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A B S T R A C T

Introduction: Stimulation of cochlear implant electrodes generates intracochlear electric potentials. The local 
electric potentials can be assessed using e.g. transimpedance matrix (TIM) and four-point impedance (Zfp). Both 
of these measurements are dependent on the cochlear dimensions and the distance between the electrode and the 
medial wall of the scala tympani (dEM). In a recent temporal bone study, a model based on electric potential 
measurements gave good predictions of scalar cross-sectional area (Ascala) and dEM. The purpose of this study was 
to further improve this model and evaluate its clinical usefulness. To this end, the intraoperative TIM and Zfp 
measurements from cochlear implant patients were used as independent variables in the model to predict their 
Ascala and dEM at each electrode contact, which were then compared to those measured from postoperative cone- 
beam computed tomography (CBCT) images.
Methods: In an earlier study, six cadaveric temporal bones were sequentially implanted with three different 
electrode arrays: a lateral-wall electrode array, Slim Straight, and two precurved perimodiolar electrode arrays, 
Contour Advance and Slim Modiolar (Cochlear Ltd, Sydney, Australia). The TIM and Zfp measurements were 
performed alongside CBCT imaging, from which the Ascala and dEM at each electrode contact were measured. 
From the TIM measurements, the peak amplitudes and decay rate of the electric potentials (EPslope) were 
computed. In this follow-up study, the statistical modeling of the ex vivo measurements was refined to better 
account for individual characteristics by employing mixed-effect models to predict the Ascalas and dEMs. Then, in 
vivo recordings from thirteen patients, of which six were implanted with the Slim Straight and seven with the 
Contour Advance electrode arrays, were retrospectively analyzed. The Ascalas and dEMs were measured from their 
postoperative CBCT images in a similar manner to the temporal bones. To validate the mixed-effects models 
developed with the temporal bone data, the patients’ intraoperative TIM and Zfp measurements were used as 
independent parameters in the models to predict their Ascalas and dEMs. Finally, the TIM and Zfp parameters 
measured in vivo and ex vivo and the measured and predicted Ascalas and dEMs were compared using t-tests. Also, 
Pearson’s correlation coefficients were computed between the measured and predicted in vivo Ascalas and dEMs.
Results: Both the amplitudes, indicating electric potential peaks, and Zfps, reflecting local potential differences, 
were lower in vivo than ex vivo (790 vs. 1090 Ω and 253 vs. 270 Ω, respectively, p < 0.001 for both), but no 
differences were detected in the decay of the electric potentials. In addition, the in vivo Zfps were lower, and the 
electric potential decay was slower with the lateral wall (Slim Straight) compared to perimodiolar (Contour 
Advance) array (234 vs. 284 Ω and − 94 vs. − 160 Ω/mm, p < 0.001 for both). The mixed effects models with and 
without random effects explained 73 % and 51 % of the variance, respectively, for Ascala. The mean absolute error 
between measured and predicted Ascalas was 12 %. For dEMs, the corresponding percentages were 65 %, 50 %, 
and 51 %. The correlations between the patients’ measured and predicted Ascalas and dEMs were r = 0.60 and r =
0.48 (p < 0.001, for both). When compared in the basal, middle, and apical sections, the predicted Ascalas differed 
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significantly from the measured values only in the middle section of the array (4.0 ± 0.48 mm vs 3.50 ± 0.36 
mm, p < 0.001). For dEMs, the model gave too large estimates in the apical section of the array (1.04 ± 0.49 mm 
vs. 1.52 ± 0.48, p < 0.001).
Conclusion: The Ascala at each electrode contact can be estimated using the TIM and Zfp measurements, which may 
help verify the correct alignment of the electrode array during the surgery. While the measured and predicted 
dEMs correlated with each other, there were significant differences between their absolute values. Given the large 
variation in dEMs for different array types, electrode-specific dEMs models could improve the accuracy of the 
predictions.

1. Introduction

Cochlear implants (CIs) enable hearing with electrical stimulation of 
the spiral ganglion neurons (SGNs) in the inner ear. For the stimulation 
to be meaningful, first, the sound waves are gathered by the external 
microphones and processed into a digital signal. The signal is then 
transmitted to the internal receiver-stimulator and ultimately conveyed 
to the electrode array in the cochlear duct, usually laying within the 
scala tympani. One of the key anatomical and physiological factors 
enabling the function of a CI is the tonotopic organization of the cochlea; 
sensations of high and low frequencies are generated by stimulating the 
electrode contacts in the basal and apical sections of the electrode array. 
When the electrodes are stimulated in a monopolar fashion, as they are 
in most clinical settings, the current is applied between an intracochlear 
electrode and an extracochlear reference electrode. Due to broad 
monopolar stimulation and the poor conductivity of the structures sur
rounding the scala tympani, only a fraction of the stimulation current 
reaches the SGNs, which are separated from the scala tympani with a 
thin bony wall (Briaire and Frijns, 2000; Tran et al., 2015). The rest of 
the current mainly flows out of the cochlea through its walls or via the 
scala tympani towards its base (Vanpoucke et al., 2004a; Tran et al., 
2015; Aebischer et al., 2021). Thus, the neural populations targeted by 
stimulation at each electrode partially overlap with those of their 
neighboring contacts, limiting the number of independent channels. 
This remains one of the major limitations of CI technology today 
(Friesen et al., 2001; Bingabr et al., 2008; Landsberger et al., 2012; Joly 
et al., 2021).

As a higher number of independent channels is associated with better 
hearing outcomes, especially in background noise (Friesen et al., 2001), 
several methods have been investigated to reduce channel interaction. 
One of the proposed methods is to deactivate electrode contacts based 
on their intracochlear location in CI programming. The deactivation of 
electrode contacts, which are farther away from the modiolus (as 
measured by the electrode-to-medial wall distance, dEM), evaluated from 
computed tomography (CT) images, than their neighboring contacts, 
improved pitch perception in a study by Labadie et al. (2016).

Channel interaction can be influenced by both pre- and intra
operative factors. When the electrode array is positioned closer to the 
medial wall of the scala tympani, electrode discrimination and speech 
recognition may be better (Ramos de Miguel et al., 2018; Peters et al., 
2019; Heutink et al., 2021; Ding et al., 2023; Collins et al., 2024). 
However, not all studies have found these relationships (e.g. Fitzgerald 
et al., 2007). Thus, channel interaction may be reduced by choosing a 
perimodiolar array that brings the stimulating contacts closer to the 
SGNs than for lateral wall arrays. In two experiments, the extent of 
neural activation was more focused after stylet removal (i.e., the array 
was shifted to a more modiolar position) of perimodiolar electrode ar
rays (Cohen et al., 2003; Van Weert et al., 2005). The surgical technique 
may also play a role in channel interaction. When the round window 
approach is chosen over insertion via a cochleostomy, the electrode 
array may lie closer to the modiolus and is more likely to remain in the 
scala tympani during the insertion (Wanna et al., 2014; Jiam et al., 
2016; Avasarala et al., 2021). These factors are either irreversible or 
their alterations require reimplantation, emphasizing the pre-operative 
planning and decision-making during surgery.

In addition to their primary function, modern CIs are equipped with 
versatile back-telemetry tests that can be used to verify device integrity, 
such as monopolar contact impedance measurements. They also allow 
measurement of the stimulation-induced intracochlear electric poten
tials along the electrode array by measuring the potential difference 
between the non-stimulating intracochlear electrodes and an extraco
chlear reference electrode. Depending on the CI manufacturer, these 
current-induced electric potentials on non-stimulating contacts are 
referred to as “transimpedances”, which we will use throughout this 
manuscript, or as electric field imaging or impedance field telemetry. 
Since their introduction, the applications of the monopolar impedance 
measurements have expanded. For example, they can be used to eval
uate the physical surroundings of the electrode array, such as the 
development of fibrous tissue or ossification and insertion depth, scalar 
translocation from the scala tympani to scala vestibuli, or electrode 
migration out of the cochlea (Dietz et al., 2016; Wilk et al., 2016; 
Helmstaedter et al., 2018; Giardina et al., 2018; Aebischer et al., 2021; 
Dong et al., 2021; Schraivogel et al., 2023; Zhang et al., 2024; Kopsch 
et al., 2024). Transimpedances have been used to investigate intra
cochlear current pathways that have, for example, helped to identify and 
deactivate channels causing facial nerve stimulation (Vanpoucke et al., 
2004a; Vanpoucke et al., 2004b; Saoji et al., 2024). These measurements 
are also utilized to detect electrode array insertion problems, such as 
electrode tip fold-overs and incomplete array insertions, more specif
ically than what can be inferred from monopolar contact impedances 
(Vanpoucke et al., 2012; Zuniga et al., 2017; de Rijk et al., 2020). Many 
CI manufacturers visualize transimpedance measurements as 
two-dimensional heatmaps or voltage matrices, such as the tran
simpedance matrix (TIM), across all possible combinations of the 
intracochlear electrodes, allowing a visual inspection to detect open or 
short circuits or typical patterns related to extracochlear electrodes, tip 
fold-overs, or even anatomical variations (Cottrell et al., 2024). The 
transimpedances are quick to record during the surgery and 
post-operative follow-up appointments, and unlike CT scans, they do not 
expose the patient to radiation.

The transimpedances are also affected by the cochlear geometry and 
its dimensions, as well as the location of the electrode array (Malherbe 
et al., 2016; Bai et al., 2019; Lei et al., 2021a; Söderqvist et al., 2022, 
2023). Different configurations to measure local electric potentials 
along the electrode array have become available. These include 
four-point impedance (Zfp) measurement, in which a configuration of 
four adjacent electrodes is used with current flowing between the two 
outermost electrodes, and electric potential is measured between the 
contacts in the middle. Depending on the CI manufacturer, Zfp mea
surement may be available in the experimental protocols using either 
their clinical or custom-made software. In Cochlear Nucleus (Cochlear 
Ltd, Sydney, Australia) devices, the Zfp is termed as bipolar tran
simpedance and it is available as a research option in the clinical 
software.

In cadaveric human temporal bones (HTBs), the Zfps are higher when 
the dEMs are smaller (Tan et al., 2014; Pile et al., 2017; Söderqvist et al., 
2023). Sijgers et al. (2022) demonstrated that over 60 % of the variance 
in dEM can be accounted for using a combination of insertion depth, 
monopolar impedance, three-point impedance (in which the stimulation 
is monopolar, but the resulting potential is measured between two 
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electrodes adjacent to the stimulating electrode), and Zfp measurements. 
This suggests that these electric potential measurements can serve as 
effective predictors of dEM when used intraoperatively, before being 
affected by potential fibrotic tissue formation or ossification (Leblans 
et al., 2022; Razmovski et al., 2022; Sijgers et al., 2024). In an earlier 
HTB study, the cross-sectional area of the bony cochlear duct, including 
the scala tympani, vestibuli, and media (Ascala), at the location of each 
electrode contact and dEM could be estimated with fair accuracy using 
information only from the electric potential measurements and insertion 
depth (Söderqvist et al., 2023). The linear models for these estimations 
included only fixed effects, assuming that the relationships between 
electric potential parameters, anatomical dimensions, and dEM are the 
same for each specimen. However, as individual characteristics, for 
example, bone density and cochlear dimensions, may affect the intra
cochlear electric potential measurements, these factors should be 
considered in the models (Malherbe et al., 2015; Bai et al., 2019; Lei 
et al., 2021).

The purpose of the current study was to (1) refine the linear 
regression models developed in Söderqvist et al. (2023) to predict Ascalas 
and dEMs from the electric potential measurements by incorporating 
individual factors for improved applicability, and (2) verify the model’s 
performance using clinical data. As Ascala generally decreases mono
tonically from the basal to apical direction (Biedron et al., 2010), the 
developed model may be useful for confirming the correct alignment 
when a similar pattern in the modeled Ascala is observed. In addition, by 
estimating the dEM, the model may help optimize electrode array 
placement during the surgery and later assist in CI programming to 
reduce channel interaction. Further validation is required before these 
models can be considered for clinical practice.

2. Materials and methods

2.1. Study design and ethics

This study consisted of a retrospective analysis of clinical data from 
twenty-nine adult patients (age 55.4 ± 16.5 years; mean ± SD), 
implanted with either a Cochlear Nucleus CI622 Slim Straight or CI612 
Contour Advance electrode array (Cochlear Ltd) between October 2023 
and June 2024 at the CI center of the University Hospital of Zurich. 
Thirteen patients were implanted with Slim Straight and sixteen with 
Contour Advance electrode arrays, each implanted unilaterally. The 
Slim Straight electrodes were implanted using the round window 
approach. Five of the Contour Advances were implanted using the 
extended round window approach and two through a cochleostomy. The 
study was performed with the approval of the Ethical Committee of 
Zurich (KEK-ZH 2024–00,881). The utility of the ex vivo model 
(Söderqvist et al., 2023) to predict Ascalas and dEMs from the electric 
potential measurements was assessed for these patients.

2.2. Clinical electric potential measurements

The electric potential recordings were performed with the Custom 
Sound EP software (version 6.0, Cochlear Ltd.), at the end of the surgery, 
while the patient was still under general anesthesia and the extraco
chlear reference electrode was positioned under the temporal muscle 
(recording mode MP1) for clinical purposes. The measurements were 
conducted after sealing the inner ear before the skin wound closure. 
Intraoperative TIM measurements were performed with a maximum 
current level (CL) that did not exceed 230 CL and did not result in out-of- 
compliance or saturation. In our subjects, this varied between 172 and 
206 CL and was 196 CL on average. The intracochlear electrode array 
was conditioned by sweeping the contacts with 25 μs wide pulses at 230 
CL before the TIM recordings to decrease contact impedances with 
electrical stimulation. Transimpedance was measured at the end of the 
first phase of the biphasic stimulation 25 μs wide pulse, marked as “T6” 
in the Custom Sound EP software.

The Zfps were measured immediately after the TIM recordings using 
Custom Sound EP software. At first, electrode 1 was stimulated while 
electrode 4 was used as a reference, and the potential difference was 
measured across the electrodes in between them. The configuration of 
these four electrodes was sequentially moved along the electrode array 
until electrode 19 was the stimulating electrode and electrode 22 the 
reference, and measurement was performed between electrodes 21 and 
20. The stimulating current was automatically selected by the software 
and was constant for each patient. The stimulating current varied be
tween 137 and 181 CL, being 156 CL on average. These electric potential 
measurements were retrospectively collected for further analyses.

2.3. Imaging of the patients

Postoperative CBCT imaging of the cochlea was conducted as part of 
the clinical routine using the NewTom VGi Evo system (NewTom, 
Bologna, Italy) in a sitting position with standard clinical parameters, 
allowing a slice thickness of 0.15 mm. The imaging served to verify 
correct electrode placement. These CBCT images were reviewed retro
spectively, and the width and height of the scalae as well as the dEMs 
were measured at each electrode contact as described in Söderqvist et al. 
(2023) using NNT viewer (NewTom, Bologna, Italy). The imaging 
orientation was set to ensure that the entire cross-sectional area of the 
scalae and the center of each electrode were visible. The correct view 
was determined with help of two additional views oriented tangentially 
to the outer walls of the scalae. All three views were perpendicular to 
each other. Due to the spiral shape of the cochlea, the orientation was 
established individually for each electrode contact. The scala width and 
height were used to calculate the Ascala, as the cross-section of the three 
scalae is approximately an oval.

2.4. Parametrization of the intracochlear electric potentials

In TIM, the transimpedances measured from the non-stimulated 
electrode contacts represent stimulating-electrode-generated electric 
potential distributions along the electrode array. However, at the loca
tion of the stimulating electrode, the transimpedance includes a reactive 
component (Vanpoucke et al., 2004a), making it incomparable to the 
measurements from the non-stimulating contacts. To estimate the 
electrode-tissue interface without this reactive component, TIM re
cordings were parametrized based on the measurements from the 
non-stimulating contacts. Within approximately 0.2–0.4 mm from the 
stimulating electrode, electric potentials are inversely proportional to 
the square of the distance, and when the recording contact is located 
farther away than this, as in both the Slim Straight and Contour Advance 
electrode arrays, the decay of intracochlear potentials becomes more 
gradual and follows an exponential pattern (Briaire and Frijns, 2000; 
Berenstein et al., 2010). Thus, the far-field transimpedance (Zfar) can be 
expressed using Eq. (1), described in Berenstein et al. (2010): 

Zfar = A e− x/λ + dc (1) 

where A is amplitude (in Ω), x is the distance (in mm) between the 
recording electrode contact and the stimulating contact, λ is a length 
constant, and dc (in Ω) is the direct current offset. As the decrease in 
electric potentials is asymmetrical, the λs were computed separately for 
the basal and apical directions. Each profile exhibited a single peak and 
the dc was assumed to be the similar on the basal and apical sides of the 
stimulating electrode, resulting in single values for both A and dc. These 
parameters were optimized to minimize the sum of squares of the error 
between the measured electric potentials and the modeled, exponen
tially decaying electric potentials on non-stimulating contacts using the 
function fminsearch in MATLAB (MathWorks, Natick, MA, USA). 
Further, to emphasize the prominence of each TIM profile and to 
minimize the effect of extracochlear electrode’s location on the tran
simpedances, the dc component was subtracted from the parametrized 
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transimpedance values. At the stimulating contact, this was calculated 
as Zfar − dc, since x = 0, resulting in the amplitude A.

Inspired by Lei et al. (2021), the decay rate of the intracochlear 
electric potentials (EPslope) at 1 mm from the stimulating electrode in 
both the apical and basal direction was also estimated. The EPslope was 
calculated as a derivative of Eq. (1): 

d
dx

A e− x/λ + dc = −
A
λ

e− x/λ (2) 

When x = 1 mm, Eq. (2) becomes: 

EPslope = −
A
λ
e− 1/λ (3) 

where the unit of EPslope is Ω/mm. These analyses were identical to the 
corresponding analyses for HTBs in Söderqvist et al. (2023). As each 
profile has a unique EPslope in both the apical and basal direction, the 
mean of the two was used for the subsequent analyses.

2.5. Statistics

To evaluate the quality of the fit of Eq. (1), the root mean percentage 
error between the measured and parametrized TIMs was calculated for 
each patient and stimulating contact. The reference value used to 
calculate the percentage error and was the mean of the measured tran
simpedances from the non-stimulating contacts from the corresponding 
measurement. The electric potential measurements acquired in patients 
were compared to those from HTBs reported by Söderqvist et al. (2023), 
as well as across different electrode array types within both groups. As 
the patients were implanted either with the Slim Straight or Contour 
Advance electrode array, the HTB measurements with the Slim Modiolar 
array were excluded from these comparisons. The amplitudes, EPslope, 
and Zfp were used as dependent variables and patients, HTBs, and 
electrode array types as independent variables in two-way analysis of 
variance (ANOVA) in SPSS 29 (IBM, Armonk, NY, USA).

Further, linear mixed regression models were constructed in MAT
LAB to evaluate electric potential parameters as predictors of Ascala and 
dEMs. In the first part of this analysis, the measurements from the HTBs 
were used to compute the parameters of the mixed-effects model. In the 
second part, the clinical electric potential parameters were used as input 
variables to the model to predict estimates of Ascala and dEMs. Finally, the 
clinically measured Ascalas and dEMs were compared to the predicted 
values to assess the reliability of the model in clinical settings.

In the analysis, a calculated linear insertion depth (dins) was used to 
estimate the location of each electrode contact in the cochlea. The dis
tance between the center of each electrode contact and the round win
dow was computed based on electrode array specifications (distance 
between adjacent electrodes is 0.85–0.95 mm for Slim Straight and 
0.81–0.39 mm in the basal to apical direction for Contour Advance). 
When using dins, it was assumed that each electrode array was inserted 
into the cochlea with the insertion mark positioned exactly at the round 
window or at the cochleostomy. As Zfp is recorded between two adjacent 
electrodes, for example, electrodes 10 and 11, the corresponding Ascala, 
dEM, amplitude, EPslope, and dins were defined as the mean of each var
iable at those electrodes. This approach assigns each set of parameters to 
the interval between electrode pairs, so the model estimates Ascala and 
dEM between electrodes rather than at individual contacts. For Zfp, the 
most basal and apical recording electrode pairs were 2–3 and 20–21, 
respectively, leaving the most basal and apical electrodes out of analyses 
involving Zfp.

The linear mixed regression analyses were conducted in MATLAB 
using the function fitlme to assess the relationship between the electric 
potential measurements, Ascala and dEM. Further, these models were used 
to estimate Ascalas and dEMs from the clinical electric potential mea
surements. At first, only the dins was included in the model to assess its 
independent contribution. Electric potential measurements were then 

added to evaluate the extent to which they improve the explained 
variance of the model. The final regression parameters were obtained 
using the maximum likelihood estimator. Initially, all fixed effects were 
considered as potential random effects, grouped by HTB specimen, to 
discern the most suitable model based on Akaike Information Criterion 
(AIC) values. Random effects were excluded if either their removal 
yielded a model with a lower AIC value or the exclusion improved model 
convergence. For Ascala, the resulting linear mixed regression model 
fulfilling these criteria was outlined in Eq. (4) below: 

Ascala ∼ 1 + Zfp + dins +
(
1 + Zfp + dins

⃒
⃒ HTB

)
(4) 

These criteria for the dEM model were met by Eq. (5): 

dEM ∼ 1 ± Amplitude + EPslope + Zfp + dins +
(
1 + Zeff + EPslope + Zfp

+ dins |HTB)
(5) 

Finally, marginal and conditional R2s for both models were 
computed using the function r.squaredGLMM from the MuMIn package 
in R version 4.4.2.

In the second part of the analysis, the linear mixed regression models 
computed with the HTB measurements were used to estimate the Ascalas 
and dEM based on clinical impedance and insertion depth data using the 
function predict in MATLAB. In addition, correlation coefficients (Pear
son’s r) were computed between the clinically measured and estimated 
Ascalas and dEMs.

Further, the Ascalas and dEMs were divided into basal (electrode pairs 
2–3 to 7–8), middle (8–9 to 14–15), and apical (14–15 to 20–21) sec
tions. Finally, the absolute value means between measured and pre
dicted values were compared using t-tests.

3. Results

This study aimed to evaluate the usefulness of electric potential 
measurements for assessing the CI electrode array location in clinical 
settings, using a linear mixed regression model based on HTB 
measurements.

Each patient was imaged within 1–38 days after the surgery, the 
mean being 18 days. As each patient was imaged in a sitting position, 
some scans included both movement and metal artefacts, hindering 
precise measurements of electrode placement and scalar dimensions. 
Thus, the Ascala and dEM could not be reliably measured for sixteen pa
tients. For thirteen patients (seven implanted with the Contour Advance 
and six with the Slim Straight electrode arrays), the image quality was 
considered to be sufficient for reliable measurements. The further ana
lyses were conducted only for these patients. Across all patients and 
electrode contacts, the average root mean percentage error between the 
measured and parametrized transimpedances was 2.2 %, with a range 
from 0.29 % to 6.7 %, indicating good agreement between the measured 
and computed transimpedances.

3.1. Comparison of electric potential parameters between in vivo and ex 
vivo

The mean transimpedances over non-stimulating contacts measured 
for living subjects with the Slim Straight and Contour Advance electrode 
arrays were 1160 Ω and 1040 Ω, respectively. For the HTBs, the corre
sponding transimpedances were 1300 Ω and 1210 Ω. When analyzing 
the computed electric potential parameters with ANOVA, amplitude was 
lower in living subjects than in HTBs (790 vs. 1090 Ω; F(1453) = 71.1, p 
< 0.001). No significant main effects of electrode type or interaction 
between specimen and electrode type were observed (F(1453) = 0.11, p 
= 0.74 and F(1453) = 0.03, p = 0.87, respectively). In a similar analysis 
for in vivo EPslope, the decay rate was found to be slower in Slim Straight 
than in Contour Advance (− 94 vs. − 160 Ω/mm; F(1416) = 288.7, p <
0.001). Finally, Zfp was lower in living subjects than in HTBs (253 vs. 
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270 Ω, F(1436) = 5.6, p = 0.018) and when measured using Slim 
Straight instead of Contour Advance (234 vs. 284 Ω, F(1436) = 5.6, p <
0.001). A statistically significant interaction between the specimen and 
array type (F(1436) = 4.6, p = 0.033) was found. These results indicate 
that lower intracochlear electric potentials are generated in living sub
jects than in HTBs, while the decay rate of the electric potentials is 
dependent only on the array type (lateral wall or perimodiolar). The 
local potentials estimated using Zfp are generally lower when measured 
using a lateral wall electrode array and in vivo compared to the peri
modiolar electrode arrays and ex vivo.

3.2. Prediction of Ascala and dEM using linear mixed regression

To predict Ascala at the location of the stimulated electrode using only 
information from the electric potential measurements and dins, linear 
mixed regression was conducted. At first, when the dins was the only 
independent variable, the conditional and marginal R2s were 0.67 and 
0.27, respectively. When the model was augmented with the electric 
potential variables, as shown in Eq. (4), the corresponding R2s were 0.73 
and 0.51. For dEM, when the model included only dins, the conditional 
and marginal R2s were 0.142 and 0.138, respectively. When electric 
potential parameters were included in the model (Eq. (5)), the corre
sponding R2s increased to 0.65 and 0.50. The models’ parameter esti
mates, corresponding standard errors, as well as t- and p-values, are 
found in Table 1.

The linear mixed regression models without the random effects were 
used to predict Ascala and dEM from the clinical electric potential mea
surements. As seen in Fig. 1A, the predicted and measured Ascalas have a 
strong positive correlation with each other, r = 0.60 (p < 0.001), and 
Fig. 1B shows that their means increase from apical to basal direction, 
except for a slight decrease in the measured Ascalas between electrode 
pairs 6–7 and 10–11. Fig. 1C and 1D illustrate the mean and SD of Ascala 
separately for Slim Straight and Contour Advance electrode arrays, 
respectively. When the measured and predicted Ascalas were compared 
over both array types in the basal, middle, and apical sections of the 
electrode array (averaged across electrodes 2–7, 8–14 and 15–21, 
respectively), they were different only in the middle section (4.0 ± 0.48 
mm2 vs 3.50 ± 0.36 mm2, mean ± SD, p < 0.001). In the basal and 
apical sections, the corresponding values were 4.16 ± 0.53 mm2 vs. 4.08 
± 0.32 mm2 (p = 0.23) and 3.14 ± 0.49 mm2 vs. 3.08 ± 0.50 mm2 (p =
0.14). The mean absolute percentage error between measured and 
predicted Ascalas was 12.4 %. The results indicate that predicted Ascalas 
align well with measured values at least in the electrode array’s basal 
and apical regions.

Fig. 2 depicts the comparison of measured and predicted dEMs. When 
both electrode array types are analyzed together (Fig. 2A), the measured 
and predicted dEMs show a moderate correlation (Pearson’s r = 0.48, p 
< 0.001). However, when computed separately for each electrode array 

type, the correlations turn out to be negative for Slim Straight (Fig. 2B, r 
= –0.13, p = 0.19) and weak for Contour Advance (Fig. 2C, r = 0.26, p =
0.004). The mean absolute percentage error between the measured and 
predicted dEM was 51.2 %. Figs. 2D–F show the mean dEMs with SDs at 
separate electrode contacts. In the most apical part of the arrays, the 
predicted values are larger than the measured ones, and in contrast, the 
predictions seem to underestimate the dEM in the middle section, espe
cially for the Slim Straight array. However, differences between 
measured and predicted dEM were significant only in the apical section 
of the array (1.04 ± 0.49 mm vs. 1.52 ± 0.48, p < 0.001). In the middle 
(1.41 ± 0.55 mm vs 1.27 ± 0.47 mm, p = 0.07) and basal (1.17 ± 0.56 
vs. 1.09 ± 0.39 mm, p = 0.29) sections of the array no differences were 
detected. To summarize, the results indicate that across both electrode 
types used in the clinical setting, there is a moderate correlation between 
the measured and predicted dEMs. However, when the values were 
analyzed separately for each electrode type, the correlations decreased 
considerably.

4. Discussion

This study aimed to evaluate how well our models estimate the 
intracochlear surroundings and position of a CI electrode array, namely 
through Ascala and dEM, based on electric potential measurements. We 
also aimed to determine how these models generalize from ex vivo to in 
vivo conditions. To this end, the electric potential parameters used in the 
study were compared between living subjects and HTBs. The parame
trization of intracochlear electric potentials was successful, and the error 
percentages were well within ones reported by Vanpoucke et al. (2004a) 
and Mohan et al. (2024). Significantly lower electric potential peaks 
were measured from clinical recordings than from the HTBs, irrespective 
of the electrode array type. The local potentials measured using Zfp were 
also lower in intraoperative clinical recordings, but as expected, also 
when the electrode array was farther away from the modiolus (Tan et al., 
2014; Pile et al., 2017; Sijgers et al., 2022; Söderqvist et al., 2023). In 
contrast, EPslope was only affected by the electrode array type, and it was 
lower (i.e., more negative, indicating a faster decay of the electric po
tentials) for perimodiolar than for lateral wall electrode arrays. The 
placement of the reference electrode affects the transimpedance mea
surements, and the impedances obtained in the earlier HTB study are 
comparable to those reported by de Rijk et al. (2020). On the other hand, 
higher Zfps in the HTBs also suggest that there may be some loss of soft 
tissue inside the cochlea, allowing the electrode array to lie closer to the 
bone, which has a higher electrical resistivity than a healthy scala 
tympani (Briaire and Frijns, 2000). The inner ear sealing was conducted 
similarly in both living subjects and HTBs by inserting a muscle plug and 
fibrin glue onto the round window. Outside the cochlea, current flows to 
the reference electrode mainly through the cranial cavity or scalp (Tran 
et al., 2015), which are both missing from HTBs. Instead of these 
structures, the HTBs were soaked in Ringer’s solution mimicking peri
lymph, serving as the conductive medium to the reference electrode. 
However, in electric impedance models, the current pathways outside 
the cochlea are typically modeled by a single bulk resistor (Vanpoucke 
et al., 2004a), and the cochlear structures are likely the main determi
nant of intracochlear electric potentials, which are used as inputs in the 
prediction models of the present study.

In the earlier HTB study, approximately half of the variance in Ascala 
and dEM could be explained by the electric potential measurements and 
linear insertion depth that could be inspected by the surgeon during the 
surgery (Söderqvist et al., 2023). In that study, a multiple linear 
regression model was developed, assuming a fixed relationship between 
the electric potential measurements and either Ascala or dEM. As there are 
likely individual differences between the HTBs, such as the dimensions 
of the bones and scalae, further augmented by the possibility of varying 
degrees of soft tissue loss, mixed-effects models accounting for these 
factors were applied in this study, as in Sijgers et al. (2022). Following 
this, 67 % of the variance in Ascala could be explained by dins alone. 

Table 1 
The fixed-effects parameters, their corresponding estimates, standard errors 
(SE), t- and p-values separately for scalar area (Ascala) and electrode-to-medial 
wall distance (dEM).

Ascala

Parameter Estimate SE t-value p-value

Intercept 5.8 0.77 7.44 <0.001
FPI − 0.0043 0.0021 − 2.0 0.042
LID − 0.096 0.012 − 7.9 <0.001

dEM

Parameter Estimate SE t-value p-value

Intercept 2.57 0.40 6.38 <0.001
Amplitude − 0.0003 0.0001 − 2.89 <0.001
EFslope 0.0041 0.0017 2.36 0.019
FPI − 0.005 0.0016 − 3.3 0.001
LID 0.056 0.010 5.54 <0.001
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Fig. 1. Comparison of measured and predicted scalar cross-sectional areas (Ascalas). A) Comparison of the individual measured and predicted Ascalas. Black dots 
represent Slim Straight (SS) and orange dots Contour Advance). A Pearson’s correlation coefficient computed between the variables is shown together with the 
regression line (r = 0.60, p < 0.001). B–D) The means and standard deviations (SD) of the measured (orange line) and predicted (blue line) Ascalas at the location of 
each electrode pair arranged from the apical to basal direction for both electrode array types (B) and individually for SS (C) and CA (D).

Fig. 2. Comparison of measured and predicted electrode-to-medial wall distances (dEMs). In the upper panel (A–C) are shown the individual measured and predicted 
dEMs. Black dots represent Slim Straight (SS) and orange dots Contour Advance (CA). A) The measured and predicted dEMs for both electrode array types. Pearson’s 
correlation coefficients computed between the variables is shown together with the regression line (r = 0.50, p < 0.001). B) and C) show individual measured and 
predicted dEMs for SS and CA separately and their respective correlation coefficients are shown (r = – 0.14, p = 0.14 and r = 0.26, p = 0.004). In the lower panel the 
means and standard deviations (SD) of the measured (orange line) and predicted (blue line) dEMs at the location of each electrode pair arranged from the apical to 
basal direction for both electrode array types (D) and individually for SS (E) and CA (F).
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However, when considering only the fixed effects in the model, the 
explained variance drastically decreased to 27 %, suggesting that the 
dins’s predictive value is heavily influenced by individual differences. 
Thus, the prediction of Ascala depending on dins alone is not feasible. 
When Zfp was included in the model, the conditional amount of variance 
explained by the model increased only slightly to 73 %. However, when 
considering only the fixed effects, the explained variance improved 
largely from 27 % to 51 %. For dEM, dins alone is a poor predictor. 
Encouragingly, when the electric potential parameters were included in 
the model, the explained variance increased from 18 % to 65 %, and 
when considering only the fixed effects, still 50 % of the variance in dEM 
is explained. These results indicate that including the electric potential 
measurements in the linear mixed regression models increases explained 
variance and gives better estimates for Ascalas and dEMs.

These developed models, including only the fixed effects, were 
further used to estimate Ascalas and dEMs from clinical electric potential 
measurements as illustrated in Figs. 1 and 2, respectively. The estima
tion of Ascala was more reliable than for dEM for the clinical data, which is 
likely due to several reasons. First, the dins increase and Ascala generally 
decrease monotonously from the basal to apical direction, with the Ascala 
showing a slight decrease between 180◦ and 360◦ in the first cochlear 
turn (Biedron et al., 2010). Since dins is used as a predictor for both Ascala 
and dEM, this shared monotonic trend results in a more consistent linear 
relationship between dins and Ascala. In contrast, dEM typically increases 
from the basal to middle section and then decreases toward the apex 
(Söderqvist et al., 2023), making the dins–dEM relationship less linear. 
Second, Ascala is a purely anatomical dimension and independent of 
electrode type, whereas dEM is strongly influenced by both cochlear 
anatomy and the type of electrode array used (Ketterer et al., 2018). 
Also, electrode contacts cause metal artefacts in CBCT images, poten
tially increasing the apparent electrode diameter by up to 50 % in basal 
contacts and 70 % in apical contacts (Bevis et al., 2021), which corre
sponds to an apparent radiological increase of 0.40 and 0.35 mm for the 
Contour Advance array, respectively. This may lead to overestimation of 
the dEM, especially in the middle and apical regions for perimodiolar 
arrays where the true dEM is likely small. Further, the model for dEM 
depends on successful parametrization of the transimpedances; if this 
fails, the reliability of the model may be compromised. Finally, in 
contrast to the HTBs, where the Contour Advance arrays were implanted 
via the round window approach, these arrays in the living subjects were 
inserted through a cochleostomy possibly altering the trajectory of the 
array within the cochlea (Souter et al., 2011). However, the dEM patterns 
for the Contour Advance appear similar in this study compared to those 
observed in the HTBs in Söderqvist et al. (2023).

To summarize, the steadily decreasing predicted Ascalas from the 
basal to apical direction may help further confirm the correct insertion 
and alignment of the electrode array within the intracochlear space 
alongside visual inspection of TIM heatmaps. Since electric potential 
measurements are routinely recorded in many clinics and the estimation 
process can be fully automated, no additional measurements or intra
operative time are needed. The results for predicting dEM based on 
electric potential measurements are promising but indicate the need for 
different models for separate electrode array types. Also, the models use 
electric potential measurements from a single electrode contact to pre
dict the scalar area around it or its distance from the medial wall. 
Although the parametrized TIM parameters are derived from the mea
surements from all non-stimulating electrode contacts across the elec
trode array and Zfp is measured using four adjacent electrodes, future 
models could benefit from incorporating these variables also from the 
adjacent contacts to enhance prediction accuracy, since the sequence of 
electrode contacts is fixed and their locations depend on neighboring 
electrodes. Successful dEM models could be used to evaluate the optimal 
electrode array position during the surgery and may help CI program
ming at the follow-up appointments. Also, as there were significant 
differences between vivo and ex vivo electric potential parameters, the 
accuracy of both models could probably be increased by computing the 

models using only in vivo measurements.

5. Conclusion

An ex vivo model may be utilized in vivo electric potential measure
ments to predict cochlear anatomy, despite absolute differences in 
transimpedances between living subjects and HTBs. Our results suggest 
that electric potential measurements in combination with dins can be 
used to predict Ascala with good accuracy, and they may help confirm the 
correct intracochlear alignment of the electrode array. While the results 
in dEM prediction are promising, further investigations are required 
before clinical applications are feasible.
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