
Research Paper

Investigation of intracochlear electrical fields with spread of excitation and 
voltage matrix in cochlear implant users and their link to speech perception
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A B S T R A C T

Background: Objective measures and their relation to listening performance are of interest in the study of cochlear 
implants (CIs). Both spread of excitation (SoE) and the voltage matrix (VM) are objective descriptors of electric 
field spread. VM is easier to measure and therefore preferable to SoE. The aim of the study was comparing both 
measurements postoperatively and investigating their relation to listening performance.
Methods: Postoperative SoE and VM data for 10 out of 17 CI-users were normalized to their maximum amplitude 
before comparison. A previously published SoE-width-based analysis method (Rader et al., 2023) was adapted 
and applied to the VM data. The ECAP separation index (from Hughes, 2008), comparing SoE data of two 
neighboring electrodes, was also adapted to the VM data of 17 CI-users and correlated with speech perception.
Results: Recorded SoE and VM data correlated strongly in most CI-users. The normalized SoE and VM data 
showed good alignment. Some deviations were observable: an average RMS-difference of 0.159 normalized 
amplitude was found between SoE and VM data. Asymmetric width measures extracted from exponential fitting 
differed significantly between SoE and VM data. No correlation between width measures and speech perception 
could be found. The VM separation index correlated with speech perception.
Conclusions: SoE and VM are closely related measurements, however they are not identical. The neural infor
mation in SoE can’t be ignored and VM can’t replace SoE. The VM separation index appeared to be a promising 
approach for predicting listening performance. Nevertheless, further research is required to corroborate this 
finding.

1. Introduction

In cochlear implants (CIs), devices used to treat severe to profound 
hearing loss, an objective evaluation of the listening performance 
reached by the patient still proves difficult. The varying success between 
patients (Fetterman and Domico, 2002; Häußler et al., 2019; Rader et al., 
2013) as well as the difficulty in judging whether the full potential has 
been exhausted, creates a desire for objective predictors of the listening 
performance possible for each CI-user. Several predictors and models 
have been explored already, but a consensus on them could not be 
formed yet.

In a previous study by the authors (Rader et al., 2023), the spread of 
excitation (SoE) was investigated as a possible predictor of the listening 
performance. SoE is an electrophysiological measurement, where the 
masking level of adjacent electrodes is derived through masked response 
measurements of the electrically evoked compound action potential 

(ECAP), which is described in more detail in the previous study as well 
as in Abbas et al. (1999), Cohen et al. (2003), Miller et al. (2008). 
However, the measurement of SoE has some inherent limitations. For 
good response measurements, a high stimulation charge needs to be 
applied by the implant, ideally as high as the user tolerates at the least 
acceptable loudness level (LAPL). Since the stimulation charge is posi
tively correlated to the quality of the recording (Rader et al., 2023), a 
higher charge is better and this might not be comfortable for the CI-user. 
Furthermore, the ECAP masking threshold needs to be measured for 
every electrode, leading to measurement times of around 7 min. Addi
tionally, even if the SoE can be measured successfully, it can’t always be 
interpreted. This is also described in more detail in the previous study 
Rader et al. (2023), where the measured SoEs were categorized ac
cording to their quality.

In this work, a different measurement is investigated alongside: the 
voltage matrix (VM, manufacturer MED-EL, Innsbruck, Austria). The 
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voltage matrix is recorded by stimulating at one electrode and then 
measuring the voltage at another electrode. This is repeated for every 
combination of stimulating electrode and recording electrode, resulting 
in a matrix of voltages. The VM is measured through the impedance field 
telemetry (IFT), which also outputs the impedances and is routinely 
performed at the start of a fitting session. A related measurement is the 
transimpedance matrix (TIM, manufacturer Cochlear, Sydney, 
Australia), which also measures the voltages along the electrode array 
and divides them by the stimulation current, resulting in a matrix of 
impedances. Previous research on the VM mainly focused on monitoring 
the position of the electrode lead in the cochlea. The main application of 
the VM in monitoring the position of the electrode lead is the intra
operative detection of tip fold-overs. In the past, this was mainly done 
using the SoE-measurement (Grolman et al., 2009; Zuniga et al., 2017), 
but in recent years the focus has shifted towards the VM (Beck et al., 
2024; Hans et al., 2021; Klabbers et al., 2021). A measurement of the 
insertion depth has also been shown to be possible through the VM 
(Aebischer et al., 2021), however the accuracy is not yet comparable to 
imaging methods like X-Rays or computed tomography (CT). An 
emerging field is the study of VM patterns for different etiologies (Vozzi 
et al., 2022; Wagner et al., 2020). They introduced the importance of 
acknowledging that there is a significant degree of variability in the VM 
results between CI users. Nevertheless, the observed range was found to 
be diminished when only users with a particular etiology are taken into 
consideration . Wagner et al. (2020) found more homogeneity in pa
tients with intracochlear tumors with smaller current spread compared 
to their control group of average CI-users with the same implants but no 
stated homogeneity in their etiology. Vozzi et al. (2022) also found 
differences in the VM profiles among groups of CI-users with otosclerosis 
and congenital hearing loss.

Not much research has been dedicated to find a possible link between 
speech perception and metrics computed from the VM. Joly et al. (2021)
introduced the electrical spread coefficient (ESC), which is calculated by 
rearranging the VM data and fitting the result with an exponential 
function. The ESC was found to correlate with the speech reception 
threshold (SRT) for disyllabic words in French, if the data for CI-users 
with deactivated electrodes was omitted. However, a more recent 
study by Wagner et al. (2023) found no effect of voltage gradients on 
monosyllabic word recognition. Kopsch et al. (2024) also investigated 
the influence of the TIM on monosyllabic word recognition and reported 
no correlation between TIM half-widths and speech recognition. For 
intraoperative measurements, Söderqvist et al. (2021) reported that SoE 
and normalized VM data correlate for most CI-users. Furthermore, the 
peak widths for SoE and VM data exhibited a high degree of alignment, 
indicating that both measurements overlap considerably. A very recent 
work by Mohan et al. (2024) also explored the relationship between SoE 
and TIM width data. They confirmed the findings of (Joly et al., 2021) 
and found weak correlations between the ESC and speech perception. 
They also investigated the relationship between width measures 
extracted from SoE and TIM, finding that there were differences in those 
metrics when grouped by age or gender. Additionally, they found no 
relation between speech perception and width measures extracted from 
SoE or TIM. A link between postoperatively recorded SoE and the TIM 
was investigated by Kopsch et al. (2022). For medial recording locations 
(electrode 13), they found a significant positive correlation between SoE 
and TIM half-widths, while apical and basal recording locations showed 
no correlation for SoE and TIM half-widths. A further investigation of 
the relation between SoE and VM data is one goal of the work presented 
in this work. Following up on the previous publication by Rader et al. 
(2023), this relationship is investigated postoperatively. Also of primary 
concern is an extension of the previously established evaluation method 
to the VM data and whether the results found for SoE can be reproduced 
with the VM data, especially the width measures and the correlation 
with SRT data. This is of particular interest, since the VM has some 
advantages to SoE, especially considering the quality and amount of the 
acquired data. Each measurement of the VM contains a voltage curve for 

each electrode, which allows the implementation of different analysis 
approaches suggested in previous publications. Particularly the ECAP 
separation index introduced by Hughes (2008) is of interest here. This 
metric describes the spread of the electric field through the difference of 
two SoE measurements and was found to correlate with pitch ranking 
scores, which in turn is related to speech perception. Therefore, an 
adaptation of the ECAP separation index to the VM data and its relation 
to speech perception was investigated.

Summarily, this paper sets out three main aims. Firstly, the relation 
between SoE and VM data is considered postoperatively. Secondly, the 
previously established SoE analytical method is applied to VM data. 
Finally, further analysis methods from the literature are adapted for the 
dataset in question.

2. Methods

2.1. Participants and data acquisition

A total of 17 bilaterally implanted CI-users agreed to participate in 
this study. The participants are identical to the ones in the previous 
study by Rader et al. (2023): the age at the time of the experiment 
ranged from 14.6 to 77.9 years with an average age of 41.6 years and CI 
experience ranged from 1.6 to 15.4 years with an average of 9.0 years. 
The CI-users had either Combi 40+ (4), CONCERTO (17), PULSARci100 
(8) or SONATAti100 (5) implants with Standard (10), Medium (1), 
Compressed (1), FlexSoft (7), Flex28 (10) and Flex24 (1) electrode ar
rays. This data along with the etiologies is also shown in Table 1. Of the 
17 CI-users, 13 had at least one electrode deactivated in one of their CIs. 
CI-users are denoted in this paper with a number and the side of the ear, 
e.g., S1l refers to CI-user number 1, left ear and S1r refers to CI-user 
number 1, right ear.

The SoE recordings are likewise taken from this previous study. They 
were recorded using a spatial forward-masking paradigm (Abbas et al., 
1999) with two stimuli, a masker and a probe presented in short order. 
The probe stimulus was spatially fixed and the masker varied across the 
electrode array. The resulting masked ECAP response to the probe 
stimulus was taken for each pair of probe and masker electrodes. The 
stimuli used were biphasic pulses with a pulse duration of 30 µs and an 
interphase gap of 2.1 µs, presented at LAPL. The delay between masker 
and probe stimuli was 400 µs. Artefact reduction was achieved using the 
alternating polarity paradigm (Klop et al., 2004). SoE measurements 
were taken at three recording locations: apical (probe electrode 3), 
medial (probe electrode 6) and basal (probe electrode 9). The recoding 
electrode was the basally adjacent electrode of the probe electrode (4, 7 
and 10 respectively).

The VM measurements were performed using the Impedance Field 
Telemetry (IFT) of the fitting software MAESTRO (MED-EL, Innsbruck, 
Austria). A biphasic pulse with a pulse duration of 24.17 µs, an inter
phase gap of 2.1 µs and an amplitude of 302.4 current units (cu, 1 cu ≈ 1 
µA) is presented at a stimulating electrode and the resulting voltage is 
measured at all electrodes. From this, a 12 × 12 matrix is constructed, 
containing the voltage drops between electrodes. For the remainder of 
this paper the stimulating electrode is also referred to as probe electrode, 
since it is analogous to the probe electrode in the SoE measurement. The 
VM was extracted from the participants’ fitting-software exports using 
the scientific export function, giving an XML-file from which the VM can 
be extracted. Distances along the electrode array like contact spacing 
and electrode lengths were extrapolated using the schematic draw of the 
electrode arrays supplied by the manufacturer MED-EL.

The speech recognition threshold (SRT) data in this paper was 
measured using a matrix sentence test (Oldenburg sentence test, OLSA) 
in a multi-source noise field, utilizing the two noise conditions Fastl- 
noise (FN, modulated noise) and OL-noise (OL, unmodulated noise). 
The listening test setup used four loudspeakers located at the corners of a 
listening booth (azimuth ± 27◦ and ± 153◦; distance to head center d =
169 cm; elevation above head 100 cm) to generate a diffuse noise field 
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and a speaker at 0◦ azimuth, 130 cm distance to deliver the target speech 
stimulus. More information on the OLSA and the noise conditions used 
can be found in Rader et al. (2013). This data was also identical to the 
data used in the previous study and a more detailed description on the 
SRT data collection can be found there.

2.2. Normalization

To get the closest similarity between SoE and VM data, both mea
surements were normalized. Each SoE recording was normalized to a 
normalized amplitude of 0 for the minimum value and a normalized 
amplitude of 1 for the maximum value. For the VM, the diagonal ele
ments corresponding to the near-field components of each voltage curve, 
were removed to get only the far-field components, since a relationship 
between VM and SoE was expected to lie in the far-field. Then the 
voltage curve corresponding to the SoE recording was extracted (e.g., for 
SoE with probe-electrode 3, the voltage curve of electrode 3 was taken). 
Those voltage curves had an inverse shape of the SoE recordings, so the 
voltage curves were inverted to fit the shape of the SoE recordings. Each 
voltage curve was then normalized to the second smallest value of the 
corresponding SoE recording for the minimum value and 1 for the 
maximum value. This was done because the diagonal element, which 
would be the smallest element, was removed. Finally, the previously 
removed diagonal element, analogous to the probe electrode value of 
the SoE recording, was set to 0 to get the closest match between SoE and 
VM data. A graphic representation of this normalization is shown in 
Fig. 1A. This normalization was done for each pair of SoE recording and 
voltage curve separately and referred to as min2-normalization in this 
paper.

Alongside, another normalization approach was used in this paper, 
shown in Fig .1B. Here, first the diagonal elements were removed from 
the VM, followed by a division by its largest value such that the 
maximum value is equal to 1. This approach is referred to as whole-VM- 
normalization in this paper and used for the calculation of the VM 
separation index.

2.3. Data analysis

The SoE- and VM-data, normalized using the min2-normalization, 
were split into two halves along the probe electrode and each half 
fitted using an exponential function. From those fits, the measures of 
width and asymmetry were extracted using the same approach as out
lined in our previous work (Rader et al., 2023). Accordingly, the 
extracted measures are the distances to 25 % and 50 % of the amplitude 
on the apical side, denoted as DISTa,0.25 and DISTa,0.5 respectively. The 

same measures were also taken on the basal side, denoted DISTb,0.25 and 
DISTb,0.5. Also, the sum of those distances was evaluated with DISTab,0.25 
= DISTa,0.25 + DISTb,0.25 and DISTab,0.5 = DISTa,0.5 + DISTb,0.5. The 
measure of asymmetry ΔMaxab, which is the difference in maximum 
amplitude on both sides, was extracted as well. Those measures are 
shown graphically in Fig. 2. The deviation between SoE and VM data 
was evaluated using the absolute difference curve between normalized 
SoE and VM data as well as the RMS of this difference curve.

As mentioned in the introduction, the ECAP separation index 
(Hughes, 2008) was adapted to the VM data, in the following referred to 
as VM separation index. For this, the VMs were first normalized using 
the whole-VM-normalization, from which two voltage curves were 
extracted. Those two curves were then used to calculate the VM sepa
ration index using the same formula stated in Hughes (2008): 

∑22
i=1

⃒
⃒axi −

ayi
⃒
⃒, where axi and ayi are the ECAP amplitudes of the two SoE 

Fig. 1. Graphic representation of the normalization methods used. A: normalization of SoE and voltage curves from the VM, using the min2-normalization. SoE is 
normalized to the maximum value of 1 and the minimum value of 0. The VM is normalized such that the second smallest element has the same value as the second 
smallest SoE-element and the maximum is 1. Then, VM-element corresponding to the probe electrode is set to 0. B: normalization of the whole VM without the 
diagonal, denoted as whole-VM-normalization. Here, the entire VM is normalized by division through the largest element.

Fig. 2. Explanation of the different SoE measures extracted from the expo
nential fit. Dotted lines: connections of the actual individual recordings at 
adjacent electrodes. Solid lines (green): exponential fit, performed for the apical 
and basal side of the SoE recording separately. All measures are extracted from 
the exponential fits. DISTa,0.25 and DISTa,0.5 are the distances in mm from the 
probe electrode to 25 % and 50 % peak amplitude on the apical side respec
tively. Analogous, DISTb,0.25 and DISTb,0.5 are the distances to 25 % and 50 % 
peak amplitude on the basal side. ΔMaxab is the difference in peak amplitude on 
the basal and apical sides, i.e., the measure of asymmetry between the apical 
and basal sides.
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measurements ax and ay at each masker electrode i. The ECAP separation 
index was introduced for implants of the manufacturer Cochlear, which 
have 22 electrodes. For the MED-EL implants used in this work, this sum 
was adapted to 

∑12
i=1

⃒
⃒axi − ayi

⃒
⃒, according to the number of electrodes in 

MED-EL implants. Here, axi and ayi represent the normalized amplitudes 
of the voltage curves for two stimulating electrodes x and y at each 
recording electrode i. The calculation of the VM separation index is 
illustrated in Fig. 3. Similar to the analysis of the SoE, electrodes in the 
apical, medial and basal region were chosen as the baseline electrodes. 
Here, electrode 4 was chosen for the apical region, electrode 7 for the 
medial region and electrode 9 for the basal region. The neighboring 
electrodes used for the calculation of the VM separation index were ±1 
and ±2 for the apical and basal regions and ±1, ±2 and ±3 for the 
medial region.

2.4. Statistical analysis

As all data collected in this paper was non-normal, nonparametric 
statistical testing was performed with a significance level of p = .05, 
using the software MATLAB (The MathWorks Inc, 2024). For correlation 
analysis, Spearman’s correlation coefficient was calculated. The corre
lation between SoE and VM data was performed without the probe 
electrode. Significant differences between metrics were investigated 
using the Wilcoxon signed-rank test. Analogous to the previous paper, 
the data that was correlated with the bilaterally measured SRTs had to 
be processed additionally because the speech perception was measured 
in the bilaterally best aided condition. This was done in the same way as 
described in Rader et al. (2023). Two approaches were introduced there: 
the average approach, taking the average of the extracted parameters 
and the minimum approach, taking the minimum of both extracted 
parameters. I.e., DISTa,0.25,mean = 1

2
(
DISTa,0.25,right +DISTa,0.25,left

)
and 

DISTa,0.25,min = min
( (

DISTa,0.25,right + DISTa,0.25,left
))

. For the correla
tion between VM separation index and SRTs, another processing method 
was evaluated: along with the average and minimum value of both ears 
the maximum value of the VM separation index of both ears was also 
considered because it was unclear whether the “better ear” would 
correspond to the minimum or the maximum of the VM separation 
index.

3. Results

3.1. Comparison of SoE and VM data

SoE data at the apical recording location ranged from − 124 µV to 
1117 µV with a mean of 232.2 µV. For the medial recording location the 
data ranged from − 43 µV to 945 µV with a mean of 207.2 µV. At the 
basal recording location, SoE data ranged from − 78 µV to 1293 µV with 
a mean of 245.7 µV. VM data without the diagonal entries fell between 
3.8 mV and 608.7 mV with a mean of 134.1 mV. The comparison be
tween SoE and VM data was limited by the number of analyzable curves 
collected in the previous study (Rader et al., 2023). There, only the data 
from 10 ears (7 CI-users) could be evaluated at all recording locations, 
giving analyzable data at the apical, medial and basal recording loca
tion. Accordingly, a comparison between SoE and VM could only be 
done for those 10 ears. Those are shown in Fig. 4, where a good match 
between the normalized SoE and VM data is visible. This similarity can 
also be seen in the correlations between both measurements. For most 
cases, SoE and VM data were highly correlated. At the apical recording 
location (probe electrode 3) all correlations were significant with high 
correlation coefficients r of 0.77 to 0.99. At the medial recording loca
tion (probe electrode 6), two ears did not show a significant correlation: 
both ears of S16 (S16l p = .062 and S16r p = .072). In the remaining ears 
however, SoE and VM data were highly correlated with coefficients 
between 0.85 and 0.96. The basal recording location (probe electrode 9) 
showed the least number of significant correlations. Here, four ears had 
uncorrelated SoE and VM data: S1r, S11l, S16r and S16l. The correlation 
coefficients and their significances are shown in more detail in Fig. 4.

Apart from the correlation, the similarity was also investigated using 
the difference between SoE and VM data. This is shown in Fig. 5, where 
the absolute difference between both curves is plotted. A couple of ob
servations can be made here. First, it is quite visible which points are 
used for the normalization, as in general the difference at those points 
(the maximum value and the value of the probe electrode) is 0. Only at 
the apical recording locations were two ears which differed: S16r and 
S16l had their SoE minimum amplitude not at the probe electrode but 
shifted one electrode to the apex. This results in larger curve differences 
for those two ears. Another observation was, that the greatest differ
ences between the curves mostly appeared one or two electrodes in the 
basal direction from the probe electrode, indicating that the slope to
wards the basal direction is shallower for the voltage curves. The dif
ference between SoE and VM data was quite varied between the 
different ears and recording locations. This was also reflected in the 
RMS-differences, which ranged from 0.046 to 0.27 normalized ampli
tude for the apical recording location, 0.1 to 0.27 for the medial 
recording location and 0.074 to 0.24 for the basal recording location. 
The detailed numbers of the RMS-differences are shown in Fig. 5 and a 
boxplot of the RMS-differences is shown in Fig. 6 grouped by recording 
locations as well as the average across all recording locations. This 
average showed a smaller spread than the recording locations by 
themselves, the range there was reduced to 0.093 to 0.22.

3.2. Evaluating the VM using SoE-fitting

The exponential fitting and parameter extraction as described in 
Section 2.3 and Fig. 2 could also be performed on the normalized voltage 
curves extracted from the VM. Like in the previous paragraph, here 
again some differences between SoE and VM data could be found. 
Boxplots of the extracted parameters are shown in Fig. 7A, together with 
the SoE-data from the previous study. For the apical recording location 
(Fig. 7A, top), the extracted parameters are very similar with the VM 
data showing slightly smaller spread than the SoE data. However, for the 
summed distances DISTab,0.25 and DISTab,0.5, the difference between SoE 
and VM data was found to be significant (Wilcoxon signed-rank test p =
.0039 and p = .027 respectively). The medial recording location 
(Fig. 7A, middle) also showed significant differences in extracted 

Fig. 3. Graphical representation of the VM separation index. The dark green 
curve is the voltage curves of stimulating electrode 7, the pink curve is the 
voltage curve of stimulating electrode 8, both extracted from the VM data and 
normalized using the whole-VM-normalization. The solid black lines are the 
differences between both voltage curves at the specified electrodes.
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Fig. 4. Normalized ECAP (dotted black lines with circles) and voltage amplitudes (dotted green lines with crosses) of the SoE and VM measurements, normalized 
using the min2-normalization. The recording locations apical, medial and basal used the probe/stimulating electrodes 3, 6 and 9 respectively. Alongside, the cor
relation coefficient r and significance p are shown. Distances were extrapolated using a schematic draw of the electrode array provided by the manufacturer.
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Fig. 5. The difference between SoE and voltage curve for each recording alongside the root mean square difference (RMSD). Distances were extrapolated using a 
schematic draw of the electrode array provided by the manufacturer.
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parameters, here DISTb,0.25, DISTb,0.5 and DISTab,0.5 deviated between 
SoE and VM data (Wilcoxon signed-rank test p = .049, p = .037 and p =
.002 respectively). A larger spread for the VM-extracted parameters is 
also visible in the boxplots. The largest differences between SoE and VM 
data occurred at the basal recording location (Fig. 7A, bottom). Four 
parameters were found to differ significantly: DISTa,0.25 (p = .002), 
DISTb,0.25 (p = .014), DISTa,0.5 (p = .002) and DISTb,0.5 (p = .014). The 
measure of asymmetry ΔMaxab (Fig. 7B) did not show significant dif
ferences between SoE and VM data for any of the three recording loca
tions. The correlation with SRTs performed in the previous study was 
repeated for the parameters extracted from the VM data, however the 
significant correlations present with the SoE-parameters could not be 
reproduced.

3.3. VM separation index

In order to achieve increased accuracy in the calculation of the VM 
separation index, the following section incorporates data from a greater 
number of subjects. Here, the VM could be obtained for every ear of 
every CI-user (n = 17) for a total of 34 VMs. The results of the VM 
separation index with the chosen electrodes are shown in Fig. 8. Un
surprisingly, with increasing spacing between the electrodes, the VM 
separation index increased alongside. Interestingly however, the asym
metry seen in maximum ECAP amplitude of both halves of the SoE 
measurement discussed in the previous study (Rader et al., 2023) was 
also present in the VM separation index, where an asymmetry between 
the more apical and more basal comparison electrodes is visible. This 
effect was not apparent for the VM separation index between two 
adjacent electrodes, but for larger spacings like two or three electrodes 
distance, a greater VM separation index for the comparison with a more 
basal electrode could be observed. For the apical electrode 4, no sig
nificant difference was found between the VM separation index towards 
the base and the VM separation index towards the apex. However, Fig. 8
depicts a higher value for the more basal VM separation index. The VM 
separation index between electrodes 7–4 and 7–10 were found to be 
significantly different (Wilcoxon sign-rank test p < .001) as well as the 
VM separation index between electrodes 9–7 and 9–11 (Wilcoxon 
sign-rank test p = .036).

The VM separation index was also correlated with the SRTs obtained 
in the previous study. For 2 subjects (S4 and S8), no SRT data could be 
obtained, therefore they were excluded from this correlation analysis. As 
mentioned in the previous section, the VM separation index was calcu
lated for each ear separately, but for the correlation the data from both 
ears had to be combined into one value. For this, three options were 
investigated: the minimum, the mean and the maximum VM separation 
index of both ears. The VM separation index varied between both ears 

with a maximum difference between ears of 2.57, a mean difference 
between ears of 0.019 and an interquartile range of 0.92. For the mean 
of both ears, significant correlations were found between the VM sepa
ration index of electrodes 7–8 and the FN-SRTs (p < .001, r = − 0.8) as 
well as the OL-SRTs (p = 0.013, r = − 0.64). For the minimum, the VM 
separation index of electrodes 7–4 and 7–8 were significantly correlated 
with the FN-SRTs (p = .042, r = − 0.54 and p = .012, r = − 0.64 
respectively). Most significant correlations were observed for the 
maximum. Here, the VM separation indices for 4–6 and 7–8 were 
correlated with the FN-SRTs (p = .031, r = − 0.56 and p = .026, r =
− 0.58), while 4–6, 7–8 and 7–10 were correlated with the OL-SRTs (p =
.034, r = -0.56; p = .021, r = − 0.60 and p = .047, r = − 0.53). Inter
estingly, the VM separation index of electrodes 7–8 showed significant 
correlations for all three evaluation options as well as containing the 
strongest correlation. The correlations for this electrode pair are also 
graphically shown in Fig. 9. All correlations found were negative, 
indicating that a larger VM separation index leads to a lower SRT, which 
for the OLSA means a better speech perception in noise.

4. Discussion

4.1. Similarity of SoE and VM data

Previous research already discovered a possible link between intra
operatively measured SoE and TIM/VM data (Franke-Trieger et al., 
2022; Söderqvist et al., 2021). In both cited studies, no complete 
normalization of TIM/VM data or SoE was performed, instead graphical 
similarities were shown by using differently scaled axes for TIM/VM and 
SoE data. The main difference is how the probe electrode was incorpo
rated into the normalization: Söderqvist et al. (2021) calculated an 
effective transimpedance Zeff by extrapolating a far-field component and 
near-field component, then used this Zeff for the comparison of TIM and 
SoE. Franke-Trieger et al. (2022) chose to ignore the value of the probe 
electrode and showed that the decay of the electric field in SoE and VM 
were similar. One study (Kopsch et al., 2022) also investigated the 
postoperative link between SoE and TIM, the comparison was however 
limited to the half-widths. Our normalization approach was closely 
aligned to the one used by Franke-Trieger et al. (2022) since we also 
focused on the far-field effect only and therefore ignored the probe 
electrode. To get a maximal similarity between the fitting of SoE and VM 
data, the probe electrode was assigned the normalized amplitude value 
of 0 in the min2-normalization approach. As this might affect the cor
relation between SoE and VM data, the probe electrode was not included 
in the correlation analysis.

Even so, a good alignment between the SoE and VM data could be 
found and adding to the findings of Söderqvist et al. (2021), we also 
found a correlation between postoperatively measured SoE and VM data 
in for most cases in our comparison dataset. However, the alignment was 
not perfect: differences between both measurements were visible, 
especially in the RMS-difference (see Figs. 5 and 6). The presence of 
some differences was expected, as the SoE contains more information 
than the VM. The VM mainly contains the geometric information of the 
spatial electric field spread, which is why it has been used to calculate 
insertion depth (Aebischer et al., 2021) or detect tip fold-overs (Beck 
et al., 2024; Hans et al., 2021; Klabbers et al., 2021). SoE on the other 
hand measures spatial masking of the electrodes through spreading 
electrical fields and is based on ECAPs, which also contain information 
about the neural interface as well as the spatial electrical field spread. 
The correlation analysis also showed the most significant correlations 
for the apical recording location and the least for the basal recording 
location, which is probably a result of the few data points available on 
the basal side of the basal recording location. This is especially the case 
for the CI-users, in which the most basal electrode (E12) is globally 
deactivated (S1r, S16l). Interestingly, this is in contrast to Kopsch et al. 
(2022), where the only significant correlation between SoE and TIM 
half-widths was found for the medial recording location. However, since 

Fig. 6. Boxplots of the root mean square difference (RMSD) for each recording 
location and the average across all recording locations.
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the correlation was performed using the half-widths and not the re
cordings themselves, a comparison between the findings is difficult.

4.2. Analysis of VM

When adapting the SoE-analysis of the previous paper (Rader et al., 
2023) to the VM data, a similar pattern to the correlation analysis could 
be observed. The differences between SoE and VM data were again low 
for the apical recording location and largest for the basal recording 
location (see Fig. 7A), which was the case for both the boxplots and the 
statistical testing. While significant differences between the width 
measures of SoE and VM data were found, they were still quite similar. 
This is in agreement with the findings of Söderqvist et al. (2021) and 
Kopsch et al. (2022), who reported only weak or no correlations be
tween 50 % widths of SoE and TIM. Further analysis by Söderqvist et al. 
(2021) showed, that a significant effect of recording location and an 
interaction between recording location and measurement type could be 
found. Kopsch et al. (2022) also only found a significant correlation for 
the medial recording location, adding to the effect of recording location. 
This was not specifically tested in our dataset, but the interaction is also 
visible in Fig. 7A: depending on the recording location, the significant 
differences in width parameters changed. A significant effect of mea
surement type was also reported by (Mohan et al., 2024). They reported 
variation between SoE and TIM widths as well and found more vari
ability in the TIM widths compared to SoE widths, which was not the 
case for the dataset presented here. The measure of asymmetry ΔMaxab 
however was not found to significantly differ between VM and SoE data, 
which is an indication, that this asymmetry is likely a geometrical or 
anatomical feature, making the explanation of the tighter coils of the 
cochlear duct in the apex given in Abbas et al. (2004), Cohen et al. 
(2003) likely. The significant differences in the width measures were 
likely the reason, why the correlation with SRTs present in the 
SoE-analysis could not be replicated with the VM. Similarly, Kopsch 
et al. (2024) also found no significant correlation between width mea
sures extracted from the TIM and monosyllabic word recognition. This 
together with the findings discussed in the previous section indicate, 
that SoE and VM do not contain the exact same information. While the 
VM contains information about the electric field distribution in the co
chlea, the SoE measurement contains additional information: SoE also 
contains information about the neural interface and degree of masking 
between the electrodes, which is not present in the VM. Therefore, we 
conclude that SoE and VM can’t always be used interchangeably. If the 
neural component is relevant, it is still necessary to use SoE, even though 
it has some disadvantages compared to the quicker and more easily 
measured VM. Still, the similarities of SoE and VM are considerable and 
for tasks that refer to electrode positioning like detecting tip fold-overs 
and estimating insertion depth, VM appears to be preferrable.

The ECAP separation index introduced by Hughes (2008) showed a 
promising correlation with pitch ranking, which in turn is related to 
speech perception. This metric was adopted to the VM data in this paper 
and evaluated. The values for the VM separation index were different 
from those published in Hughes (2008), which makes sense as the ab
solute sum used in the calculation does not compensate for the number 
of electrodes. The implants used in this study have 12 electrodes 
compared to the 22 used in Hughes (2008). If this is factored in, the data 
is more in agreement. The asymmetry found in the VM separation index 

(caption on next column)

Fig. 7. Results of the parameters extracted from exponential fitting (box plots, 
outliers are denoted with crosses). A: widths at 25 % (DIST0.25) and 50 % 
(DIST0.5) relative peak amplitude for both SoE (white boxes) and VM (green 
boxes) data for the apical recording location (top), medial recording location 
(middle) and basal recording location (bottom). DISTa is the width to the apical 
side, DISTb the width to the basal side and DISTab the sum DISTa + DISTb. B: 
measure of asymmetry ΔMaxab, i.e., the difference of peak normalized ampli
tude of the apical and basal side for SoE (white boxes) and VM (green 
boxes) data.
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matches data published on the asymmetry in SoE- and VM-based width 
data discussed before, again indicating an anatomical or structural 
origin. In this study, we found significant correlations between the VM 
separation index and SRTs measured in a multi-source noise field. All 
correlations found were negative, meaning that a higher separation 
between the electrodes leads to a lower OLSA-SRT, which indicates a 
better listening performance in noise. This agrees with the hypothesis 
that a higher separation index, meaning less overlap of electrical spread 
patterns, is beneficial for the CI-user formulated in Hughes (2008), 
which we also applied here. The largest correlation was found for the 
VM separation index between electrodes 7 and 8, which in the used 
implants in most cases corresponds to center frequencies of 1.6 and 2.2 
kHz respectively. These are also the electrodes where in most CI-users 
the charge applied through the mapping was highest. A probable 
explanation for this is that because of this comparably high charge for 
electrodes 7 and 8, the CI-users benefit from a higher VM separation 
index in this range as it provides them with additional cues through less 
overlap of the electrical field spread. Also, Fastl Noise has its masking 
peak at slightly higher frequencies (Fastl and Zwicker, 2007) while 
Oldenburg Noise has its masking peak at lower frequencies (Rader et al., 

2013). The frequencies of electrodes 7 and 8 still contribute to speech 
recognition but lie outside of the masking maximum of both noise 
conditions, which might affect the relationship between VM separation 
index and SRTs.

Additionally, the analysis method of Joly et al. (2021) was imple
mented and applied to our dataset. Joly et al. (2021) proposed a 
methodology of transforming the VM to a set of voltage curves, which 
are then fitted to a single exponential function, from which the exponent 
is extracted and labelled exponential spread coefficient (ESC). The 
values we calculated from our dataset were comparable to those pub
lished in Joly et al. (2021). For the inclusion of all patients, we found no 
correlation between the ESC and the SRT, which was also the case in 
Joly et al. (2021). However, they found a significant correlation if all 
CI-users with deactivated electrodes were excluded. For our dataset this 
was not feasible, as only 4 CI-users had the full array active for both ears. 
From our results we can’t conclude whether this ESC is a good descriptor 
of the VM.

4.3. Limitations

This study has a number of limitations. The number of included CI- 
users is rather low, which is aggravated by the low number of analyz
able SoE profiles for each recording location, resulting in fewer data
points than desired. Additionally, many CI-users have deactivated 
electrodes, which might have influenced the findings of this paper. The 
probably largest limitation is the speech perception, which has only 
been measured in the bilateral best aided condition. Therefore, no 
analysis on peripheral effects could be conducted and the measures for 
each ear had to be combined, which is why different measures of com
bination were investigated, since both ears differ in extracted metrics. 
Another limitation concerns the correlations performed. Since a large 
number of correlations was calculated in this study, we chose not to 
adjust the significance level due to the multiple comparisons. This af
fects the significance of our reported correlations. However, since for 
correlations the correlation coefficient has more weight than the sig
nificance, we chose to focus on the correlation coefficients instead. 
Finally, this study has all the limitations inherent to a monocentric 
prospective study.

5. Conclusion

Previously shown similarities between SoE and VM data could be 
confirmed for postoperative measurements in patients fitted with long 
electrode arrays through a good visual match and significant correla
tions. Still, some differences in the measurements could be observed. 
Especially when evaluating the widths, significant differences between 

Table 1 
. List of CI-user implants, electrode arrays and etiologies. HL = hearing loss.

subject CI left Array left CI right Array right etiology

S1 CONCERTO FLEXsoft CONCERTO FLEX28 Progressive HL
S2 SONATAti100 Standard SONATAti100 FLEXsoft Progressive HL
S3 PULSARci100 Standard CONCERTO Standard HL during infancy
S4 CONCERTO FLEX28 CONCERTO FLEX28 Congenital auditory defect
S5 PULSARci100 FLEX24 CONCERTO FLEX28 HL during childhood
S6 PULSARci100 Medium PULSARci100 Compressed Meningitis
S7 CONCERTO FLEX28 CONCERTO FLEXsoft Progressive HL
S8 C40+ Standard PULSARci100 Standard Progressive HL
S9 SONATAti100 Standard SONATAti100 Standard Progressive HL
S10 C40+ Standard CONCERTO FLEXsoft Meningitis
S11 CONCERTO FLEXsoft CONCERTO FLEXsoft Progressive HL
S12 CONCERTO FLEX28 PULSARci100 Standard Progressive HL
S13 CONCERTO FLEXsoft C40+ Standard Congenital deafness
S14 PULSARci100 Standard PULSARci100 Standard HL during childhood
S15 C40+ Standard SONATAti100 Standard Congenital auditory defect
S16 CONCERTO FLEX28 CONCERTO FLEX28 Progressive HL
S17 CONCERTO FLEX28 CONCERTO FLEX28 Congenital auditory defect

Fig. 8. Results of the VM separation index (box plots, outliers are denoted with 
crosses). The electrodes used for the calculation are shown at the top of the 
figure (E4, E7 and E9) and the relative distance to the comparation electrode is 
shown on the y-axis.
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SoE and VM data were present. This leads us to the conclusion that SoE 
and VM show similarities through measuring the electrical field distri
bution, however the neural aspect included in the SoE measurement 
contains enough additional information that they can’t be used 
completely interchangeably.

The novel adaptation of the ECAP separation index to the VM as the 
VM separation index showed promise through its correlation with the 
SRTs, but further research on this topic is necessary, especially its 
relation to the original ECAP separation index proposed by Hughes 
(2008). Also, the peripheral effect of the SoE and VM-based analysis 
methods on SRTs was not included in this study and needs further 
research.
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Fig. 9. Spearman correlations between ranked VM separation index results and ranked speech reception thresholds obtained either in Fastl (modulated) noise (FN) or 
continuous Oldenburg noise (OL) condition. Rank denotes the ordered values of VM separation index and SRT according to the spearman correlation coefficient. 
Presented are only the correlations for the VM separation index between the stimulating electrodes 7 and 8, which resulted in the largest correlations. Inset bottom 
left: Spearman rank correlation coefficients for SRT rank versus VM separation index rank. Inset top right: the exact parameters used for the correlation. FN = SRT 
with FASTL noise, OL: SRT with OLSA noise, Mean SepE7,E8, Min SepE7,E8, Max SepE7,E8: Mean, Min and Max of the VM separation index between electrodes E7 
and E8.
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