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SUMMARY

Objective: Establishing the test-retest measurement reliability of Evoked Compound Action Potential (ECAP) thresholds using the
AutoNRT system.

Materials and methods: 50 CI users, aged 3 to 41 years (Mean:7 years), with normal cochlear anatomy and at least six months of
implant use included in the study. Except for one participant, others were unilateral Cl users. ECAP thresholds were measured using the
AutoNRT system, conducted twice with a 10-min. interval between measurements. Reliability was assessed by comparing AutoNRT
threshold measurements across two consecutive sessions on an electrode basis. Consistencies between electrode measurements were
calculated using Spearman Rho correlation coefficients and Intraclass Correlation Coefficients (ICC). Average deviations between electrodes
were examined by calculating Bland—Altman Consistency Limits (Upper/Lower Consistency Limits — LOA) with a 95% confidence
interval.

Results: Nearly all electrodes demonstrated a high level of measurement reliability (ICC > 0.80). Electrodes E19 (ICC = 0.96), E20
(ICC =0.97), and E8 (ICC = 0.94) showed the highest consistency. The small Mean Bias values and narrow LOA ranges for these electrodes
indicate strong agreement between measurements. General trend indicates that most systematic differences were small, and their confidence
intervals typically included zero.

Conclusion: AutoNRT can be utilized effectively and reliably in clinical settings. These findings suggest that AutoNRT may provide
clinicians with a rapid and objective tool for cochlear implant programming, particularly in populations where behavioral responses are
limited or unreliable.
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KOKLEAR IMPLANT KULLANICILARINDA AUTONRT OLCUMUNUN GUVENILIRLIGININ iINCELENMESI

OZET

Amag: AutoNRT sistemini kullanarak Uyarilmis Bilesik Aksiyon Potansiyeli (ECAP) esiklerinin test-tekrar test 6l¢lim giivenilirligini
belirlemektir.

Gereg ve Yontemler: Calismaya, normal koklear anatomisi olan ve en az alt1 aydir implant kullanan, 3 ila 41 yaslar1 arasinda (ortalama:
7 yas) 50 koklear implant kullanicist dahil edildi. Bir katilimer bilateral koklear implant kullaniyordu, digerleri ise unilateral koklear implant
kullanicistydi. ECAP esikleri, AutoNRT sistemi kullanilarak dl¢iildii ve 6lglimler arasinda 10 dakikalik bir aralikla iki kez gerceklestirildi.
Giivenilirlik, iki ardisik seansta elektrot bazinda AutoNRT esik Ol¢timleri karsilastirilarak degerlendirildi. Elektrot olgiimleri arasindaki
tutarliliklar, Spearman Rho korelasyon katsayilar1 ve Sinif i¢i Korelasyon Katsayilart (ICC) kullanilarak hesaplandi. Elektrotlar arasidaki
ortalama sapmalar, %95 giiven aralig1 ile Bland—Altman Tutarhlik Limitleri (Ust/Alt Tutarlilik Limitleri — LOA) hesaplanarak incelendi.

Bulgular: Neredeyse tiim elektrotlar yiiksek diizeyde 6lgiim giivenilirligi gosterdi (ICC > 0,80). E19 (ICC = 0,96), E20 (ICC = 0,97) ve
E8 (ICC = 0,94) elektrotlar1 en yiiksek tutarliligi gosterdi. Bu elektrotlar i¢in kiigiik Ortalama Sapma degerleri ve dar LOA araliklari,
Olgtimler arasinda gii¢lii bir uyum oldugunu géstermektedir. Genel egilim, ¢ogu sistematik farkin kiigiik oldugunu ve giiven araliklariin
genellikle sifir1 icerdigini gostermektedir. Bu bulgular topluca, dlgiimlerin tutarli ve tekrarlanabilir oldugunu gostermektedir.

Sonuglar: AutoNRT klinik ortamlarda etkili ve giivenilir bir sekilde kullanilabilir. Bu bulgular, 6zellikle davranigsal yanitlarin smirl
veya gilivenilir olmadig1 popiilasyonlarda, AutoNRT’ nin koklear implant programlamasinda klinisyenlere hizli ve objektif bir degerlendirme
saglayabilecegini diisiindiirmektedir.

Anahtar Sozcukler: Koklear jmplant, AutoNRT, Giivenilirlik, f;itme Kaybi
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auditory nerve's integrity, both intraoperatively
and postoperatively. It provides valuable
information about the electrode-nerve interface
and the status of the auditory nerve, which can
be used to guide the programming of speech
processors and ensure optimal outcomes for
cochlear implant recipients 24,

The ECAP is recorded as a negative peak (N1) at
about 0.2-0.4 ms following stimulus onset,
followed by a much smaller positive peak or
plateau (P2) occurring at about 0.6-0.8 ms®®. The

ECAP is recorded via the intracochlear
electrodes of the implant.
The electrical pulse is delivered to an

intracochlear electrode and the neural response is
recorded at a neighbouring electrode. The
measured responses were transmitted via radio
frequency back to the system’s programming
interface for clinical analysis. NRT (Neural
Response Telemetry) is a technology specifically
developed for Cochlear brand cochlear implants
to perform ECAP measurements. It enables the
rapid and non-invasive measurement of auditory
nerve responses during or after surgery’.

The cochlear implant system also has an
automated system to determine this threshold
level, known as AutoNRT. This system has been
designed to automatically detect and measure
ECAP thresholds, thereby reducing the time
required for manual measurements and
minimizing potential inconsistencies associated
with clinician subjectivity®®. The AutoNRT
algorithm increases stimulation intensity from
the low current level using regular step sizes
until a reliable ECAP response is found on two
consecutive  traces. After detecting two
consecutive NRT responses;the direction of the
step size is reversed and decreased to step down
until a reliable nonresponse is found. The
arithmetic mean of the current levels of the
lowest reliable response and the highest reliable
nonresponse is used as the threshold estimator®®.
AutoNRT provides a completely automated
method for measuring ECAP thresholds in both
intraoperative and postoperative settings®. The
detailed information about the AutoNRT
algorithm can be found in Botros et al., 20078,
The accuracy of measurements including test-
retest measurement reliability has been partially
reported in the literature'®*?, In addition, there is
an incomplete understanding of whether etiology
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or electrode type affects this measurement
reliability. This investigation therefore aims to
establish the test-retest measurement reliability
of the ECAP threshold and whether the
reliability is correlated to demographic or device
factors.
Several studies have demonstrated the clinical
utility of AutoNRT in both intraoperative and
postoperative settings. For instance, Botros et
al.® showed that AutoNRT could accurately
measure ECAP thresholds, making it a reliable
tool for monitoring cochlear implant function. In
a separate study, van Dijk et al.® reported that
AUtoNRT has a high level of agreement with
manually obtained thresholds, further validating
its use as an objective and time-saving method
for ECAP threshold measurement. Moreover, the
automated nature of AUtoNRT has proven
advantageous in clinical settings, where it has
streamlined the process of cochlear implant
programming and facilitated the objective fitting
of speech processors?.
Despite its broad applicability, the accuracy of
test-retest measurements using AutoNRT has
only been partially reported in the literature. A
study by Brown et al.? found that ECAP
measurements exhibit a certain degree of
variability, but further investigation into the
factors affecting this variability is needed.
Understanding the factors that contribute to test-
retest reliability is essential for ensuring
consistent and accurate programming of cochlear
implants, which ultimately affects patient
outcomes®®, However, there is still limited
evidence regarding electrode-based reliability
patterns and the potential influence of
demographic and  device-related  factors.
Therefore, this study aims to establish the test—
retest reliability of ECAP thresholds using the
AUtoNRT system, with a specific focus on
electrode-level analysis to enhance its clinical
applicability.

MATERIAL and METHODS

50 patients who had previously received a
Nucleus CI24RE, Cl422, or CI512 cochlear
implant for the treatment of severe to profound
hearing loss were included in the study. One
subject was bilateral and 49 subjects were
unilateral CI users. The age range of the patients
was 3 to 41 years. They had all been using their
cochlear implants for at least 6 months. The
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demographic factors were summarized in Table
1.

KBB-Forum
2026;25(2)
www.KBB-Forum.net

Table 1 Summary of Demographic Factors

Gender
Male 28
Female 22
Age ( years)
Range 3-41
Mean 7
Electrode type
CI24RE 42
Cl422 2
Cl512 7

Etiology (

#of cases)
Hereditary
Meningitis
ANSD
Sudden SNHL
Unkown congenital HL 34
Prematurity
Cochlear Malformation 1

Ll ~ S ~ N V¥ ]

N

Progressive SNHL

All subjects are unilateral cochlear implant (CI) users who received Nucleus CI24RE, Cl422, or

CI512 for the treatment of severe to profound hearing loss. The patients had normal cochlear

anatomy with full electrode insertion. The demographic factors are summarized in Table 1.

Ethical Approval

Ethical approval for this study was
obtained from the Clinical Research Ethics
Committee of the Faculty of Medicine at X
University on November 04, 2016 (Protocol No:
09.2016.576). All procedures were conducted in
accordance with the ethical standards of the
institutional and/or national research committee
and the 1964 Helsinki Declaration and its later
amendments or comparable ethical standards.
Informed consent was obtained from all
individual participants included in the study.

Procedure

Nucleus® Cochlear Implant system
(Cochlear Ltd., Sydney, Australia) was used for
this study. This cochlear implant system
provides both auditory nerve stimulation and the
ability to measure Evoked Compound Action
Potentials (ECAPs) through its integrated
electrode array and programming interface. The
AutoNRT™ gsystem (Cochlear Ltd., Sydney,
Australia), an automated ECAP measurement
tool, was used for this purpose. This system is
integrated into the Custom Sound EP v3.2
clinical programming software, specifically
designed to detect and measure ECAP thresholds
efficiently. AutoNRT thresholds are measured
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postoperatively on all operational electrodes
twice, with 10 minutes between measurements.
All subjects were tested with CP810
speech processor while the subjects attended the
clinic for their routine speech processor fitting.
Additionally, all measurements were
obtained under controlled clinical conditions
using the same device and protocol, which may
limit the generalizability of the findings to
different clinical settings or implant systems.
Statistical Analysis
Before beginning the statistical analysis
of the study, the dataset was examined for
outliers and missing values. Missing data
analysis was performed for the missing values in
the dataset, and since the losses were determined
to be random (p>.05), imputations were made
based on the mean values. IBM SPSS 25
software and MedCalc 23.3.7 software were used
in the analysis of the data. Consistencies between
electrode measurements were calculated using
Spearman Rho correlation coefficients and
Intraclass Correlation Coefficients (ICC). The
ICC was calculated using a two-way mixed-
effects model with absolute agreement
definition, which is appropriate for test-retest
reliability analysis. Average deviations between
electrodes were examined by calculating Bland—
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Altman Consistency Limits (Upper/Lower
Consistency Limits — LOA) with a 95%
confidence interval.

RESULTS
Table 2 presents the mean differences
(Mean Bias), Bland-Altman Limits of

Agreement (Upper/Lower LOA), and Intraclass
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Correlation Coefficients (ICC) with their
corresponding 95% confidence intervals (CI) for
each electrode (E1-E22). The table summarizes
the systematic bias between two repeated
measurements and their relative consistency.

Table 2 Mean Bias, Bland—Altman Limits of Agreement (LOA), and Intraclass Correlation Coefficients

(ICC) with 95% Confidence Intervals for Each Electrode

Mean

Upper

Lower

Electrodes Bias 95% ClI LOA 95% ClI LOA 95% ClI ICC 95% ClI

El 068 -142t02,78 -1393  -17,54t0-10,33 15,29 11,69t01890 091  0,841t00,95
E2 204 46210053  -1997  -24,39t0-1554 15,88 11,46t020,31 0,92 0,861t00,96
E3 -341  -6,10t0-0,73 -2209  -26,70t0-17,48 15,26 10,65t0 19,87 0,92  0,861t00,95
E4 201 -010to4,12 -12,71 -16,35 to -9,08 16,73 13,10t020,37 0,92  0,861t00,95
E5 -1,27  -308t0054 -1391  -17,03t0-10,79 11,37 8,25 to 14,49 093 0,88t00,96
E6 -1,40  -321t0041 -1400  -1711t0-10,89 11,20 8,09 to 14,31 092 0,86100,95
E7 1,14  -0,74t03,02 -11,96 -15,20 to -8,73 14,25 11,01t0 17,48 091 084100,95
E8 1,03  -0,27t0233  -801 -10,24 to -5,78 10,07 7,84 10 12,30 094  0,90t00,97
E9 212 -4121t0-0,13 -16,05  -19,49t0 -12,62 11,81 8,37 to 15,24 080 0,661t00,89
E10 006 -223t02,10 -1518  -18,91t0-11,45 15,05 11,32t0 18,78 0,79  0,63t00,88
Ell 287 091t04,83  -10,79 -14,17 to -7,42 16,53 13,16t019,90 0,85  0,74100,92
E12 005 -182t01,93 -13,00 -16,22 t0 -9,78 13,11 9,88 t0 16,33 091 08410095
E13 228 0,37t04,20 -11,08 -14,38 to -7,78 15,65 12,35t018,95 0,87  0,77t00,92
El4 -365 -635t0-0,96 -22,45  -27,08t0-17,81 15,14 10,50t0 19,78 0,85 0,73t00,91
E15 0,05 -289t02,80 -1987  -24,761t0-14,98 19,78 14,88t0 24,67 0,88 0,79t00,93
E16 158  -0,75t0390 -1461  -18,61t0-10,62 17,77 13,77t021,77 092  0,86100,95
El7 -1,46  -390t00,99 -1850  -22,70to -14,29 15,58 11,38t019,79 093  0,871t00,96
E18 -240  -821t03,40 -4287  -52,8610-32,88 38,06 28,07t0 48,05 0,76  0,581t00,86
E19 132  -050t03,14 -11,36 -14,49 to -8,23 14,00 10,87t0 17,13 0,96  0,92100,97
E20 0,36 -1,78t01,06  -10,25 -12,69 to -7,81 9,53 7,09 to 11,97 097 0,95t00,98
E21 -1,45  -336t00,46 -1476  -18,04t0-11,47 11,87 8,58 to 15,15 093 0,871t00,96
E22 1,40 -0,89t03,69 -1457  -1851to-10,63 17,37 13,43t021,31 093 0,881t00,96

Table 2 presents the mean differences (Mean Bias), Bland—Altman Limits of Agreement (Upper/Lower

LOA), and Intraclass Correlation Coefficients (ICC) with their corresponding 95% confidence intervals

(CI) for each electrode (E1-E22). The table summarizes the systematic bias between two repeated

measurements and their relative consistency.

The Mean Bias column indicates the
average  difference  between the two
measurements (positive values indicate that the
second measurement was higher; negative values
indicate that the first measurement was higher).
The Upper and Lower LOA (and their 95% CIs),
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calculated using the Bland—-Altman method,
provide the expected range of random
differences between the two measurements.
These LOA values can be compared to clinically
acceptable limits to evaluate the practical
significance of agreement.
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The ICC column represents the relative
reliability of repeated measures, ranging from 0
to 1. A high ICC value (e.g., > 0.75-0.80)
indicates good/strong reliability; values between
0.50-0.75 reflect moderate reliability; and values
below 0.50 suggest poor reliability. Each ICC is
presented with its 95% CI; narrow intervals
indicate more precise estimates, whereas wider
intervals reflect greater uncertainty.

Overall, nearly all electrodes
demonstrated a high level of measurement
reliability (ICC > 0.80). Electrodes E19 (ICC =
0.96), E20 (ICC = 0.97), and E8 (ICC = 0.94)
showed the highest consistency. The small Mean
Bias values and narrow LOA ranges indicate
strong agreement between repeated
measurements. Although some electrodes (e.g.,
E3 and E14) showed relatively larger negative
differences, the overall pattern demonstrates
minimal systematic variation, supporting the
high consistency and reliability of the
measurements.

In conclusion, electrode-based analyses
confirmed a generally high level of reliability
across measurements.

Additionally, correlation coefficients
between the repeated measurements were
calculated and are illustrated in Figure A. The
distribution of mean values across both
measurements for all electrodes is presented in
Figure B, and the electrodes are ranked
according to their ICC values in Figure C.

Correlation Coefficient Between Two Measurements

0.880
E21 0.851

0,945
E19 0.921
0,876

El17 0.879

0.866

E15 0,701

E13 0.804

E3 0,838

El 0.858

0,000 0,100 0,200 0,300 0,400 0,500 0,600 0,700 0,800 0,900 1,000

Figure A: Correlation Coefficients Between Two

Measurements

Figure A displays the correlation
coefficients between the two measurements
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obtained for each electrode (E1-E22). The
correlation values ranged from 0.518 to 0.945,
all positive and statistically significant at p <
.001. This indicates a strong and consistent
relationship between the two measurements at
each electrode position, demonstrating high
repeatability and reliability.
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Figure B: Mean Values Obtained From The Two
Measurement Sessions

Figure B shows scatterplots of the mean
values obtained from the two measurement
sessions for each electrode. The regression
analysis yielded the equation y = 0.9 + 0.99x
with a coefficient of determination Rz = 0.93,
indicating a strong linear relationship and high
consistency between measurements. The close
clustering of points around the regression line
suggests no systematic bias and supports the
high repeatability of the measurement system.

Intraclass Correlation Coefficient (ICC)

E22 0.93
E21 0.93
E20 0.97
E10 0.96
El8 0.76
E17 0.93
El6 0.92
Els 0.88
El4 0.85
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E12 0.91
Ell 0.85
El0 0.79

B9 0.8

E8 0,94
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E6 0.92

E5 0.93

E4 092

E3 0.92

E2 0.92

El 0,91
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Figure C: Intraclass Correlation Coefficients (ICC)

Figure C presents the ranking of
electrodes according to their ICC values.
Electrodes such as E20, E19, and E8 showed the
highest  reliability,  while  lower-ranking
electrodes (e.g, E10, E9) demonstrated
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relatively lower consistency. However, all ICC
values were above 0.75, indicating that most
electrodes exhibited good to excellent reliability.

DISCUSSION

AUtoNRT automatically measures ECAP
thresholds both intraoperatively and
postoperatively. The comparison of two
AutoNRT measurements with a 10-minute
discrepancy did not indicate significant
differences. The substantial correlations between
the two metrics yielded significant results.
AUtoNRT can be utilized effectively and reliably
in clinical settings. These findings suggest that
AUtoNRT may provide clinicians with a rapid
and objective tool for cochlear implant
programming, particularly in populations where
behavioral responses are limited or unreliable.

These findings were consistent with
earlier research, such as Botros et al.8, who first
introduced the AuUtoNRT  system and
demonstrated its accuracy in measuring ECAP
thresholds, reporting that the system performed
on par with human experts in terms of accuracy.

Furthermore, our study aligned with the
work of van Dijk et al.9, who showed that
AuUtoNRT offered a high level of reliability and
could be effectively used in clinical practice to
streamline  cochlear implant fitting and
programming. Similarly, the study by Abbas et
al.5 emphasized the importance of ECAP
measurements in providing objective information
about neural response, supporting the utility of
AUtoNRT in facilitating such measurements.
This consistency across studies underscored
AUtoNRT's role as a valuable tool in objectively
fitting cochlear implant systems, especially for
populations that could not reliably participate in
behavioral testing.

One of the critical benefits of AutoNRT
was its applicability to populations that could not
perform behavioral testing, such as young
children or individuals with  cognitive
impairments. As demonstrated in earlier
studies6,14, the ability to obtain objective
measures of neural response was crucial in
programming cochlear implants for these groups.
AutoNRT provided an effective and efficient
means of achieving this, which led to more
accurate fitting and potentially improved
auditory outcomes.
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While AutoNRT demonstrated high
reliability, certain limitations and areas for future
research were noted. Relatively small sample
size may have limited the generalizability of
these findings. Studies with larger and more
diverse populations would help validate these
results and provide further insight into the
factors influencing measurement reliability.
Moreover, other studies, such as Botros8,
emphasized that different cochlear implant
systems  exhibit  variability in  ECAP
measurement  reliability —and  sensitivity,
reinforcing the need for comparative studies to
assess the performance of AutoNRT against
other automated systems. Similarly, Abbas et al.
(5) reported differences in ECAP outcomes
across implant devices, and Brown et al.15
highlighted the necessity of validating the
efficacy of automated ECAP measurement
systems in clinical practice. Last limitation for
this study, is the relatively short test-retest
interval (10 minutes). Although this design
minimizes physiological variability, it may
overestimate reliability compared to longer
intervals typically encountered in clinical follow-
up.

In conclusion, AutoNRT can be utilised
effectively and reliably in clinical settings.
Unlike previous studies, the present study
provides a detailed electrode-based reliability
analysis, highlighting that reliability may vary
across electrodes. This information may
contribute to more individualized and precise
mapping strategies in clinical practice.

CONCLUSION

In conclusion, AutoNRT can be utilised
effectively and reliably in clinical settings.
Unlike previous studies, the present study
provides a detailed electrode-based reliability
analysis, highlighting that reliability may vary
across electrodes. This information may
contribute to more individualized and precise
mapping strategies in clinical practice.
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