interpolated from neighboring electrode contacts
(in four IFT recordings from three cases). The voltage matrix was
divided by the stimulation current to obtain the impedance matrix.
Tissue resistances were calculated from the impedance matrix using
bivariate spline extrapolation (Aebischer et al. 2020). Tissue resis-
tances represent the electrical resistances of the biological tissue
between the reference electrode on the implant body and the intra-
cochlear electrode contacts (Vanpoucke et al. 2004).

Computed Tomography Data

Pre- and postoperative CT or cone beam CT scans were
retrieved. The CT resolution for 56 cases with pre- and postop-
erative scans was between 0.15mm and 0.43 mm, and the slice
thickness was between 0.15mm and 0.7 mm. A second postop-
erative CT scan was available for five bilateral cases after the
first postoperative scan of the same ear.

Electrode Insertion Depth

The ground truth electrode insertion depths were extracted
from CT scans and used as input data for the phenomenological
model (Aebischer et al. 2020). For preoperative cochlear landmark
and postoperative electrode contact labeling, the open-source soft-
ware 3D Slicer (Fedorov et al. 2012) was used. The postoperative
CT scans were co-registered to the preoperative CT scans using a
rigid transform and mutual information metric (Klein et al. 2009)
to reduce landmark labeling errors that could result from electrode
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Fig. 1. A, Local coordinate system with the origin at the cochlear center C’ for ground truth angular and linear electrode insertion depths (case 27b). The x
axis, y axis, and z axis are indicated in red, green, and blue, respectively. The electrode contacts are numbered from apical to basal (1-12) and connected
by a spline approximation, depicted as a solid black curve. The dashed line starting at the RW landmark represents the (positive) linear insertion depth of the
most basal electrode 12. B, Standardized tissue resistances z, vs. ground truth linear insertion depth of all cases with a fully inserted electrode array (N = 46).
As an example, the calibration curve for case 12a (i.e., from all cases except case 12a) is shown in red. The basal and apical fit of the calibration curve are
depicted by the solid and dashed red line, respectively. A test case’s telemetry recording and the minimization along the x axis are depicted in blue. C, The
same calibration data as in (B) are shown, but 4 additional cases are highlighted, which exhibit large deviations from the calibration data due to otosclerosis
(case 20 and 43), enlarged vestibular aqueduct (case 51), and Méniere’s disease (case 83b).
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array artifacts (Benson et al. 2022). Subsequently, we measured the
cochlear base length and width (Rathgeb et al. 2019) and labeled
the electrodes using maximum intensity projection. A local coor-
dinate system (Fig. 1A) was formed (Verbist et al. 2010), where
a robust cochlear modiolar axis detection algorithm defined the z
axis (Wimmer et al. 2019). The x axis passed through the land-
marks C’ (origin) and RW, where C’ is the orthogonal projection of
RW onto the z axis (Wimmer et al. 2014). With the y axis passing
through C’, an orthonormal basis was formed. The ground truth
linear insertion depth was computed by numerically integrating a
quadratic spline fit through the RW landmark and all electrodes
(Fig. 1A). An electrode was labeled with a negative linear insertion
depth (i.e., the electrode position was extracochlear) if its x coor-
dinate was greater than the x coordinate of the RW landmark. In
47 cases, the electrode arrays were fully inserted into the cochlea.
Partially inserted electrode arrays were present in nine cases (three
cases each with one, two, and three extracochlear electrodes,
respectively; see demographics Table S1 in Supplemental Digital
Content 2, http://links.lww.com/EANDH/B142).

Tissue Resistances

Over time, electrode impedances can change due to inflam-
matory processes and the formation of intracochlear tissue
(Rahman et al. 2022; Wimmer et al. 2022a). Since tissue resis-
tances were used as input data for the phenomenological model,
we analyzed their stability over time. To evaluate the long-term
stability of tissue resistances, we included data covering a mini-
mum of 12 mo up to a maximum postoperative follow-up of 60
mo, resulting in analyses of 42 cases with full array insertions. A
linear mixed-effects model with case-level random intercepts and
random slopes was used to assess the long-term stability of tis-
sue resistances (in kQ). For the model, the postoperative follow-
up (in months) was used as the independent variable. In addition,
the side of the implantation (left versus right), age (in years),
gender (male versus female), and an interaction term between
postoperative follow-up time and electrode number (categorical,
1 to 12) were included as fixed effects. A p-value of less than
0.05 was considered as statistically significant. The statistical
analysis was performed in the RStudio environment (RStudio
Team, 2022), using the Ime4 package (Bates et al. 2015).

Insertion Depth Estimation Model

The linear insertion depth was estimated with a phenomeno-
logical model adapted from Aebischer et al. (2020). Tissue resis-
tances were computed using bivariate spline extrapolation of
the IFT recordings. Each test case refers to an implanted side of
a patient whose insertion depth was estimated using the model.
Before curve fitting, the tissue resistances were standardized to
z-scores by subtracting the mean and dividing by the SD of the
tissue resistances of the corresponding case. The standardized
tissue resistances z, are unitless, centered on a mean value of
zero, and normalized to unit variance.

The linear electrode insertion depth of a test case was found
through the minimization of an objective function defined as
the sum of squared residuals between the standardized tissue
resistances and a calibration curve derived from calibration data
(Aebischer et al. 2020), which is depicted in Figure 1B. The cali-
bration curve was composed of two separate parts, with the median
linear insertion depth of the calibration data dividing it into a basal
and an apical fit (Fig. 1B). The basal fit (solid line) was realized as a

one-dimensional spline with five explicit knots based on the entire
calibration data. The basal fit was constrained to the fifth to 95th
percentiles of the calibration data. Outside the fitting interval, i.e.,
beyond the most basal electrode, a constant extrapolation was cho-
sen to stay within a physiologically reasonable range of standard-
ized tissue resistances. The apical fit (dashed line) was realized as a
third-degree polynomial based on the upper half of sorted calibra-
tion data (starting with the median). Standardized tissue resistances
z, were checked for outliers per electrode. Based on the median
absolute deviation, four cases with full insertions were excluded
from further analysis (see Fig. S6 in Supplemental Digital Content
1, http:/links.lww.com/EANDH/B141, which shows the outlier
detection method). The resulting calibration curve of the model
and the excluded cases are shown in Figures 1B, C. The estimated
linear insertion depth was converted to angular values based on
a previously established method, taking into account the cochlear
base length (Anschuetz et al. 2018; Aebischer et al. 2020).

Comparison of Early and Late Models

For the calibration data used in this study, IFT recordings
and CT scans were divided into two categories based on their
acquisition date. Early calibration data consisted of IFT and
CT data acquired within 5 days of the implantation (days 0 to
5). Late calibration data were acquired within 5 days of the
activation (days 28 to 33; see Table S1 in Supplemental Digital
Content 2, http://links.lww.com/EANDH/B142). To enlarge
the resulting calibration data by merging early and late data, we
evaluated whether there was a difference between early and late
phenomenological models. For this purpose, a linear mixed-
effects model with case-level random intercepts was used. The
ground truth linear insertion depth (in mm) and the calibra-
tion category (early versus late) were used as the independent
variables.

Performance of Insertion Depth Estimation

Because the statistical analysis of standardized tissue resis-
tances revealed no difference between early and late calibra-
tion data, as discussed below, a single calibration curve was
constructed from the merged data. The merged calibration data
consisted of the standardized tissue resistances and ground truth
linear insertion depths of all cases in the dataset, but with the test
case excluded. The calibration curve was then used to estimate
the electrode insertion depth of the test case and compare it with
the ground truth electrode positions from the corresponding CT
scan.

The analysis was split into two parts to account for cases
with electrodes fully inserted into the cochlea and cases with
at least one extracochlear electrode. First, the performance was
analyzed using only data from fully inserted electrode arrays (N
= 47) in a leave-one-out cross-validation. Since the phenom-
enological model required separate calibration and test data,
this resulted in a different calibration curve for each test case.
Second, the calibration data consisted of the same cases with
fully inserted electrode arrays as in the first analysis but applied
to cases with at least one extracochlear electrode (N =9). The
mean and SD of the linear and angular absolute errors were
calculated to assess the accuracy and precision of the insertion
depth estimation. The absolute error was calculated as the differ-
ence between the ground truth values from CT scans and inser-
tion depth values estimated by the phenomenological model.
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Fig. 2. Distributions of ground truth (A) linear and (B) angular insertion depth for 47 cases with a fully inserted electrode array. Electrodes are numbered from

apical to basal (1-12).

Long-Term Stability of the Phenomenological Model

In our data set, five patients with bilateral implants under-
went another postoperative CT scan after cochlear implantation
of the second ear, on which the first CI was visible. To minimize
errors caused by misalignment of the image data, the first and
second postoperative CT scans were co-registered to the same
preoperative CT scan. To assess the long-term stability of the
phenomenological model, the electrode insertion depth was esti-
mated from IFT data at two different time points, recorded clos-
est to the first and second CT scans, respectively. Subsequently,
the absolute estimation error was compared at both time points
for all patients. The calibration data set consisted of the same
cases with fully inserted electrode arrays as in the analysis of
model performance (N =47).

RESULTS

Ground Truth Electrode Positions

Figure 2 summarizes the ground truth linear and angular
electrode insertion depths of all cases with a fully inserted elec-
trode array (N =47). We measured a minimum insertion depth of
the most basal electrode of —5.9 mm and a maximum of 3.8 mm.
The mean basal electrode insertion depth of all fully inserted
arrays was 2.1 mm. For cases with extracochlear electrodes, the

mean insertion depth of the most basal electrode was —1.3 mm,
—3.6mm, and —5 mm for one, two, and three extracochlear elec-
trodes, respectively.

Long-Term Stability of Tissue Resistances

A total of 485 IFT recordings from the 42 cases were included
in the model. An average tissue resistance of 1.5 k() for the most
apical electrode was found (95% confidence interval, 1.4 to
1.6 kQ; see Table S2 in Supplemental Digital Content 2, http://
links.lww.com/EANDH/B142). The electrode number had a sta-
tistically significant negative effect on tissue resistance, which
increased from the second-most apical electrode to the most
basal electrode (with a difference of —0.5 to —0.1 kQ compared
to the tissue resistance of the most apical electrode; p < 0.001
for all electrodes). This was expected because more basally
located electrodes should be associated with lower tissue resis-
tances due to the larger perilymph volume and resulting higher
electrical conductivity in the scala tympani (Aebischer et al.
2020). The postoperative follow-up time had a significant effect
on tissue resistance (with an average increase of 34 Q per year
at all electrodes across all cases; p < 0.001). Male patients had
significantly lower tissue resistances than females (—141 Q; p =
0.005). No significant effects of side or age were found. Further,
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Fig. 3. Tissue resistances of 32 fully inserted cases. Results are shown for all electrodes at the intraoperative measurement (month 0), first activation session
(month 1), and follow-up fitting sessions (months 3—24). Electrodes are numbered from apical to basal (1-12).
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Fig. 4. Standardized tissue resistances z, of 32 fully inserted cases. Results are shown for all electrodes at the intraoperative measurement (month 0), first activa-
tion session (month 1), and follow-up fitting sessions (months 3—-24). Electrodes are numbered from apical to basal (1-12).

a statistically significant interaction between postoperative fol-
low-up time and electrode number was observed for the 2 most
basal electrodes (12 Q per year; p = 0.02 and 28 Q per year; p <
0.001 for the second to the most basal electrode, respectively).
This indicates that tissue resistances generally remained stable
for all but the two most basal electrodes. Figure 3 summarizes
the time course of tissue resistance for 32 cases for which a com-
plete set of IFT recordings (i.e., for the intraoperative session
and follow-up at 1, 3, 6, 12, and 24 mo) was available. In general,
tissue resistances were lowest for the intraoperative IFT record-
ings. Consistent with the statistics (Table S2 in Supplemental
Digital Content 2, http://links.lww.com/EANDH/B142), tissue
resistances mostly increased slightly over the follow-up period,
with the largest increase at electrodes 11 and 12. Figure 4 shows
the same data presented as standardized tissue resistances z,
which served as input for the estimation model. Here, electrode
12 shows the largest increase over time.

= early model
=== |ate model
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Comparison of Early and Late Models

The distribution of CT scan acquisition days since implanta-
tion for all cases is summarized in Figure S4 in Supplemental
Digital Content 1, http:/links.Iww.com/EANDH/B141. Most
postoperative CT scans were acquired on the day of implanta-
tion or the day of the first activation session (28 days thereafter).
No statistically significant differences between the early and late
phenomenological models were found (p = 0.15; see Fig. 5 and
Table S3 in Supplemental Digital Content 2, http:/links.lww.
com/EANDH/B142).

Performance of Insertion Depth Estimation

Figure 6 shows the insertion depth estimation errors based
on first CT scans and corresponding IFT recordings for all 47
cases with fully inserted electrode arrays in the merged model.
The linear insertion depth error of the impedance-based esti-
mation ranged between —1.6mm and 3.2mm, resulting in an

20
Linear insertion depth (mm)

Fig. 5. Standardized tissue resistances z, vs. ground truth linear insertion depth of 47 cases with a fully inserted electrode array. The category for subdividing
the calibration data is color coded (early category in blue with N = 19 cases and late category in orange with N = 28 cases). The calibration data is depicted
by a scatter plot. The resulting calibration curve for both categories is depicted by a solid and dashed line, respectively.
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Fig. 6. Box plot with a histogram of the early and late insertion depth estimation errors of 47 cases with a fully inserted electrode array. A, Linear insertion depth

estimation error. B, Angular insertion depth estimation error.

absolute error of 0.88mm + 0.6mm (mean + SD). Expressed
as angular insertion depth, the estimation error was between
—75° and 98° angle, corresponding to an absolute error of 22°
+ 18° angle. A systematic underestimation was found for both
error distributions (mean error of 0.4 mm and 10° angle, respec-
tively). The distribution of the absolute linear and angular esti-
mation errors is depicted in Figure S2 in Supplemental Digital
Content 1, http://links.lww.com/EANDH/B141. In cases with
partial insertions, the mean absolute estimation error increased
to 2.7mm, 4.6 mm, and 5.2 mm for one, two, and three extraco-
chlear electrodes, respectively.

Long-Term Stability of the Phenomenological Model
Figure 7 compares the IFT recordings of one case closest to
the first and second CT scans. Consistent with Figure 4, stan-
dardized tissue resistances were stable at all electrodes except
the most basal electrode. For all cases with a second CT scan

A

2 —— First IFT
=== Second IFT

-2
0 10 20
Linear insertion depth (mm)

and a corresponding IFT recording within 50 days (N =5), the
mean absolute error of estimated electrode insertion depth was
comparable for the first and the second CT scan. The merged
model estimated electrode insertion depth with an absolute
error of 0.6mm + 0.3 mm and 0.4mm = 0.3 mm (mean £+ SD)
compared to the first and second CT scans, respectively (see
Table S4 in Supplemental Digital Content 2, http://links.Iww.
com/EANDH/B142).

DISCUSSION

In this study, we demonstrated that the phenomenological
model can estimate intracochlear electrode positions in intra-
operative and postoperative settings because the respective
phenomenological models did not differ. Using the merged
calibration data, we were able to evaluate the performance and
long-term stability of the phenomenological model with two
postoperative CT scans.
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Fig. 7. lllustration of a case (24a) with 2 postoperative CT scans and corresponding IFT separated by 20 mos. A, Comparison of standardized tissue resistances z,
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Performance and Long-Term Stability of the
Phenomenological Model

The estimation accuracy from early and late IFT recordings
for the 47 fully inserted cases was comparable to that reported
in Aebischer et al. (2020). Our extended analysis confirmed
that the phenomenological model can achieve an accuracy of,
on average, less than 1 mm. This corresponds to about half
the electrode spacing (i.e., half of 2.1 mm for FLEX?® arrays).
However, this was not true for cases with partially inserted elec-
trode arrays, which, when included, resulted in lower estimation
accuracy and precision. Therefore, a robust method for detect-
ing extracochlear electrodes is needed to increase the accuracy
of the insertion depth estimate. Based on ground truth values
from the first postoperative CT scans, the comparison of early
and late model performance showed that the estimation accu-
racy of the late model was better than that of the early model
in a leave-one-out cross-validation (see diagonal of Fig. S5 in
Supplemental Digital Content 1, http://links.lww.com/EANDH/
B141). The early model is based on only a few cases (N = 19
compared to N = 28 cases in the late model), which may explain
the difference in performance. The performance of the estimates
using the late model for early data and vice versa was com-
parable. In five bilateral cases with a second postoperative CT
scan, a comparable performance of the early, late, and merged
models was observed over time (see Table S4 in Supplemental
Digital Content 2, http://links.lww.com/EANDH/B142).
Encouragingly, the performance of the phenomenological
model remained stable over time despite the increase in tissue
resistance at the basal electrodes. This extends the potential use
of the phenomenological model to postoperative applications.

Long-Term Stability of Tissue Resistances

Ongoing research aims to determine whether CI imped-
ances can be biomarkers of traumatic intracochlear events and
inflammatory responses (Shaul et al. 2019; Ausili et al. 2022;
Leblans et al. 2022; Wimmer et al. 2022a). The basal turn of
the cochlea is reported to be more exposed to severe intraco-
chlear trauma and tissue reactions (Seyyedi & Nadol Jr. 2014;
Aebischer et al. 2021; Rahman et al. 2022). Reported stabili-
zation times of impedances after cochlear implantation range
from 3 to 8 wks (Hu et al. 2020; Parrefio et al. 2020) up to 6
mo for the most basal electrodes (Molisz et al. 2015). A small
but significant positive effect of time on tissue resistances was
found (see Table S2 in Supplemental Digital Content 2, http://
links.Iww.com/EANDH/B142). This increase was indeed most
pronounced at the basal electrodes (Fig. 3). The time-associated
effects of tissue resistances could result from short-term for-
eign body reactions, inflammation, or wound healing (Parrefio
et al. 2020). Correspondingly, the median clinical impedances
increased monotonically only for the two most basal electrodes
(see Fig. S1 in Supplemental Digital Content 1, http://links.lww.
com/EANDH/B141).

As previously described by Wimmer et al. (2022a), a
U-shaped distribution was observed with higher clinical imped-
ances at the apical and basal electrodes and lower clinical
impedances at the middle electrodes. This U-shaped distribu-
tion is not seen in the progression of tissue resistances, which
remained comparatively stable over the postoperative follow-
up. Near-field and far-field resistances in an equivalent circuit
model describe separate contributions to the overall clinical

impedance measured at the stimulating electrode (Vanpoucke
et al. 2004). Tissue resistance corresponds to the far-field resis-
tance, i.e., the resistance to electric current through biological
tissue from the stimulating electrode to the ground electrode
(Aebischer et al. 2020). In contrast, the clinical impedance
includes the near-field resistance, which is thought to provide
information about the cochlear micro-environment near the
stimulating electrode and could be associated with residual
hearing outcomes (Wimmer et al. 2022a). Tissue resistances
of male patients were significantly lower than those of female
patients (see Table S2 in Supplemental Digital Content 2, http://
links.lww.com/EANDH/B142 and Fig. S3 in Supplemental
Digital Content 1, http://links.Iww.com/EANDH/B141). Since
the shape of the cochlea is sex-dependent (Braga et al. 2019),
one explanation for the difference in tissue resistance could be
that the cochleae of males are significantly longer than those of
females (33.1mm for females versus 34.7mm for males, p <
0.001; two-sample, two-sided ¢ test). This could be associated
with a larger available intracochlear volume and therefore less
resistance (Baguant et al. 2022). However, this finding did not
affect the phenomenological model because tissue resistances
were standardized. Standardized tissue resistances showed no
significant difference between female and male patients.

Detection of Pathological Cochlear Conditions

The calibration curve of cases with normal anatomy can be
characterized in three sections (Fig. 1B). In the basal section,
the calibration curve approximately follows a logistic function,
reaching a plateau in the middle section. In the apical section,
the curve approximately follows an exponentially increasing
function. Our data contained four cases with a remarkably dif-
ferent curve morphology of tissue resistance compared to the
regular cases (Fig. 1C and Fig. S6 in Supplemental Digital
Content 1, http://links.lww.com/EANDH/B141). These cases
were associated with otosclerosis (cases 20 and 43), an enlarged
vestibular aqueduct condition (case 51), and Méniére’s disease
(case 83D).

Otosclerosis causes abnormal bone remodeling in the mid-
dle ear, primarily affecting the RW, oval window, and structures
adjacent to the cochlea (Frisch et al. 2000). The condition can
lead to sensorineural hearing loss and, in patients with far-
advanced otosclerosis, to facial nerve stimulation and electrode
dislocation (Dumas et al. 2018). Another reported symptom of
otosclerosis is partial obstruction of the scala tympani (Lee et
al. 2011). Since these pathological features directly affect tissue
conductivity and thus the basis of the estimation model, they
may bias its result. For case 20, this would explain the devia-
tion from the calibration curve at electrodes 8 to 10 (Fig. 1C) in
the basal turn (corresponding to an insertion depth of 10.3mm
and 6.1 mm for electrodes 8 and 10, respectively). For case 43,
the deviation from the calibration curve was mainly observed at
electrodes 7 (12.3 mm) and 8 (10.2 mm).

Case 51 was diagnosed with an enlarged vestibular aque-
duct, which is often associated with sensorineural hearing loss
(Wimmer et al. 2022b) and an alteration in the ionic composi-
tion of perilymph and endolymph. This affects the propagation
of the stimulation current in the cochlea, resulting in abnor-
mally high intraoperative impedance values (Li et al. 2022).
Figure 1C shows this effect as observed in case 51 at electrodes
8(9.3mm) to 11 (2.9mm).
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Meéniere’s disease is associated with fluctuating sensorineu-
ral hearing loss, aural fullness, spontaneous attacks of vertigo,
and tinnitus (Minor et al. 2004). The condition can lead to
impedance changes (McNeill & Eykamp, 2016), which could
be related to the reduction of intracochlear volume due to endo-
lymphatic hydrops (Fukushima et al. 2022). For case 83b, this
would explain the deviation from the calibration curve at elec-
trodes 7 (15.2mm) to 10 (9.2 mm).

Study Limitations and Outlook

Our calibration data could include errors related to the reso-
lution of clinical CT imaging. The average imaging resolution
in the 56 cases was 0.18 mm and 0.21 mm (x and y axes) and
0.29mm and 0.26 mm (z axis) for the preoperative and postop-
erative CT scans, respectively. Inaccurate preoperative cochlear
landmark and postoperative electrode contact labeling are pos-
sible due to the limited CT resolution.

Moreover, the quantization of the voltage matrix can limit
accuracy. Also taking into account the noise floor from CT scans
and interelectrode spacing (SDs of around 0.04 mm), we calcu-
lated a total noise floor of approximately 0.4 mm + 0.3 mm (mean
+ SD). Compared with the absolute estimation error reported in
this study (0.9mm + 0.6mm from 47 cases), the absolute esti-
mation error is already in the same order of magnitude as the
noise floor. New IFT paradigms could improve the accuracy by
measuring with higher resolution or providing measurements of
impedance subcomponents (Aebischer et al. 2020; Di Lella et
al. 2020). A limitation of the current phenomenological model is
that it is susceptible to inaccuracies in the presence of extraco-
chlear electrodes. Therefore, improved extracochlear electrode
detection and confidence measures will be required to enable
reliable interpretation of IFT data from partial insertions.

The phenomenological model was evaluated with only one
type of electrode array, and future work will need to assess its
applicability to other types.

The stability of the phenomenological model was assessed
in only five cases for which a second postoperative CT scan was
available. Future studies are needed to verify our results in more
such cases. In addition, electrode migration may occur between
the IFT recording and the corresponding CT scan, which could
distort the data, ultimately reducing the accuracy and precision
of the phenomenological model. However, the maximum time
interval between IFT recordings and CT scans of the calibra-
tion data was only 1 day. The FLEX?® array covers a distance
of 23.1mm between the first and last electrode, resulting in
an interelectrode spacing of 2.1 mm. Ground truth deviations
from the expected interelectrode spacing may be due to labeling
inaccuracies resulting from the limited resolution of CT scans,
manufacturing tolerances, and electrode array bending. A cus-
tom labeling pipeline in 3DSlicer was used, while other image
analysis software such as Amira (FEI, Burlington, MA, USA)
or OTOPLAN (Gerber et al. 2014) could be used alternatively.

CONCLUSIONS

We evaluated the applicability of a radiation-free imped-
ance-based CI electrode position estimation method during
and after CI insertion. We demonstrated that the phenomeno-
logical models from early and late IFT recordings did not differ.
Therefore, the phenomenological model is also applicable for

postoperative IFT data to estimate CI electrode insertion depth.
In a test with 47 cases of fully inserted arrays, the model pro-
vided an accurate estimation of electrode insertion depth with
an absolute error of 0.9 mm + 0.6 mm (mean + SD).

However, better sensitivity for extracochlear electrodes is
required to provide reliable estimations for partial insertions
as well. The proposed method could enable clinical applica-
tions, including intraoperative assessment of electrode loca-
tions, monitoring of postoperative electrode migration, or
anatomy-based fitting without exposing patients to additional
radiation.
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