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Background Fitting cochlear implants in babies and noncooperative patients is
cumbersome and time consuming. Therefore, objective parameters have been sought
in order to predict the subjective threshold (T) and maximum comfort (C) levels.
Measurements of the electrically evoked compound action potentials (ECAPs) have
been widely used for this purpose, yet the correlation between these objective
measures and the subjective T/C levels is weak to moderate.
Purpose This article aims (1) to evaluate correlations between the subjective
parameters of the ﬁtting maps such as thresholds (T level) and maximum comfort
levels (C level), the impedance of the electrode contacts, and the ECAP thresholds, and
(2) to compare the value of the electrode impedances and the ECAP measures for
prediction of the T/C levels.
Research Design Case review study in a quaternary otologic referral center.
Study Sample Ninety-eight consecutive CI patients were enrolled. The average age of
the patients was 49 years. All patients were users of the Nucleus 24RECA (Freedom,
Contour Advance-of-Stylet electrode) cochlear implant.
Data Collection and Analysis Data on impedance of the electrode contacts and the
behavioral T/C levels at the ﬁrst ﬁtting session (2–5 weeks after surgery) and at the 5th
ﬁtting session (4–6 months after surgery) have been retrospectively collected in 98
consecutive CI patients. Additionally, the intraoperative impedance values and the
ECAP thresholds (tNRT) have been recorded.
Results Impedances of electrode contacts show signiﬁcant strong negative correlations with the stabilized T/C levels at 4 to 6 months after implantation and are an
important predictor for the behavioral T/C levels. They can explain R2 ¼ 28 to 41% of
the variability of the behavioral T/C levels. In multiple regression analysis electrode
contact impedances can explain twice as much of the variability of the stabilized T/C
levels than the tNRT values. The electrode impedances together with the tNRT values
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Programming of cochlear implants (CIs) in babies and noncooperative patients is cumbersome and time consuming. Therefore, objective parameters have been sought to predict the
subjective threshold (T) and maximum comfort (C) levels.
Measurements of the electrically evoked compound action
potentials (ECAPs) have been widely used for this purpose.
Numerous researchers reported weak to moderate correlations
between the ECAP thresholds and the behavioral T/C levels;
however, the contribution of the ECAP thresholds for explaining the ﬁtting maps (MAPs) remains unconvincing.1–4 The
analogical role of impedances was not observed previously.5,6
This study has been undertaken to evaluate the possible
correlation between the subjective parameters of the ﬁtting
maps such as T/C levels and the impedance of the electrode
contacts. The measurements were performed in a large
group of patients implanted with Nucleus Freedom CIs
allowing for very accurate impedance measurements.
The study objectives were: (1) to evaluate correlations
between the subjective parameters of the ﬁtting maps such
as thresholds (T level) and maximum comfort levels (C level),
the impedance of the electrode contacts, and the ECAP thresholds, and (2) to compare the value of the electrode impedances
and the ECAP measures for prediction of the T/C levels.

Material and Methods
Data on impedance of the electrode contacts and the behavioral T/C levels at the ﬁrst ﬁtting session (2–5 weeks after
surgery) and at the ﬁfth ﬁtting session (4–6 months after
surgery) have been collected in 98 consecutive CI patients.
Additionally, the intraoperative impedance values and the
ECAP thresholds (tNRT) have been recorded.
The average age of the patients was 49 years. ►Fig. 1
presents the histogram of age distribution in the study group.
The binominal age distribution was reﬂected neither in the
distribution of the electrode impedances nor in the values of
the T/C levels and the tNRT thresholds, so that the analysis of
correlations could be correctly performed.
To be included in the study all patients had to be users of
the Nucleus 24RECA (Freedom, Contour Advance-of-Stylet
electrode) CI. This was necessary for the consistency of the
comparisons of the T/C levels. Included patients needed to
have all functioning electrode contacts with impedances in
the normal range and be regular users of the implant at least
until the ﬁfth ﬁtting session 4 to 6 months after surgery.
The exclusion criteria covered no or irregular use of
speech processor, inactivation of some electrode contacts,
or irregular electrode conditions.
All implantations were performed via the posterior tympanotomy/cochleostomy approach with Contour Advance-

Fig. 1 Histogram of age distribution in the study group.

of-Stylet electrode insertion technique. Topical steroids (triamcinolone acetonide, Volon A) mixed with hyaluronic acid
(Healon) have been used to cover the cochleostomy site and
to soak the electrode before insertion into the cochlea.
The programming of the processor was begun after full
healing of the retroauricular wound between 2 and 5 weeks
postoperatively for the ﬁrst implant programming session. In
small children during the ﬁrst implant programming session,
the T/C level proﬁles were programmed based on the results of
the intraoperative tNRT measurements. The T levels were
basically programmed 30 CL (Cochlear current levels) under
the tNRT thresholds and the C levels 15 CL above the T level,
with progressive maps created every 5 CL. Visual reinforcement audiometry and behavioral observation were utilized for
all consecutive implant programming sessions to adapt the T/C
levels created during the ﬁrst session. In adult patients the T/C
levels were adjusted according to the behavioral responses
using the loudness growth charts with the tNRT values used as
only an approximate reference for the proﬁle of the T/C levels
at the ﬁrst ﬁtting session. At the end of programming all T/C
levels the C levels have been globally lowered by 15 CL and then
globally raised in function of the perceived loudness.
In all pediatric and adult patients all channels were measured separately and no streamlined ﬁtting protocols were
used. In the course of subsequent implant programming
sessions, the T/C levels became progressively adjusted to the
behavioral responses both for the pediatric and for the adult
populations.
Impedance measurements were performed using the
proprietary software of the Cochlear company registering
the voltage at the end of the ﬁrst phase of the 25-µs per phase
current pulses with an amplitude of 100 CL. Monopolar 1 þ 2
and common ground (CG) electrode conﬁgurations were
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are able to explain R2 ¼ 37 to 40% of the global variability of the T/C levels while the
tNRT thresholds solely are able to explain only R2 ¼ 5 to 14% of the T/C levels variability.
Conclusion Impedances of electrode contacts correlate strongly with the stabilized
behavioral T/C levels and may be used as an objective measure for ﬁtting of cochlear
implants.
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analyzed. The intraoperative ECAP thresholds (tNRT) were
evaluated using the Auto-NRT program of Cochlear using the
forward-masking paradigm of the Custom Sound EP and the
current pulses of 25-µs per phase with the repetition rate of
250 pulses per second. The behavioral evaluation of the T
levels and the C levels was done with the Custom Sound
version 3.0 ﬁtting program, using the 25-µs current pulses
with the repetition rate of 900 pulses per second per channel.
All implant ﬁttings have been performed by only two experienced CI audiologist using exactly the same ﬁtting protocol.
Analyses were performed separately for the basal, midportion, and apical electrodes. As representative for the basal
electrodes an average result for electrode contacts 3, 4, and 5,
for the mid-portion electrodes an average result for electrode
contacts 11, 12, and 13, and for the apical electrodes an average
result for electrode contacts 19, 20, and 21 was calculated.
Statistical analysis of the correlations between the electrode impedances and the T/C levels obtained from ﬁrst and
ﬁfth ﬁtting sessions was performed. Additionally, the relationship between the intraoperatively measured electrode
impedances and the intraoperative tNRTs was assessed.
Pearson’s product-moment correlation coefﬁcient was calculated for all the correlations. Multiple regression analysis
was used to compare the value of the electrode impedances
and the ECAP measures for prediction of the T/C levels.
All data were collected at the European Institute for ORLHNS in Antwerp, Belgium. Appropriate approval of the
institutional Ethical Commission has been obtained. Statistica 10 by StatSoft was used for the statistical analysis.

Results
Correlations between the Electrode Impedances and
the Behavioral T/C Levels
At the ﬁrst ﬁtting session, only weak negative correlations
between the electrode impedances and the behavioral T and

C levels could be found for all electrode contacts (Pearson’s
correlation coefﬁcient for the T levels was between –0.28 and
–0.31 and for the C levels between –0.26 and –0.30).
However, at the ﬁfth ﬁtting session strong negative
correlations have been found between these parameters
(Pearson’s correlation coefﬁcient values range from r ¼ –
0.54 to –0.68). All of these correlations were highly statistically signiﬁcant with p < 0.001 and comparable for the basal,
the mid-portion electrodes, and the apical electrodes.
The results for the ﬁfth ﬁtting session are graphically
presented in ►Fig. 2. The Pearson’s correlation coefﬁcient R
values (together with the R2) are shown in ►Table 1. Measurement of the impedances in the CG conﬁguration gave
comparable results of correlation with the T/C levels (not
shown in the ﬁgures).

Correlations between the Intraoperative Electrode
Impedances and the ECAP Thresholds (tNRT)
For all electrode contacts, weak to moderate positive correlations between the intraoperatively measured electrode impedances and the intraoperative ECAP thresholds (tNRT) have
been found (►Fig. 3). For the basal electrodes, the value of
Pearson’s correlation coefﬁcient R ¼ 0.26, for the mid-portion
electrodes R ¼ 0.30, and for the apical electrodes R ¼ 0.36. All
these correlations were signiﬁcant with p < 0.05.

Correlations between the ECAP Thresholds (tNRT) and
the T/C Levels
The relation between the ECAP thresholds (tNRT) and the T/C
levels is complex. At the ﬁrst ﬁtting sessions moderate
correlations can be observed for the apical and the basal
electrodes. This is due to the fact that at initial ﬁttings the T/C
levels are deﬁned based on the proﬁle obtained with the
tNRT measurement. During the ﬁtting process, the T and C
levels are adjusted to the behavioral responses of the patients
and rely less on the tNRT proﬁles. This leads to weakening of

Fig. 2 Correlation between the electrode impedances (monopolar 1 þ 2 conﬁguration) and the behavioral T and C levels for the basal, midportion, and the apical electrodes measured at the ﬁfth ﬁtting session.
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Table 1 Correlation between the electrode impedances and the behavioral T and C levels (values of Pearson’s correlation R
coefﬁcient at the ﬁfth ﬁtting session)
Electrode contact
Basal

Monopolar 1 þ 2

Behavioral T level [R]

Behavioral C level [R]

a

2

–0.62a (R2 ¼ 0.38)

a

2

–0.57 (R ¼ 0.32)

Mid-portion

Monopolar 1 þ 2

–0.57 (R ¼ 0.32)

–0.57a (R2 ¼ 0.32)

Apical

Monopolar 1 þ 2

–0.64a (R2 ¼ 0.41)

–0.53a (R2 ¼ 0.28)

R coefﬁcients with statistical signiﬁcance p < 0.05 (actually the correlations were all highly signiﬁcant with p < 0.0001).

Fig. 3 Correlation between the intraoperatively measured electrode impedances (monopolar 1 þ 2 conﬁguration) and the intraoperative tNRT
thresholds for the basal, mid-portion, and apical electrodes.

the correlations between the tNRT and the T/C levels measured at the ﬁfth ﬁtting session.
No correlations at all have been found for the mid-portion
electrodes, neither for the ﬁrst nor for the ﬁfth ﬁtting session.
We can also note large variability of the T/C levels for each
measured tNRT value. This together with the weak correlations seriously limits the clinical usefulness of tNRTs for
programming of the ﬁtting maps.
The scattergrams and the results of the correlations
analysis between the ECAP thresholds (tNRT) and the T/C
levels are graphically presented in ►Fig. 4.

The Pearson’s correlation coefﬁcient R (together with the
R2) values for the correlation between the tNRT and the T/C
levels are shown in ►Table 2.

Multiple Regression Analysis
To compare the relative contributions of the tNRT
levels and the electrode impedances for explaining the
variability of the measured T/C levels, the multiple regression analysis was performed. In this analysis, the variability
T or the C levels was explained by variability of only two
variables, the tNRT threshold and the electrode impedance,

Fig. 4 Correlation between the intaoperatively measured tNRT thresholds and the behavioral T and C levels for the basal, mid-portion, and apical
electrodes measured at the ﬁfth ﬁtting session.
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Table 2 Correlation between the measured tNRT values and
the behavioral T and C levels (values of Pearson’s correlation R
coefﬁcient at the ﬁfth ﬁtting session)

a

tNRT

Behavioral
T level [R]

Behavioral
C level [R]

Basal electrodes

0.35a (R2 ¼ 0.12)

0.29a (R2 ¼ 0.08)

Mid-portion
electrodes

–0.08 (R2 ¼ 0.01)

–0.001 (R2 ¼ 0)

Apical

0.23a (R2 ¼ 0.05)

0.38a (R2 ¼ 0.14)

R coefﬁcients with statistical signiﬁcance p < 0.05.

Table 3 Beta and R2 coefﬁcients resulting from the multiple
regression analysis
eta weight

tNRT

Impedance

R2

T level 1st ﬁtting

0.39

–0.26

0.23

C level 1st ﬁtting

0.36

–0.28

0.21

T level 5th ﬁtting

0.25

–0.56

0.37

C level 5th ﬁtting

0.30

–0.57

0.40

according to the multiple regression equation: T/C level ¼
b1tNRT þ b2Impedance þ A
The Beta and R2 coefﬁcients resulting from the multiple
regression analysis have been presented in ►Table 3. At the
ﬁrst ﬁtting session, when the T/C levels are deﬁned based on
the proﬁle obtained with the tNRT measurement the inﬂuence of the tNRT obviously overweighs the role of the
impedance of the electrode contacts. This artiﬁcial relation,
leads to relatively low values of the R2 coefﬁcient, meaning
that at the ﬁrst ﬁtting session combination of the inﬂuences
of the tNRT with electrode impedances can explain only 21 to
23% of the variability of the T/C levels.
However, at the ﬁfth ﬁtting session the inﬂuence of the
electrode impedance strongly (by the factor 2) overweighs
the relative contribution of the tNRT values. At the ﬁfth
ﬁtting session combination of the inﬂuences of the tNRT
with electrode impedances can explain already 37 to 40% of
the variability of the T/C levels.

Discussion
The impedance of the CI electrodes shows signiﬁcant
changes during the ﬁrst 4 to 12 weeks after implantation.7
These changes are caused by the surgical trauma of electrode
insertion into the cochlea triggering the inﬂammatory reactions and subsequent healing. The inﬂammatory proteins8
can adhere to the electrode contacts changing their active
surface and increasing the electrical impedance. Subsiding
inﬂammation and/or start of electrical stimulation “cleans”
the electrode contacts and stabilizes the impedances.
Another factor inﬂuencing the electrical impedance between the intracochlear and the reference electrodes is the
current leakage through the site of cochleostomy. The healing
process resulting in progressive sealing of the cochleostomy by
ﬁbrous tissue within the ﬁrst weeks after implantation makes
Journal of the American Academy of Audiology
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this low impedance current leakage path less pronounced and
stabilizes the impedance.
Also, generalized inﬂammatory reactions in the body
result in appearance of speciﬁc proteins in the perilymph9
that can inﬂuence the active surface and increase the impedance of the electrode contacts. This research was actually
initiated by a clinical observation of increased electrical
impedances measured in a few CI patients with signs of
upper respiratory infections (URIs) with or without increased body temperature. Before URI these patients showed
stable CI parameters and good results of speech discrimination with the implant, while during the URI they suddenly
started to complain about excessive loudness sensations.
Implant integrity checkup showed normal functioning of
the devices, the only irregularity was increased impedance of
the electrode contacts. Increased contact impedance has
been a constant ﬁnding in all our patients with URI and
suddenly increased subjective loudness sensations.
According to our knowledge, this is the ﬁrst study demonstrating the importance of electrode impedances as a
strong predictor for the behavioral T/C levels. This correlation can aid in automatic ﬁtting of CIs based on objectively
measured electrophysiological parameters. Existence of this
correlation has never been demonstrated before. Greisiger
et al reported relation between impedances and behavioral
parameters only in some patients; however, no signiﬁcant
correlations were found in the whole group.5 King et al
presented no signiﬁcant predictive value of electrode impedances for objective setting of behavioral comfort levels.6
Our study shows that the electrode impedance itself can
explain 28 to 41% of the variability of the stabilized T/C levels at
the ﬁfth ﬁtting session 4 to 6 months postoperatively. This is a
very signiﬁcant inﬂuence taking into consideration that cognitive parameters, previous experience with ampliﬁcation, the age
of the patient, etc. also play an important role in the deﬁnition of
the behavioral T/C levels. At the ﬁfth ﬁtting session, the contribution of the electrode impedance is twice as important as the
tNRT thresholds (in multiple regression analysis the Beta weight
for the electrode impedance is twice as big as the tNRT).
For the apical and basal electrodes, the tNRT thresholds are
able to explain only 5 to 14% of the T/C levels variability.
Additionally, the tNRT thresholds have no value for prediction
of the behavioral T/C levels for the mid-portion electrodes
where these variables are not correlated with each other. Our
observations of limited role of tNRT levels in the prediction of
behavioral T/C levels are congruent with data presented by
numerous authors,1,2 although this approach is still recommend
for ﬁtting of the children and noncooperative patients.6,10,11
Weak correlations between the tNRT levels and the behavioral T/C levels stimulated research for additional factors
that could improve the prediction power of the tNRT. For
example, McKay and Smale presented the relation between
the rate of stimulation and the behavioral thresholds, additionally inﬂuenced by such ECAP parameters as the ECAP
amplitude growth slope and the effect of changes in interphase gap and the phase duration.12
In our study adding the information on the electrode
impedances and the tNRT values in a multiple regression
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analysis additionally improves the prediction of the T/C
levels. For all electrodes analyzed together 37 to 40% of the
global variability of the T/C levels can be explained.
The factors that allowed demonstration of the correlations between the electrode impedances and the T/C-levels
are following: (1) relatively large group of patients implanted
with the same type of CI system; (2) uniform and meticulous
ﬁtting procedure performed separately for all channels by
only two experienced audiologists using the same ﬁtting
protocol; (3) availability of the impedance values for each
ﬁtting session; and (4) calculation of correlations for stabilized T/C-levels at the 5th ﬁtting session 4–6 months after
implantation7 when the T/C levels are based purely on the
behavioral reactions and not anymore on tNRT.
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