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BACKGROUND: Fitting of cochlear implants is a labor-intensive process, and therefore automated fitting procedures are being sought. The 
objective of this study was to evaluate if decomposition of the complex impedance of the electrode–tissue interface could provide additional 
parameters that show improved correlation with the behavioral T/C levels.

METHODS: A new method for decomposing the complex impedance of the electrode–tissue interface was developed and tested in 18 patients 
in a prospective study in a tertiary otologic referral center.

RESULTS: The averaged near-field Faradaic resistance (RF) calculated in study subjects shows a very strong correlation (R2 = 0.80) with the behav-
ioral C levels and can be used for automated fitting in most patients. The standard deviation for the T levels and the C levels calculated for each of 
the electrode contacts in all study subjects is in the range of 10-15 CL and 15-20 CL, respectively. These higher values of the standard deviations 
are caused by a few outliers who require that additional parameters have to be added to the metric equation, allowing for the automated predic-
tion of the T/C levels.

CONCLUSION: A new method for deriving information from the electrode impedance measurements shows excellent correlation of the Faradaic 
resistance with the behavioral T/C levels in most patients and can be very useful for fitting cochlear implants based on objective measures. Since 
some patients still show discrepancies between the predicted T/C levels based on the RF calculation, additional parameters have to be added to 
the metric equation, allowing for automated prediction of the T/C levels.
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INTRODUCTION
Cochlear implants (CIs) have become very successful in the treatment of hearing loss and deafness, with 736 900 patients implanted 
worldwide by 2019 (https ://ww w.nid cd.ni h.gov /site s/def ault/ files /Docu ments /coch lear- impla nts.p df ). 

In order to make cochlear implants work in an optimal way, the stimulation parameters for each of the stimulating electrode con-
tacts have to be individually adjusted in each patient. This process of defining the stimulation parameters is called implant fitting. 
In particular, the stimulation currents corresponding to the sensation thresholds (T levels) and to the levels of comfortable hearing 
(C levels) have to be defined. The T/C levels are the basic fitting parameters of a cochlear implant.

The behavioral measurement of the T/C levels for each electrode contact is a labor-intensive process that has to be regularly 
repeated in the postoperative period due to significant changes in the electrophysiological parameters over time after implantation 
researchers researchers.1 This, together with the continuously increasing number of implanted patients, creates a big burden to the 
cochlear implant centers and results in shortages of audiological resources. Therefore, solutions for automated and/or streamlined 
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fitting procedures have been sought. These fitting procedures are 
based mostly on electrophysiological measures such as electrically 
evoked compound action potentials (ECAP), electrically evoked audi-
tory brainstem responses (EABR), or electrically evoked stapedius 
reflex thresholds (ESRT). However, all electrophysiological measures 
(ECAP, EABR, and ESRT) show very big variability and are unable to 
accurately predict the behavioral T/C levels. This has already been 
demonstrated by many researchers.1-3

Ourrecently published papers4,5 show major improvements in the 
prediction of the behavioral T/C levels by analysis of impedances of 
the electrode contacts. These impedances show significant, strong 
negative correlations with the stabilized T/C levels at 4-6 months 
after implantation and are an important predictor for the behavioral 
T/C levels, especially for perimodiolar electrodes. In these electrodes, 
the electrode impedances can explain R2 = 28%-41% of the variability 
of the behavioral T/C levels.

The objective of this study was to evaluate if decomposition of the 
complex impedance of the electrode–tissue interface could provide 
parameters that show even better correlation with the behavioral T/C 
levels.

MATERIAL AND METHODS

Study Subjects
Eighteen adult patients (8 females and 10 males) have been included 
in the study. They were all recipients of the Nucleus Freedom, or CI500 
series, implant manufactured by the Cochlear Ltd. Company and had 
at least 6 months of experience with the cochlear implant. The age 
of the patients was between 34 and 79 years at the moment of their 
inclusion in the study. Figure 1 shows the histogram of the age dis-
tribution. The demographic data of the study subjects are contained 
in Table 1. The study was performed at the European Institute for 
Otorhinolaryngology in Antwerp in Belgium and required a single 
visit during which the impedance data were collected and com-
pared to the behavioral fitting maps derived from the Custom Sound 
database.

Ethical Considerations
This study was running under the Ethics Commission approval of 
CTC5585 “Innovation in Clinical Care for Users of a Nucleus Cochlear 
Implant”, obtained on January 9, 2015 from the Ethics Committee of 
the Sint Augustinus Hospital - Gasthuis Zusters Antwerpen (GZA). 
All study subjects signed the Patient Informed Consent (PIC) when 
entering the study.

Statistical Analysis
Statistical analysis was performed with Statistica 13.3 (TIBCO 
Software Inc., Palo Alto, CA, USA). Pearson’s correlation coefficient 
was used throughout the report.

Description of the Impedance Model
The complex impedance of the electrode–tissue interface of the 
cochlear implant can be represented by the lump element model 
shown in Figure 2. It comprises an access resistance RA correspond-
ing to the near- and far-field tissue resistance in series with a parallel 
circuit of the double layer capacitor CDL and a resistance RF corre-
sponding to the Faradaic processes occurring at the electrode–elec-
trolyte interface (i.e., charge transfer or polarization resistance).6,7

In the equivalent circuit of Figure 2, one also recognizes the scheme 
of a simplified Randles cell.8,9 Such a simplified Randles cell can serve 
as a starting point for other more complex models for representing 
the electrode–tissue interface. 

An impedance model of the full interface comprising the electrode–
tissue interface and the cochlear tissues, extracochlear reference 
electrodes, and DC blocking capacitor is provided in Figure 3. 

The parameters of the impedance model characterize intrinsically 
different parts of the current path. As mentioned earlier, the model 
we use for the electrode–tissue interface comprises the double 
layer capacitance CDL, the Faradaic resistance RF, and the so-called 
bulk resistance RB, which forms the middle-field part of the access 
resistance RA. The parameters CDL and RF are related to the electro-
chemical processes in the closest vicinity of the electrode contact 
(near-field effects).10 The double-layer capacitor CDL is capable of stor-
ing electrical energy by means of the electrical double layer effect, 
which occurs at the interface between a conductive electrode of the 
intracochlear array of electrodes and the adjacent liquid electrolyte 
(i.e., the tissue between the electrode array and the other part of the 
cochlear implant). As already mentioned, the RF corresponds to the 
Faradaic processes occurring at that interface. The bulk resistance RB 
contains several components, such as the additional contribution to 
the impedance due to the current concentration near the electrode 

Figure 1. Age distribution of the 18 study subjects.

MAIN POINTS

• Automatisation of cochlear implant fitting based on objective 
parameters could help in the management of increasing numbers 
of implanted patients and solve the problem of fitting in small chil-
dren and non-cooperative patients.

• Faradaic resistance of the electrode–tissue interface calculated 
according to the method described in this paper shows excellent 
correlation with the behavioral T/C levels.

• This could improve the metric equation allowing for automated fit-
ting of cochlear implants.
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Table 1. Demographic Data of the Study Subjects

Subject Gender
Age at 
Study 

(Y)

Age at CI 
Surgery (Y)

Implant 
Type

Electrode Ear
Etiology of 
Hearing Loss

Onset of 
Hearing Loss

Age at Onset 
of Hearing 

Loss (Y)

Duration of 
Hearing 
Loss (Y)

01 F 67 57 CI24RE Contour 
Advance

R Unknown Progressive 32 25

02 M 34 23 CI24RE Contour 
Advance

L Meningitis Sudden 10 13

03 M 71 61 CI24RE Contour 
Advance

L Familial Progressive Unknown Unknown

04 F 38 29 CI24RE Contour 
Advance

R Unknown Congenital 0 29

05 F 52 44 CI24RE Contour 
Advance

L Unknown Congenital 0 44

06 F 60 57 CI24RE Contour 
Advance

R Trauma Sudden 55 2

07 F 64 57 CI24RE Contour 
Advance

L Unknown Progressive 48 10

08 M 71 65 CI24RE Contour 
Advance

L Ménière Progressive 56 8

09 M 60 50 CI512 Contour 
Advance

R Unknown Progressive 10 40

10 F 79 68 CI24RE Contour 
Advance

R Unknown Progressive 59 9

11 F 74 66 CI24RE Contour 
Advance

R Unknown Progressive 40 30

12 M 71 69 CI512 Contour 
Advance

L Unknown Progressive Since 
childhood

60

13 M 68 57 CI24RE Contour 
Advance

L Familial Progressive 46 11

14 M 76 75 CI512 Contour 
Advance

R Familial Progressive 50 15

15 F 46 44 CI24RE Contour 
Advance

R Measles Sudden 6 39

16 M 48 47 CI512 Contour 
Advance

L Familial Progressive 5 42

17 M 70 60 CI24RE Contour 
Advance

L Ménière Sudden 56 4

18 M 40 39 CI512 Contour 
Advance

R Ménière
otosclerosis

Progressive 26 4

Figure 2. Model of the complex impedance of the electrode–tissue interface of the cochlear implant electrode contacts.
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contact and tissue growth around it (these can be considered as the 
middle-field effect).6,10,11 The effect of the tissue between the intraco-
chlear electrodes and the extracochlear reference electrodes, i.e., the 
various transversal resistive components rTi and longitudinal com-
ponents rLi depicted in Figure 3, is lumped together into the single 
resistive component RC (Figure 4), which represents the far-field com-
ponent.12 Note that the access resistance RA of Figure 2 is equal to the 
sum of RB and RC in Figure 3. 

The capacitance between the extracochlear reference electrodes 
and the stimulation/recording circuitry (including the serial blocking 

capacitor between each individual current source and stimulation 
contact) is shown in Figures 3 and 4, denoted as CBLO. The impedance 
parameters of the reference electrodes are pragmatically less impor-
tant than the impedance parameters of the intracochlear electrodes 
due to their much larger dimensions.13 

The parameters of the electrical circuit corresponding to the imped-
ance of the electrode–electrolyte interface can be determined by 
applying the following approach. In some embodiments, rectangular 
biphasic pulses are generated between two chosen electrodes in the 
electrode array. In other embodiments, nonrectangular pulses can 

Figure 3. More complex model of impedance employing the near-, middle-, and far-field elements.

Figure 4. A model for the measurement of the voltage responses between the stimulating and the reference electrodes measured at the stimulating (left panel) 
and the reference (right panel) electrodes. 
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be used. Any principally charge-balanced pulse type can be envis-
aged for use in the proposed approach, as long as the pulse does 
not cause charge transfer toward the tissue that might cause tissue 
damage.13 The stimulating pulse can be a voltage or a current. One 
possible scheme of the measurement is shown in Figure 5. 

A current pulse is injected at a stimulating electrode, and the volt-
age responses between the stimulating electrode and the reference 
electrode(s) are measured at the stimulating electrode (diagonal 
measurement) as well as between all other electrodes and the ref-
erence electrode(s) (off-diagonal measurements).14 In the left-hand 
part of Figure 4, the relevant current signal path is illustrated for a 
diagonal measurement, i.e., a measurement at the stimulating elec-
trode, and in the right-hand part for a nondiagonal measurement, 
i.e., at any of the nonstimulating contacts of the electrode array. 

Voltage responses to the current pulses are recorded at different 
moments in time during the monopolar biphasic stimulation pulse. 
For example, a voltage response measurement may be performed for 
a biphasic pulse at, e.g., 10 instances as illustrated in Figure 6 (for a 
diagonal measurement on the left and a nondiagonal measurement 
on the right): at 6, 12, 18, 24, and 56 μs from the leading edge of each 
of the two pulse phases. In Figure 6, the left panel shows a typical 
voltage response measured at the stimulating electrode (diagonal 
measurement), while the right panel shows the voltage response 
measured at one of the nonstimulating electrodes of the electrode 

array (off-diagonal measurements). The dots are the measured data, 
whereas the solid line represents the model fitting of the signal 
received in response to the stimulation pulse.

The model parameters can be determined using the following 
approach: Essentially, the purely resistive component RA contrib-
utes to the instantaneous response, i.e., the stepwise behavior of 
the waveform near the leading and trailing edges of the stimula-
tion pulse, as can also be seen from Figure 6. For diagonal measure-
ments, the parallel components RF and CDL result in an exponentially 
decaying/growing time response, as no current is assumed to flow 
through the electrode–tissue interface at electrodes different from 
the stimulation electrode. The Faradaic resistance RF corresponds to 
the amplitude of the exponentially decaying/growing part of the 
response, whereas the double-layer capacitance CDL is indirectly 
derived from the time constant τ (τ = CDL RF). The implant-related 
blocking capacitance CBLO gives rise to a linear slope with time dur-
ing each phase of the stimulation pulse. The blocking capacitance 
CBLO contributes to both the waveform measured at an electrode 
different from the intracochlear stimulation electrode (in a nondi-
agonal measurement) and the waveform at the stimulation elec-
trode itself (in a diagonal measurement). Because CBLO is common 
to the recordings at all intracochlear electrodes and because it is 
the only time-dependent contribution to the off-diagonal measure-
ments, the linear effect of off-diagonal measurements is used to 
subtract the effect in the diagonal waveforms. This subtraction was 
already performed in the left panel of Figure 6. To exclude any effect 
of the stimulation current, CBLO is preferably determined based on 
measurements obtained far away from the stimulation electrode. 
For example, measurements can be made at electrodes at least 
18 electrodes away from the stimulating electrode in the array of 
electrodes. 

The waveform fitting allows discriminating between the instanta-
neous resistive components and the time-dependent capacitive 
components of the impedance. However, the 2 resistive contributions 
RB and RC to the solution resistance RA, seen when performing the 
diagonal measurements, cannot be separated, as the measurement 
procedure only yields their sum, RA = RB + RC. To tackle this problem, 
it is assumed that the far-field component RC, directly obtained for 
the waveforms away from the stimulation electrode, can be extrap-
olated toward the stimulation electrode. The far-field component 
RC at the stimulation electrode is thus obtained by fitting the field 

Figure  5. A model for the measurement of parameters constituting the 
impedance of the electrode–electrolyte interface.

Figure 6. Voltage response measurement performed for a biphasic pulse at 10 time points at the stimulating electrode (left panel) and the nonstimulating 
electrode (right panel).
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spread RC from the nonstimulating measurements to a double-sided 
exponential on a linear function, with the constraint that basal and 
apical fitting meet each other at the stimulation electrode. Solution 
resistance RA measured from the waveform fitting at the stimulation 
electrode diagonal measurement (Figure 6, left-hand panel) and RC 
from extrapolating the nonstimulating field spread then also yield 
the bulk resistance RB at the stimulation electrode. Figure 7 shows 
the extrapolation of the exponential decay of the off-diagonal (non-
stimulating electrode) voltage amplitudes, allowing for the calcula-
tion of the RC and the method for calculating the bulk resistance RB at 
the stimulation electrode. 

RESULTS
It was found that one particular component of the complex imped-
ance model presented above very accurately correlates with the 
behavioral T/C levels, namely, the resistive component RF correspond-
ing to the Faradaic processes occurring at the electrode–electrolyte 
interface. This finding clearly indicates the importance of taking into 
account the near-field effects during simulations for fitting cochlear 
implants. The upper panel in Figure 8 shows the comparison of the 
correlations between the resistive RF component and the behavioral 
T/C levels. The lower panel shows the same correlations for the over-
all impedance Z. The correlations for the RF component (R = −0.60 for 
the T levels and R = −0.73 for the C levels) are much higher than for 
the overall impedance Z (R = −0.40 for the T levels and R = −0.51 for 
the C levels).

When we average the C level and RF over the whole electrode array 
for each of the 18 patients, we notice even higher correlations with 
R = −0.894 (Figure 9). 

For the majority of patients, it is sufficient to use only this resistive 
component, RF, as a basis for prediction of the T/C levels in order to 
obtain satisfactory results. Figure 10 shows that the median result 
of the estimation of the T/C fitting parameters (measured behavior-
ally) over the various electrodes of the array in a number of patients 
indeed almost exactly agrees with the T/C levels calculated on the 
basis of the correlation with the resistive Faradaic component RF. The 
upper curves in Figure 10 shows the differences found for the C levels 
and the lower curves for the T levels. 

Although in most cases the agreement between the behaviorally 
measured T/C levels and the predictions calculated on the basis of the 
resistive component RF alone is excellent, in some cases the standard 

Figure  7. Extrapolation of the exponential decay of the nonstimulating 
electrode voltage amplitudes.

Figure 8. Comparison of the correlations between the resistive RF component with the behavioral T/C levels (upper panel) and the same correlations for the 
overall impedance Z (lower panel).
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deviation σ of the differences calculated for individual contacts is still 
large, as illustrated in Figure 11. The upper curve shows the standard 
deviation for the C levels and the lower curve for the T levels. Hence, 
in order to decrease the variability of the differences between the 
behaviorally measured T/C levels and the predictions calculated on 
the basis of the resistive component, additional parameters have 
to be added to the metric equation, allowing for automatic predic-
tion of the T/C levels. These parameters will be described in separate 
publications.

DISCUSSION
Our recently published papers5,15 show major improvements in the 
prediction of the behavioral T/C levels by analysis of the impedances 
of the electrode contacts compared to the methods based on the 
thresholds of evoked neural potentials (ECAP, EABR) or based on 
the thresholds of the electrically evoked stapedius muscle reflexes 
(ESRT). The impedances of the electrode contacts show significant 
strong negative correlations with the stabilized T/C levels at 4-6 
months after implantation and are an important predictor for the 
behavioral T/C levels, especially for perimodiolar electrodes.15 In 

these electrodes, the electrode impedances can explain 28%-41% 
(R2) of the variability of the behavioral T/C levels. 

The method of calculating RF presented above correlates even better 
than the overall compound impedance with the behavioral T/C levels 
and explains 80% (R2) of the variability of the behavioral T/C levels. 
This allows for much better prediction of the T/C levels than based on 
the overall compound impedance Z. 

As mentioned earlier, RF is related to the electrochemical processes 
in the closest vicinity of the electrode contact (near-field effects).6 
The difference in the strength of correlation between the RF values 
and the overall compound impedances strongly underlines the role 
of the near-field effects of the electrical stimulation and implies that 
the other elements of the compound impedance play a confound-
ing role and decrease the correlation strength. From the electrical 
point of view, nerve fibers can be considered as a voltage-regulated 
current gate. Therefore, the higher the RF values, the larger the volt-
age differences generated across the RF and the higher the chance 
of eliciting an action potential in the neighboring nerve fibers. This 
explains why a negative correlation exists between the RF value and 
the response thresholds.

Since these are the near-field effects that are most important for elec-
trical stimulation of the neural tissues, it becomes more and more 
important to place the stimulating electrodes in the closest possi-
ble vicinity to the neural tissues.16,17 In this optics, the perimodiolar 
cochlear implant electrodes should work better and show lower vari-
ability in the stimulation parameters. This has already been empiri-
cally observed by us in a previous study.4

This also explains why little electrophysiological and psychoacous-
tic differences are noticed when the current pathways are changed, 
by for example changing the position of the reference electrodes. 
The changes in the current pathways are unimportant because the 
near-field effects are decisive for the generation of action potentials 
in the nerve fibers. Due to the primary role of the near-field effects, 
the current spreads within the fluid spaces of the scala tympani and 

Figure  9. C level vs. RF, where C level and RF are averaged over the whole 
electrode array for each of the 18 patients. 

Figure 10. Comparison between the T/C levels based on RF and programmed 
manually.

Figure 11. Standard deviation σ of the differences calculated for individual 
contacts in C levels (upper curve) and T levels (lower curve).
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does not destroy the selectivity of stimulation with cochlear implant 
electrodes, and frequency-specific information can be delivered to 
well-defined areas of the cochlea.

However, in some patients, the predictions of the behavioral T/C 
levels based on calculation of the RF value are not accurate, and the 
standard deviation σ of the differences between the predicted and 
measured T/C levels for individual contacts is still large (Figure 11). 
This explains why higher correlations are observed when the C level 
and RF are averaged over the whole electrode array for each of the 18 
patients (Figure 9). 

Worse accuracy of predictions in some patients is due to the fact that 
the behavioral T/C levels depend not only on the voltages gener-
ated in the close vicinity of the neural tissues but also on the neural 
preservation and functionality as well as on the cognitive parameters 
defining the reaction of the auditory cortex to the patterns of electri-
cal firing in the auditory nerves.18,19 Therefore, in order to decrease 
the variability of the differences between the behaviorally measured 
T/C levels and the predictions calculated on the basis of the RF value, 
additional parameters have to be added to the metric equation, 
allowing for automatic prediction of the T/C levels. These parameters 
will be described in separate publications.

A new method for deriving information from the electrode imped-
ance measurements shows excellent correlation of the Faradaic resis-
tance RF with the behavioral T/C levels in most patients and can be 
very useful for fitting cochlear implants based on objective measures. 
Since some patients still show discrepancies between the predicted 
T/C levels based on the RF calculation, additional parameters have to 
be added to the metric equation to allow for automated prediction 
of the T/C levels.
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