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Objectives: Cochlear implant (CI) candidates increasingly exhibit some 
degree of residual hearing, which should be preserved despite the 
implantation. Today, cochlear health is monitored during CI surgery by 
tracking the cochlear microphonic (CM) amplitude from intracochlear 
electrocochleography (ECochG) measurements. However, recent stud-
ies indicate that the insertion depth of the measuring electrode must 
be considered to accurately interpret these signals. The acoustic path 
from the cochlear base to the apex induces excitation delays in deeper 
regions, which should be reflected in the CM measurements. In this 
study, we analyzed the potential of cochlear microphonic latency (CML) 
as an objective method for continuously tracking CI electrode position 
during cochlear implantation. In addition, we examined whether CML 
can be associated with residual hearing.

Design: We recorded intraoperative pure-tone ECochG at maximum 
stimulation levels from 30 CI patients to derive CML. During CI elec-
trode insertion, ECochG was continuously recorded at the 2 stimulation 
frequencies of 0.5 and 0.75 kHz. After complete insertion, ECochG was 
measured on all evenly numbered electrodes at frequencies of 0.25, 0.5, 
0.75, and 1 kHz. The electrode locations (i.e., linear insertion depth) were 
identified by postoperative computed tomography (CT) scans. The loca-
tion of the measuring electrode during the insertion period was then 
calculated backward, assuming a constant insertion speed. Finally, we 
used a linear regression model to relate CML to linear insertion depth. 
In addition, we evaluated the relationship between CML and preoperative 
residual hearing.

Results: CML is significantly correlated to the linear insertion depth 
(p < 0.001) during and after electrode insertion (with restrictions on 
0.25 kHz stimulus, presumably since the characteristic 0.25 kHz region 
is not within reach of the used CI electrode arrays). Despite high inter-
individual variability, our results align with documented delays in the 
basilar membrane observed in other studies. However, we could not 
identify a significant association between CML and residual hearing.

Conclusions: Our study demonstrates that objectively extracted CML 
encodes the intracochlear electrode location in CI patients but is not 
directly linked to residual hearing. Consequently, CML has the poten-
tial to enhance intraoperative ECochG analysis by providing real-time 

tracking of electrode position. To better understand the inter-individual 
variations in CML, future studies with larger patient cohorts are needed.

Key words: Basilar membrane, Cochlear implant, Cochlear microphonic 
latency, Electrocochleography, Electrode position, Insertion depth, 
Residual hearing, Traveling wave.

Abbreviations: CDL = cochlear duct length; CI = cochlear implant; 
CM = cochlear microphonic; CML = cochlear microphonic latency; CT= 
computed tomography; ECochG electrocochleography; PTA = pure-tone 
average; SNR = signal to noise ratio.

(Ear & Hearing 2025;46;1130–1140)

INTRODUCTION

Cochlear implants (CIs) restore speech understanding in 
individuals with sensorineural hearing loss by electrically 
stimulating intact auditory nerve cells within the inner ear. 
With roughly one million recipients globally, CIs have become 
fundamental in auditory rehabilitation (Zeng 2022). Recent 
expansions of the criteria for CI candidacy now include indi-
viduals with significant residual hearing, which should be pre-
served despite the implantation (Hempel et al. 2018). Studies 
have shown that CI recipients retaining residual hearing 
achieve superior outcomes in speech perception, sound local-
ization, and music appreciation (Gifford et al. 2013; Sheffield 
et al. 2015; Gantz et al. 2022). Thus, intraoperative and post-
operative monitoring of cochlear health is critical for optimiz-
ing the rehabilitation outcomes for these patients (O’Leary 
et al. 2022).

Intraoperative real-time electrocochleography (ECochG) 
recorded through the CI is increasingly acknowledged as 
a functional monitoring tool for assessing cochlear health 
(Bester et  al. 2022; Schuerch et  al. 2022c). The cochlear 
microphonic (CM) potential is of particular interest due to its 
robustness and its correlation with outer hair cell functional-
ity (Dallos & Cheatham 1976; Choudhury et al. 2011; Bester 
et  al. 2023). Despite its significance, conventional analysis 
predominantly depends on subjective expert evaluations, 
focusing solely on the CM amplitude due to its direct asso-
ciation with residual hearing (Weder et  al. 2020; Yin et  al. 
2021; Schuerch et  al. 2022c; Andonie et  al. 2024). Current 
CM amplitude interpretation is based on the idea, that the CM 
amplitude increases steadily during an atraumatic electrode 
insertion, as the electrode approaches the principal signal 
generation site, and that signal drops are strictly attributed 
to surgical trauma (Giardina et al. 2019; Weder et al. 2021; 
Lenarz et al. 2022). However, changes in CM amplitude may 
also stem from various other factors, including the irregular 
spatial distribution and density of residual functioning hair 
cells among CI recipients, affecting the observed ECochG 
amplitude patterns (Bester et  al. 2017; Sijgers et  al. 2023; 
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Andonie et  al. 2024). These factors, along with the uncer-
tainty regarding intracochlear measurement position during 
electrode insertion, significantly limit the real-time interpre-
tation of CM amplitude. To address this challenge, recent 
studies have proposed cochlear microphonic latency (CML) 
to estimate electrode position, thereby improving the inter-
pretation of CM amplitude based on available data (Campbell 
et al. 2017; Polak et al. 2022). This concept is supported by the 
traveling wave theory, which postulates that sound-induced 
deflections of the basilar membrane propagate at a finite speed 
from the base toward the apex of the cochlea (Békésy 1960, 
2005; Robles & Ruggero 2001; Olson et  al. 2012), result-
ing in a progressive delay in basilar membrane excitation 
toward the apex. Early animal studies confirmed that CML 
increases from the base toward the apex (Dallos & Cheatham 
1971). Given that direct in vivo measurements in normal-
hearing humans are challenging, basilar membrane delays 
have been indirectly characterized through various method-
ologies, including extracochlear compound action potentials, 
auditory brainstem responses, and adjusted ex-vivo experi-
ments (Eggermont 1979; Janssen et  al. 1989; Schoonhoven 
et  al. 2001; Ruggero & Temchin 2007). Furthermore, CML 
was proposed as a direct biomarker for residual hearing in 
CI patients. The experiments demonstrated that a shortened 
CML correlates with poorer residual hearing and that CML 
increase was absent in regions devoid of functioning hair cell 
generators (Bester et al. 2020).

However, investigations of CML have been constrained by 
methodological limitations such as ambiguous selection criteria 
that may lead to selection bias, subjective data analysis prone 
to observer bias, and a lack of precise intracochlear measure-
ment location. Moreover, previous studies relied on single-
frequency stimulation or solely postoperative data. The present 
study seeks to address these limitations through the application 
of previously published, objective algorithms based on autono-
mous linear state-space models (Andonie et  al. 2023). This 
approach enables a fully automated, observer-independent anal-
ysis, increasing objectivity and reproducibility of the results. 
Furthermore, this methodology incorporates predefined, data-
driven inclusion criteria to enhance the transparency and reli-
ability of the analysis.

We recorded ECochG both during CI electrode insertion in 
real-time and post-implantation, employing two and four stim-
ulation frequencies, respectively. In addition, precise intraco-
chlear measurement locations were identified using computed 
tomography (CT) imaging.

Using this methodological approach, this study aims to test 
whether objectively extracted intracochlear CML increases with 
insertion depth for the applied stimulation frequencies. In addi-
tion, we seek to determine whether CML and residual hearing 
correlate, hypothesizing that patients with better residual hear-
ing will exhibit longer CML and larger CML increase along the 
linear insertion depth (LID), compared with those with poorer 
residual hearing.

These insights are expected to enhance our knowledge of 
cochlear physiology and, by integrating them with previously 
established inner ear parameters, increase the diagnostic 
value of ECochG. Ultimately, this enhanced diagnostic value 
could lead to more precise assessments of cochlear health, 
thereby improving surgical management and outcomes for CI 
patients.

MATERIALS AND METHODS

Patient Cohort
This prospective cohort study was conducted in accordance 

with the Declaration of Helsinki and the study protocol was 
approved by the local institutional review board (KEK-BE 
2019-01578). Written informed consent was obtained from 
all individuals before study participation. Eligible partici-
pants were adult patients receiving a CI622 cochlear implant 
(Cochlear Ltd., Sydney, Australia). All implantation used 
a posterior tympanotomy approach, followed by electrode 
array insertion through the round window. In addition, 
patients were required to have a preoperative audiogram and 
to exhibit measurable ECochG responses either during or 
after electrode insertion, as detailed later. Both preoperative 
and postoperative CT scans had to be available for accurate 
determination of CI electrode locations. Based on these cri-
teria, we included 30 ears from 30 individuals in this study. 
The demographic data of the study population are summa-
rized in Table 1.

Residual Hearing
The day before surgery, we recorded unaided air conduction 

pure-tone audiograms in an acoustic chamber using a clinical 
audiometer (Equinox, Interacoustics A/S, Assens, Denmark) 
connected to insert earphones. To quantify the residual hear-
ing, we calculated the low-frequency pure-tone average (PTA) 
at 0.25, 0.5, and 1 kHz. On average, the patients had a PTA of 
81 dBHL with an SD of 17 dBHL. Individual PTAs are listed 
in Table 1.

CT and Electrode Locations
We determined intracochlear electrode locations using pre-

operative and postoperative CT scans. The resolution of the CT 
scans varied between 0.12 and 0.37 mm with a slice thickness 
ranging from 0.20 to 1.50 mm. Based on manual landmark 
selection, a reference coordinates system was computed for 
each cochlea followed by a robust modiolar axis detection on 
the preoperative scans (Verbist et al. 2010; Wimmer et al. 2019). 
We used manually selected cochlear base length A and width B 
to estimate the cochlear duct length

CDL = 1.71 ·
Ä

1.18Aoc + 2.69Boc −
√

0.72AocBoc

ä
+ 0.18 mm

along the organ of Corti with Aoc = A − 1 mm and 
Boc = B − 1 mm (Alexiades et al. 2015; Schurzig et al. 2018; 
Rathgeb et  al. 2019; Alshalan et  al. 2022; Schraivogel et  al. 
2023b). For all electrodes, we computed the angular insertion 
depth and LID in the reference coordinate system from the 
Cartesian electrode locations. The electrode positions were visu-
ally labeled in the postoperative scans that were co-registered 
with the preoperative scans (Schraivogel et al. 2023a). To com-
pare the CMLs with prior studies, we calculated the character-
istic frequency

Fc (LID) = 165.4Hz
(

10
2.1(CLD−LID)

CLD − 0.88
)

for a given LID based on the individual CDL (Greenwood 
1990).
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Intraoperative ECochG
For acoustic stimulation, we interfaced the acoustic component 

of a Nucleus 6 hybrid sound processor (Cochlear Ltd., Sydney, 
Australia) to a sterile 25 cm long sound delivery tube with a 
mounted foam eartip (ER3-21 and ER3-14A; Etymotic Research 
Inc., Elk Grove Village, IL, USA), which had been separately 
sterilized using hydrogen peroxide vapor low-temperature plasma 
(STERRAD 100NX, Advanced Sterilization Products [ASP], 
Irvine, CA, USA). The sound tube was placed in the patient’s 
outer ear canal before surgical incision (Schuerch et  al. 2022a, 
b). Intraoperative ECochG was recorded through the CI using the 
Cochlear Research Platform software version 2.0 (Cochlear Ltd.). 
We applied alternating condensation and rarefaction stimuli last-
ing 11 msec with a rise and fall time of 1 msec. The recording 
window was set to 16 msec with a sampling rate of 20.5 kHz. The 
ECochG measurements encompassed two protocols:

	 a.	 Continuous recording during insertion at the most apical 
electrode: Alternating epochs for 0.5 and 0.75 kHz stim-
uli were obtained every 0.7 seconds from the start until 
full insertion. We selected these stimulation frequencies 
because their tonotopic location is apical, and they are 
frequently used intraoperatively (Skarzynski et al. 2014; 
Saoji et al. 2023).

	 b.	 Measurements after complete insertion on all 11 evenly 
numbered electrodes, referred to as electrode sweeps: 
Measurements were carried out with 0.25, 0.5, 0.75, and 
1 kHz stimuli. For each epoch, 30 responses were aver-
aged to improve the signal to noise ratio (SNR).

The stimulation levels for the ECochG protocols are sum-
marized per stimulus frequency, together with the number of 
averages used in Table 2.

We calculated the difference signal by subtracting the rar-
efaction from the condensation epoch and dividing it by two. 
Subsequently, we applied a 5th-order Butterworth band pass 
filter with a lower cutoff frequency of 0.125 kHz and an upper 
cutoff frequency of 8 kHz. The filter was applied in a forward-
backward manner, leading to a 10th-order zero-phase filter.

TABLE 1.  Demographics of the study population

ID Sex Side Course Etiology Age* (yr) CDL† (mm) CF‡ (Hz) LID§ (mm) PTA¶ (dBHL)

ID-01 M R S T 43 36.8 864 23.0 82
ID-02 F R S U 69 35.5 1393 19.2 88
ID-03 F R P EH 42 30.9 412 23.2 88
ID-04 M L P EH 57 32.0 506 22.9 68
ID-05 M R P U 76 35.2 944 21.5 70
ID-06 F L P U 62 31.0 660 20.8 112
ID-07 M R P U 90 33.3 782 21.4 112
ID-08 F R P U 56 33.1 729 21.7 112
ID-09 F R S U 40 34.7 805 22.2 78
ID-10 M R P U 78 32.9 521 23.4 62
ID-11 F R P U 48 30.6 513 21.9 105
ID-12 F R P EH 62 33.1 516 23.6 73
ID-13 F R P U 59 33.9 1327 18.6 70
ID-14 F L P OS 72 32.3 650 21.8 85
ID-15 M L S U 68 35.0 667 23.5 73
ID-16 F R P U 70 30.3 451 21.2 111
ID-17 F R P U 87 32.1 946 19.6 100
ID-18 F L P OS 82 32.3 1280 19.7 68
ID-19 M L P EH 38 34.0 982 22.6 75
ID-20 F R S U 60 31.8 748 21.0 82
ID-21 M R P U 29 35.0 943 21.4 65
ID-22 F R P U 65 35.5 897 22.0 48
ID-23 M R P U 85 34.0 1251 19.0 75
ID-24 M L P EH 62 36.8 1015 22.0 73
ID-25 M L P U 71 32.1 532 22.7 78
ID-26 F R P U 40 31.8 657 19.9 84
ID-27 M R P U 57 31.7 605 22.7 68
ID-28 M L P OS 80 31.2 834 23.7 58
ID-29 F R S U 38 31.1 552 21.9 85
ID-30 F L P U 54 32.1 583 22.2 94
Mean 64 33.1 743 22.0 81

Calculated from hearing thresholds at 0.25, 0.5, 0.75, and 1.0 kHz.
*Age at surgery.
†Cochlear duct length.
‡Characteristic frequency place of most apical electrode.
§Linear insertion depth of the most apical electrode in degrees.
¶Pure-tone average (preoperative).
EH, endolymphatic hydrops; OS, otosklerosis; P, progressive sensory-neural hearing loss; S, sudden sensory-neural hearing loss; T, trauma; U, unknown.

TABLE 2.  Intraoperative ECochG measurement protocols

Stimulus Level in dBHL

Protocol 0.25 kHz 0.5 kHz 0.75 kHz 1 kHz N*avg

Continuous n/a 108 114 n/a 1
Electrode sweep 112 108 114 115 30

*Number of averaged responses per epoch.
ECochG, electrocochleography.
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The CML was extracted by applying the method described 
by Andonie et  al. (2023). In this method, a sinusoid with the 
frequency and windowing of the acoustic stimulus (represent-
ing the CM response) is fitted to the observation in a sliding 
window using the least-squares optimum. The CML is identi-
fied as the time (window shift), where the model best fits the 
observation (see section F in Wildhaber et  al. 2018), which 
coincides with minimizing the SNR. Altogether, this is a basic 
least-squares problem applied in the form of a sliding window, 
which can be efficiently calculated using autonomous linear 
state-space models (Wildhaber et al. 2018; Andonie et al. 2023). 
In our study, the minimum response detection level was set to 
an SNR of 0.25 (or −12 dB), estimated using the squared error 
ratio between the response and a null model (Wildhaber et al. 
2018).

We calculated the CML increase along the LID for each 
patient using the slope of a linear regression model if three or 
more samples were available in a measurement. Similarly, CML 
elevation was calculated using the intercept of the same model. 
This was equally done for the insertion and postinsertion data.

Statistical Analysis and Reference Data
We assessed the relationship of CML with LID using linear 

regression. The correlation was evaluated using Pearson’s cor-
relation coefficient r . To investigate the relationship between 
CML and the residual hearing of individual patients, we used 
Spearman’s ranked correlation ρ to avoid assumptions about 
the statistical distribution of the data or the linearity of the 
relationship. In both cases, significance of the correlation was 
determined by the p value of the model slope (p < 0.05). All sta-
tistical analyses were performed using the Python programming 
language version 3.10.12 and the statsmodels module version 
0.14.0 (Seabold & Perktold 2010).

To extract numerical reference data from other authors’ pre-
vious study, we used the open-source computer vision software 
WebPlotDigitizer (Rohatgi 2024). Curve fits were reproduced 
using the Python module Scipy version 1.11.1 (Virtanen et al. 
2020).

RESULTS

Cochlear Duct Length and Electrode Locations
The measured CDL ranged from 30.0 to 37.4 mm with a 

mean of 33.1 mm. The mean LID of the electrode arrays was 
21.7 mm with an SD of 1.4 mm. Individual LIDs of the elec-
trode arrays are summarized in Table 1. In our cohort, the low-
est characteristic frequency reached was 0.38 kHz, as estimated 
using the Greenwood function. On average, the electrodes were 
inserted until the 0.74 kHz region with an SD of 0.26 kHz.

Intraoperative ECochG
The electrode array insertions lasted between 84 and 227 

seconds, with an average of 152 seconds until completion. An 
illustrative example of intraoperative CML measurements for a 
single patient is presented in Figure 1. CM response approxi-
mations and corresponding CMLs obtained using our objective 
algorithms are shown for individual epochs of the postinsertion 
electrode sweeps.

The CML data extracted from the real-time measurements 
during electrode insertion had an average of 1.9 msec with an 

SD of 0.6 msec. The average postinsertion CML was 2.0 msec, 
with an SD of 1.1 msec.

CML and LID
Linear regression analysis revealed a significant positive 

association between CML and LID, both during and after elec-
trode insertion. This association was evident in the insertion 
data for both 0.5 kHz (r = 0.55, p < 0.001) and 0.75 kHz (r = 
0.34, p < 0.001), as well as in the postinsertion data for 0.5 (r = 
0.5, p < 0.001), 0.75 (r = 0.4, p < 0.001), and 1 kHz (r = 0.49, 
p < 0.001). The post-insertion measurement at 0.25 kHz did not 
reveal a statistically significant relationship (r = 0.04, p = 0.66).

To compare CML during and after CI electrode insertion, 
we analyzed the measurement frequencies common to both 
protocols (i.e., for 0.5 and 0.75 kHz stimuli). During inser-
tion, the CML at the round window was 1.33 msec. In the 
post-insertion measurements, this offset was 0.84 msec. At the 
most apical electrode position (LID = 25 mm), the CML was 
comparable for both protocols, showing values of 2.52 and 2.58 
msec, respectively. The total increase over the 25 mm length was 
slightly smaller during insertion (1.18 msec) than post-insertion 
(1.74 msec). Consequently, the average CM signal propagation 
speeds were 18 to 25 m/sec during insertion and 14 to 16 m/sec 
postinsertion. Postinsertion CML at 1 kHz increased similarly 
to the 0.5 and 0.75 kHz measurements but had a shorter offset of 
0.39 msec at the round window. In contrast with these results, 
postinsertion CML at 0.25 kHz showed no correlation with LID, 
with values scattered around 3 msec. The results of the statisti-
cal analysis, including the number of patients and samples used, 
are summarized in Table 3. Raw CML measurements and linear 
regression model outputs are plotted in Figure 2.

To validate our results, we compared the CMLs with 
human basilar membrane delays reported in earlier stud-
ies, each of which were determined using different methods: 
(i) similar CM-based in-situ CI recordings from a smaller 
cohort by Campbell et  al. (2017), (ii) estimates from brain-
stem responses in normal-hearing individuals by Janssen et al. 
(1989), and (iii) signal-front delays proposed by Ruggero and 
Temchin (2007) for normal-hearing individuals, which were 
derived based on optical phase measurements in postmor-
tem data (Von Bekesy 1943). For this purpose, we mapped 
the measurement locations to the individual functional map 
(characteristic frequency) of each cochlea and calculated the 
population averages of the CML. Near the round window, the 
average CML curves were situated around 1.1 msec (except 
for the 0.25 kHz measurements, as previously noted). As sug-
gested by Campbell et al., we subtracted this value from our 
CML data for comparison with the basilar membrane delays. 
In our study, the CML progressively increased in the basal 
region up to approximately 1 kHz, before plateauing in the 
most apical part of the cochlea. This pattern was observed 
in the 0.5 kHz measurements during insertion and in the 0.5, 
0.75, and 1 kHz measurements postinsertion. The measure-
ments at 0.75 kHz during insertion rose to a comparable value 
without exhibiting a plateau in the apical region. All curves 
are shown in Figure 3.

Despite some variations, our measurements were close to 
the traveling wave delays reported by Campbell et al. (2017). 
Especially for characteristic frequency locations above the 1 kHz 
region, our CML data agreed well with the model provided by 
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Campbell et al., while having a shorter latency for frequencies 
below. The 0.25 kHz measurement in our study, which did not 
show an association between CML and LID, had elevated values 
that matched the most apical values reported by Campbell et al.

When compared with the traveling wave delays found by 
Janssen et  al. (1989), our CML data demonstrated a similar 
increase in the basal region for characteristic frequency loca-
tions below the 1 kHz region. However, the data from Janssen 
et al. showed a much steeper increase in the apical region, where 
our measurements stagnated or even slightly sank.

Regarding the adjusted ex-vivo basilar membrane signal-
front delays, found by Ruggero and Temchin (2007), our CMLs 
showed a total shift from the base to the apex that aligned 
with those findings. However, in the basal region, the model 
of Ruggero and Temchin remains flat until 2 kHz, whereas our 
measurements start increasing immediately after the round win-
dow. Specifically, in the post-insertion measurements at 0.5 and 
0.75 kHz, our CML curves appeared to resemble the patterns 
found by Ruggero and Temchin but were skewed or shifted 
toward the cochlear base.

A B

Fig. 1. Intracochlear electrocochleography recorded during CI surgery (patient ID-21). Each panel displays data corresponding to a distinct acoustic stimulation 
frequency, indicated in the small boxes located in the upper corners of the panels. A, CML during insertion (connected markers), recorded using the most api-
cal CI electrode. The course of the CM amplitude is shown in the background in gray. B, Electrode sweeps measured after complete insertion at the 11 evenly 
numbered intracochlear CI electrodes. The raw measurements (gray) are superimposed with the CM response estimates (black) generated by our algorithm. 
The corresponding estimated CMLs are marked by vertical lines. The model outputs for signals below the detection threshold are shown as dashed lines. CI 
indicates cochlear implant; CML, cochlear microphonic latency.

TABLE 3.  Cochlear microphonic latency dependence on linear insertion depth

F (kHz)stim Intercept (ms)* Slope (μsec/mm) Slope−1 (m/sec) Np† N‡ r p

Insertion 0.5 1.22 55 18 13 606 0.55 <0.001
Insertion 0.75 1.45 40 25 16 545 0.34 <0.001
Postinsertion 0.25 2.81 7 143 20 141 0.04 0.657
Postinsertion 0.5 0.72 73 14 21 119 0.50 <0.001
Postinsertion 0.75 0.96 67 15 27 170 0.40 <0.001
Postinsertion 1 0.39 64 16 14 72 0.49 <0.001

*Acoustic stimulation frequency.
†Number of patients.
‡Number of observations.
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CML and Residual Hearing
The CML increased in the majority of measurements (67 

of 93 cases). The average CML increase was 0.1 sec/m with 
an SD of 0.2 sec/m. The mean CML elevation was 1.4 msec 
with an SD of 2.4 msec. In our data, statistical analysis revealed 
no significant correlation between CML and residual hearing, 
whether examining CML elevation or CML increase. This lack 
of correlation was consistent across measurements taken both 
during and after CI electrode insertion. The results of the statis-
tical analyses are given in Tables 4 and 5.

DISCUSSION

We applied our previously described objective algorithm for 
CM response detection and CML extraction to intraoperative 
ECochG measurements, acquired both during and after elec-
trode insertion (Wildhaber et al. 2018; Andonie et al. 2023). The 
combination of objective CM estimation and robust electrode 
location retrieved from CT scans is essential for reliably assess-
ing CML, as they help overcome previous constraints such as 
selection bias, manual data analysis, and enable consideration 
of intracochlear measurement positions. Using this methodol-
ogy, we found a statistically significant association between 
CML and electrode insertion depth. In our dataset, the CML did 
not correlate with preoperative residual hearing.

Cochlear Microphonic Latency
Our results indicated that the CML increases from the 

cochlear base to the apex in CI patients, both during and after 
electrode array insertion. This correlation was significant for all 
stimulation frequencies (0.5, 0.75, 1 kHz), except 0.25 kHz.

In our measurements, the CML showed high inter-patient 
variability, as previously described by Polak et  al. (2022). 
Remarkably, the CML at 0.25 kHz stimulation did not corre-
late with the LID, being broadly scattered around an average 
of 3 msec. We suggest that this is mainly attributed to the deep 
tonotopic location of 0.25 kHz within the cochlea. The electrode 
arrays implanted in this study achieved a minimum characteris-
tic frequency of 0.38 kHz. As a consequence, the primary signal 
generators for 0.25 kHz are located beyond the measurement 
range covered by the electrodes. Basilar membrane deflections 
get smaller and defocus with increasing distance from the tono-
topic location (Robles & Ruggero 2001). Thus, the constant 
elevation of CML at 0.25 kHz suggests that deep CM responses 
predominate the recordings across all electrodes. Such pre-
dominance is thought to arise when local responses in the basal 
region are absent because of poor high-frequency hearing, as 
it is typical for sensorineural hearing loss (Janssen et al. 1989; 
Bester et al. 2020).

For the higher stimulation frequencies, the intracochlear 
CML in CI patients could be explained by traveling wave 

A B

Fig. 2. Scatter plots illustrating the relationship between CML and linear insertion depth. Each panel displays data corresponding to a distinct acoustic stimula-
tion frequency, indicated in the small boxes located in the upper corners of the panels. Linear regression results are shown with thick lines, while their 95% 
confidence intervals are depicted with thin lines. A, Continuous recordings during electrode array insertion. B, Post-insertion electrode sweeps and recorded 
immediately after electrode array insertion. CML indicates cochlear microphonic latency.
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delays. The CML increased slower during the insertion than 
in the post-insertion protocol, while no substantial difference 
across stimulation frequencies could be observed. Using the 
inverse slopes of the linear regression, we estimated average 
CM propagation speeds from our measurements. These propa-
gation speeds ranged from 18 to 25 m/sec during and 14 to 16 
m/sec after electrode insertion, aligning with average traveling 
wave propagation speeds of 16.6 and 22 m/sec found in previous 
studies (Ruggero 1994; Polak et al. 2022). However, the CML 
reached a similar maximum in the apex for both protocols, indi-
cating that the difference in propagation speed was dominated 
by the basal CMLs, which were slightly higher in the insertion 

measurements. Thus, we hypothesize that the propagation on 
the basilar membrane was not fundamentally changed by the 
insertion of the electrode array (e.g., persistent basilar mem-
brane fixation). Further studies would be necessary to increase 
our understanding of the influence of the CI electrode array on 
mechanical wave propagation within the cochlea.

We compared the CML population averages with basilar 
membrane delays retrieved from previous studies (Janssen et al. 
1989; Ruggero & Temchin 2007; Campbell et al. 2017). As sug-
gested by Campbell et al. (2017), we subtracted the CML offset 
near the round window (1.1 msec) from our data for the com-
parison with the reference curves (Fig. 3). It is interesting that 

A B

Fig. 3. Comparison between CML and basilar membrane delays retrieved from previous studies. Each panel displays data corresponding to a distinct acoustic 
stimulation frequency, which is indicated in the small boxes located in the upper corners of the panels. Shown are the CML population averages (markers) 
together with 1 SD (dotted lines). Besides the measurements, the three reference curves are also shown in each panel. A, Continuous recordings during 
electrode insertion. B, Data from post-insertion electrode sweeps is shown and recorded immediately after electrode insertion. CML indicates cochlear micro-
phonic latency.

TABLE 4.  Cochlear microphonic latency increase vs. preoperative 
hearing

F*stim(kHz) N† r p

Insertion 0.5 13 −0.16 0.60
Insertion 0.75 15 −0.16 0.57
Postinsertion 0.25 17 −0.05 0.86
Postinsertion 0.5 17 −0.11 0.67
Postinsertion 0.75 23 −0.32 0.14
Postinsertion 1 9 −0.20 0.60

*Acoustic stimulation frequency.
†Number of observations (patients).

TABLE 5.  Cochlear microphonic latency elevation vs. preoperative 
hearing

F*stim (kHz) N† ρ p

Insertion 0.5 13 −0.16 0.60
Insertion 0.75 15 0.01 0.57
Postinsertion 0.25 17 0.01 0.96
Postinsertion 0.5 17 0.04 0.96
Postinsertion 0.75 23 0.09 0.89
Postinsertion 1 9 0.27 0.49

*Acoustic stimulation frequency.
†Number of observations (patients).
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1.1 msec coincides with the traveling wave delay obtained using 
CM at the very base of the cochlea, reported by Polak et  al. 
(2022). It is worth noting that this is close to previously reported 
neural delays in the cochlea (Ruggero & Rich 1987; Robles & 
Ruggero 2001). A possible explanation is the presence of neural 
contributions in the basal ECochG measurements, as the CM 
is not perfectly isolated by subtracting the rarefaction from the 
condensation recordings (Forgues et al. 2014; Abbas et al. 2017; 
Bester et al. 2020; Polak et al. 2022). Another factor that may 
contribute to the elevated CML in the basal region is the high 
stimulation intensity used in this study. Loud stimuli reduce 
spatial selectivity within the cochlea and are associated with a 
basal shift of the CM amplitude maximum (Russell and Nilsen 
1997; Bester et  al. 2017). This effect may cause the measur-
ing electrode near the round window to detect signals originat-
ing from more apical regions of the cochlea, exhibiting longer 
CML.

For characteristic frequency locations above the 1 kHz 
region, the CML curves agreed well with traveling wave delays 
derived using auditory brainstem responses from normal-
hearing subjects provided by Janssen et al. (1989). In the apical 
region, on the other hand, the CML in our study remained much 
shorter than those traveling wave delays. A similar discrepancy 
was observed by Campbell et  al. (2017), whose in-situ mea-
surements in CI patients using a 0.5 kHz stimulus aligned well 
with our data. Bester et al. (2020) provided a viable explanation 
for this discrepancy by demonstrating the correlation between 
shorter CML in the apical region and poor hearing thresholds 
in CI patients.

We also compared our data to the much shorter signal-
front delays in the basilar membrane provided by Ruggero and 
Temchin (2007), which were derived from postmortem experi-
ments. In this case, our CMLs aligned with the reference data at 
the most basal and apical measurement locations, while being 
elevated in the middle region. This increase may be attributed to 
an overrepresentation of apical CM responses in the measure-
ments, as might be expected in CI patients with typical high-
frequency hearing loss (Eggermont 1979; Calloway et al. 2014; 
Bester et al. 2020, 2023; Carlson 2020).

To summarize, CML provides significant information about 
the measurement location. Our data was comparable to the 
results of previous studies, despite methodological differences 
(Janssen et al. 1989; Ruggero & Temchin 2007; Campbell et al. 
2017). Our method for calculating signal latency provided 
increased certainty regarding the evaluated signal component, 
without relying on manual labeling (Wildhaber et  al. 2018; 
Andonie et  al. 2023). However, numerous influencing factors 
can potentially affect those measurements, leading to consider-
able variability in the data.

Association With Residual Hearing
In contrast with its dependence on intracochlear measure-

ment location, the relationship between CML and residual hear-
ing remains less clear. Linear regression analysis showed no 
statistically significant association between CML and residual 
hearing. This result agrees with the notion that traveling wave 
propagation is mainly attributed to passive cochlear mechan-
ics (Ruggero & Temchin 2007; Polak et  al. 2022). However, 
CM potentials in general are directly related to residual hearing 
(Koka et al. 2017; Bester et al. 2023; Andonie et al. 2024). Given 
this relationship, it seems reasonable to consider that CML 

might be at least indirectly influenced by residual hearing. In 
their analysis, Bester et al. (2020) found that CML was shorter 
in patients with poor residual hearing, and that local CML did 
not increase in cochlear regions devoid of outer hair cells. In 
our patients, the exact cause of hearing impairment could not 
be determined. In addition, at this stage, we only considered 
robust CM responses to accurately extract the CML, thereby 
focusing on measurements representing functioning hair cell 
regions. Therefore, no definitive conclusion can be drawn about 
the association between CML and residual hearing at this point.

Implications and Relevance
At present, the functional monitoring of the inner ear using 

ECochG predominantly depends on the examination of the CM 
amplitude (Dalbert et  al. 2015; Weder et  al. 2021). However, 
the measured CM amplitudes highly vary under the influence of 
factors such as residual hearing and proximity of the measuring 
electrode to the physiologic generators (Giardina et  al. 2018; 
Weder et  al. 2020; Schuerch et  al. 2023). Therefore, accurate 
interpretation of these signals necessitates a thorough under-
standing of the intracochlear measurement location (Bester 
et al. 2017; Schuerch et al. 2022c, 2023; Andonie et al. 2024). 
Thus, CML-based insertion depth estimation during CI surgery 
can potentially be used to improve the interpretation of CM 
amplitude changes for functional monitoring while also provid-
ing real-time feedback to ensure correct electrode placement 
(Campbell et al. 2017; Polak et al. 2022).

In this study, we found an association between LID and 
objectively extracted CML in both real-time and post-insertion 
ECochG measurements for commonly used acoustic stimu-
lation frequencies. These findings are crucial for advancing 
ECochG-based software for automated real-time tracking of 
electrode position with the goal to improve functional monitor-
ing and electrode placement during CI surgery.

Beyond that, current methods for estimating electrode posi-
tions using the CI hardware mainly apply electrical impedance 
(Schraivogel et  al. 2023b). However, real-time ECochG and 
impedance can only be recorded quasi-simultaneously using 
alternating measurements (Andonie et  al. 2023). Therefore, 
CML could enhance the temporal resolution and accuracy of 
electrode position tracking in combined ECochG and imped-
ance measurements.

As illustrated by the postoperative measurements of the 
example patient (Fig. 1B), CML and CM phase can evolve 
independently. In this case, the CM for 0.5, 0.75, and 1.0 kHz 
showed an abrupt phase inversion between the intracochlear 
electrodes 10 and 14 without a substantial change in latency. 
Thus, we suspect that these lower CM amplitude at electrode 
10 could be attributed to negative interference. A comparison 
with the amplitude patterns during insertion (Fig. 1A) shows 
a similar pattern, with lower amplitudes between 60 and 90 
seconds in the 0.75 and 0.5 kHz measurements, respectively. 
The latency fluctuations in this range are likely attributed to 
reduced signal quality, while the overall CML trend remains 
relatively stable. Previous studies have suggested that transient 
basilar membrane fixation by the electrode carrier might influ-
ence the ECochG patterns, which may also be relevant in the 
presented case (Bester et al. 2023). This highlights the limita-
tions of single-feature CM analysis and the potential of CML 
to improve CM amplitude and phase interpretation in the con-
text of clinical applications, such as hearing preservation and 
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verification of electrode position, especially in cases without 
an apical peak in the CM amplitude (Bester et al. 2017; Koka 
et al. 2018; Giardina et al. 2019; O’Leary et al. 2020; Andonie 
et al. 2024).

Finally, the analysis of CML could be used to distinct small 
CM responses and vibration artifacts of the electrode carrier 
under high stimulation levels. Similar to actual CM potentials, 
these artifacts resemble the acoustic stimulus, but lack any 
delay caused by basilar membrane transmission (Teschner et al. 
2012). Using the presented algorithms, small signals with zero 
latency could be identified as artifacts, even though showing a 
good match with the expected CM waveform.

LIMITATIONS AND FUTURE DIRECTIONS

The manual insertion of the CI electrode arrays resulted in 
considerable variability in insertion times, leading to uncer-
tainty in determining the exact electrode position during the 
insertion process, limiting comparability with the post-insertion 
measurements (Wimmer et  al. 2024). As a result, the precise 
CML patterns during insertion can be distorted, limiting com-
parability with the postinsertion measurements. Besides that, 
two main factors challenge the direct translation of our find-
ings into a prediction model for individual patients. These are 
(i) accurate determination of CML requires high signal-to-noise 
ratio, and (ii) CML showed high variability across patients. 
Addressing these limitations, we propose to investigate the rela-
tionship between residual hearing and CML using our objective 
algorithms in a larger patient cohort, since most of the patients 
in this study did not show a clinically relevant degree of residual 
hearing. This will be particularly important, as previous stud-
ies could find a relationship between CML and residual hearing 
(Bester et  al. 2020). These results would deepen our under-
standing of the factors causing high variability in CML data. 
Finally, this knowledge could be used for the development of a 
patient-specific, CML-based prediction model for intracochlear 
electrode location.

CONCLUSION

By using objective algorithms, we were able to perform a 
fully automated analysis of ECochG signals, measured both 
during and after CI electrode insertion. In addition, we aligned 
the data with intracochlear electrode locations derived from CT 
scans. Based on this, we found a significant correlation between 
CML and LID, which may be attributed to traveling wave delays.

Thus, CML-based insertion depth estimation during CI sur-
gery has the potential to enhance the interpretation of other 
CM parameters, such as amplitude changes for functional 
monitoring, and can further be used to ensure correct electrode 
positioning.
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