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ORIGINAL ARTICLE

Electrically evoked auditory cortical responses elicited from individually fitted
stimulation parameters in cochlear implant users

Mar�ıa A. Callej�on-Leblica,b , Mar�ıa M. Barrios-Romeroc , Alejandra Kontidesd, Seraf�ın S�anchez-G�omeza and
Andy J. Beynone,f

aDepartment of Otolaryngology, Head and Neck Surgery, Virgen Macarena University Hospital, Seville, Spain; bBiomedical Engineering Group,
University of Seville, Seville, Spain; cMED-EL, Madrid, Spain; dMED-EL Headquarters, Innsbruck, Austria; dDonders Centre for Neurosciences,
Radboud University Nijmegen Medical Center, Nijmegen, Netherlands; eOtorhinolaryngology Department, Radboud University Nijmegen
Medical Center, Nijmegen, Netherlands; fENT Department, Radboud University Nijmegen Medical Center, Nijmegen, Netherlands

ABSTRACT
Objective: To investigate electrically evoked auditory cortical responses (eACR) elicited from the stimulation
of intracochlear electrodes based on individually fitted stimulation parameters in cochlear implant (CI) users.
Design: An eACR setup based on individual fitting parameters is proposed. A 50-ms alternating biphasic
pulse train was used to stimulate apical, medial, and basal electrodes and to evoke auditory cortical
potentials (N1-P2 complex).
Study sample: The eACR setup proposed was validated with 14 adult CI users.
Results: Individual and grand-average eACR waveforms were obtained. The eACR amplitudes were lower
in the basal than in the apical and medial regions. Earlier N1 latencies were found in CI users with lower
maximum comfortable loudness levels and shorter phase duration in response to apical stimulation, while
medial and basal stimulation resulted in earlier N1 latencies and larger N1-P2 amplitudes in users with
longer CI experience.
Conclusions: eACR could be elicited by direct intracochlear stimulation using individual fitting parameters
with a success rate of 71%. The highest cortical peak-to-peak amplitudes were obtained in response to
apical stimulation. Unlike the P2, the N1 component appeared to be a consistent cortical potential to
determine eACR and gain knowledge of the auditory processing beyond the cochlea in CI users.

HIGHLIGHTS

� eACR can be elicited through direct stimulation of intracochlear electrodes.
� Stimulation of apical and medial regions yielded the highest N1-P2 amplitudes.
� CI users with lower maximum comfortable loudness levels had shorter N1 latencies during apical

stimulation.
� The present dataset of mainly well-performing CI users suggests better cortical processing, that is,

higher amplitudes and shorter latencies of N1.
� The N1 potential appears a more consistent and reliable potential than the P2 to determine eACR

responses in CI users.
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Introduction

Cochlear implant (CI) use allows children and adults with
severe-to-profound hearing loss to develop or restore hearing
(Wilson and Dorman 2008). Current CI fitting procedures are
mainly based on a behavioural approach in which electric pulses
are sent to the intracochlear electrodes until the user reports
their thresholds (THR) and maximum comfortable loudness lev-
els (MCL). The difference between the MCL and the THR value
is the user’s electric dynamic range (EDR), which, along with
other parameters, constitutes their clinical fitting map (Banda
Gonz�alez, Castillo, and Lee 2017). Nevertheless, this behavioural

approach is difficult to use with very young children and adults
who are unable to provide reliable verbal responses. Therefore,
considerable research efforts have been directed towards optimis-
ing CI fitting procedures through electrophysiological measures.
These provide specific subject-level information that can guide
the fitting process in a more objective way (Finke, Billinger, and
B€uchner 2017). However, some measures commonly used in
clinical practice, such as the electrically evoked stapedius reflex
threshold (Kosaner et al. 2018), the electrically evoked compound
action potential (He, Teagle, and Buchman 2017), or the electric-
ally evoked auditory brainstem response (Bahmer, Polak, and
Baumann 2010), are peripheral measures that do not account for
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the entire auditory pathway (Lundin, Stillesj€o, and Rask-
Andersen 2015; Scheperle and Abbas 2015). The fact that some
users exhibit a delayed response or more limited benefit with
their CI indicates that there might be some central processing
mechanisms, in addition to the peripheral ones, that are respon-
sible for the overall CI performance (Glennon, Svirsky, and
Froemke 2020; Han et al. 2019).

Cortical auditory evoked potentials (CAEP) have often been
used to assess the neural response evoked by auditory stimuli in
the cortex. Typical CAEPs are a series of peaks (P1, N1, P2), which
are interpreted as the cortical response to acoustic stimuli (Ca~nete,
2014; Abbas and Brown 2015). In fact, CAEPs correlate strongly
with hearing thresholds and speech perception tests in adult and
paediatric CI users (Mao et al. 2018; Legris et al. 2018; Sharma
et al. 2016; Guo et al. 2016; Shafer, Yu, and Wagner 2015). Thus,
they have been suggested as a helpful tool to objectively evaluate
auditory cortical maturation and development of auditory skills in
CI users (Brown et al. 2015; Sharma et al. 2015; Mcneill, Sharma,
and Purdy 2009; Polonenko et al. 2017; Parry et al. 2019; T�avora-
Vieira et al. 2018). Although the majority of CAEP studies pre-
sented acoustic signals through loudspeakers in a free field, some
authors have investigated the use of electrically evoked cortical
auditory responses (eACR) through direct stimulation of intraco-
chlear electrode channels. The latter avoids the effect of bank filter-
ing and signal distribution over multiple stimulated electrodes, and
it therefore presents some advantages, such as a more precise
stimulation pattern and better control of the stimulation parame-
ters and timing via the software. Moreover, it guarantees that the
contralateral ear is not simultaneously stimulated, therefore simpli-
fying the removal of CI artefacts (Friesen and Picton 2010;
Sinkiewicz, Friesen, and Ghoraani 2017; Mathew et al. 2018).

Previous studies have used eACR to assess cortical plasticity
and to measure the sensitive period of auditory development in
CI users. For instance, by stimulating electrodes with 36-ms
biphasic pulse trains, significant implant-driven plasticity was
demonstrated in the auditory cortices of children with asymmetric
hearing loss (Polonenko, Papsin, and Gordon 2019). Other
authors have also analysed the feasibility of using eACR to object-
ively determine behavioural thresholds and comfort levels in CI
users. Visram et al. (2015) used 50-ms biphasic pulse trains with
amplitudes ranging from 20 to 100% EDR over different electro-
des to collect eACR signals. The amplitude growth functions of
the global field power were highly correlated with the behavioural
thresholds, whereas the comfort levels could not be inferred due
to a large variability among participants. Mao et al. (2019) also

found the eACR growth functions to be highly correlated with the
behavioural thresholds for both a standard EEG montage (Cz to
mastoid) and a montage with the recording channels close to the
CI. However, the correlation with the behavioural comfort levels
was only moderate.

Recent studies have also focussed on optimising the stimula-
tion parameters for recording eACR in CI users (Kranick et al.
2021), analysing the influence of different electrode sites and
stimulation conditions on eACR signals, and assessing correla-
tions with speech perception tests (Liebscher, Alberter, and
Hoppe 2018). Kranick et al. (2021) found significantly higher
N1-P2 amplitudes for increased stimulus levels (MCL versus 50%
EDR), whereas the position of the electrode (apical, medial,
basal) or the duration of the stimuli did not have a significant
effect on the eACR morphology. In contrast, Liebscher, Alberter,
and Hoppe (2018) found significantly higher eACR amplitudes
for the apical than for the medial and basal electrodes. They also
found that larger N1-P2 amplitudes corresponded to longer
inter-stimulus intervals (ISIs). Monosyllabic word recognition
scores were shown to correlate with larger N1 and N1-P2 ampli-
tudes at the medial electrodes, which, in turn, were associated
with stronger cortical activation and neuronal recruitment.
Additionally, word recognition scores were correlated negatively
with the P2 latency at the apical electrodes, suggesting that pro-
longed P2 latencies (i.e. a longer processing time) may be associ-
ated with poorer speech understanding in CI users.

The eACR techniques represent a promising approach to bet-
ter understanding implant-driven cortical mechanisms. However,
possibly due to methodological differences, the results reported
in the literature are heterogeneous. Open questions remain about
the correlation between eACR and behavioural measures and
their applicability in a clinical setting. We hypothesise that, if
eACR are successfully recorded and correlated with individual
fitting map settings, they can be used to validate and predict
behavioural fitting parameters, which are especially useful for
people unable to provide consistent responses. The primary
objective of our study was to verify that eACR can be collected
using individual stimulation parameters from the behavioural fit-
ting map in a group of MED-EL CI users, including very high
pulse rates (2500–10,000 pps) at the apical electrodes under the
FS4-p strategy (Riss et al. 2014). The secondary objective was to
analyse the relationship between individual stimulation parame-
ters (e.g. charge level, phase duration, and burst rate) and the
electrophysiological eACR responses obtained in the same group

Table 1. Demographic data.

Participant Age Sex Ear
Implant
type Array

Time of use
(months) Aetiology

S1 58 F L CONCERTO FLEX28 10 Meniere disease
S2 59 F L CONCERTO FLEX28 12 Otosclerosis
S3 59 F L CONCERTO FLEX28 39 Sudden HL
S4 76 F L CONCERTO FLEX28 44 Progressive HL
S5 58 M L CONCERTO FLEX28 66 Possible ototoxicity
S6 36 F R CONCERTO FLEX28 33 Progressive HL
S7 60 F R CONCERTO FLEX28 43 Progressive HL
S8 55 M R CONCERTO FLEX28 51 Meniere disease
S9 70 F L CONCERTO FLEX28 76 Sudden HL
S10 55 F R CONCERTO FLEXSoft 26 Sudden HL
S11 65 F L CONCERTO FLEX28 53 Progressive HL
S12 29 F L CONCERTO FLEX28 22 Progressive HL
S13 43 F L SONATA STANDARD 100 Meningitis
S14 24 M L CONCERTO FLEX28 23 Progressive HL

F: female; M: male; R: right; L: left; HL: hearing loss.
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of CI users. Differences in the eACR responses at different elec-
trode sites (apical, medial, and basal) were also investigated.

Materials and methods

Participants

Fourteen participants (11 females and 3 males) with a mean age
of 53.4 ± 15.1 years (range 24–76 years) took part in the study. All
participants had post-lingual severe-to-profound hearing loss and
were unilateral CI users (mean 3.6 ± 2.1 years of CI use, range
0.83–8.33). See Table 1 for further demographic information.

The participants’ mean auditory thresholds in free-field aided
pure tone audiometry were 28 ± 6 dB HL at 500Hz, 31 ± 5 dB HL
at 1000Hz, 29 ± 5 dB HL at 2000Hz and 30 ± 5 dB HL at
4000Hz. The mean recognition score among participants was
72 ± 11% for disyllabic words (C�ardenas and Marrero 1994), all
using the FS4-p sound coding strategy.

The study was approved by the Ethics Committee of the
Hospital Universitario Virgen Macarena in Seville, Spain (PEIBA
#2059-N-18). All participants gave their informed consent.

Clinical fitting

Electrode field impedances and behavioural MCL values were
measured prior to the eACR recordings. Default 50-ms monopo-
lar biphasic pulses were delivered using the MAX programming
interface and the MAESTRO 8.0.2 software (MED-EL GmbH,
Innsbruck, Austria) to the apical (E2), medial (E6), and basal
(E10) electrodes during clinical fitting. The FS4-p coding strategy
provides fine structure processing at the four apical electrodes,
where the electrical stimulus is aligned at the zero crossing of
the low-frequency input signal (Riss et al. 2014) to a variable
stimulation rate on these electrodes.

Measurement of eACR

Stimuli
Fifty-millisecond electrical stimuli were delivered the same way
as during the clinical fitting (the setup is shown in
Supplementary Appendix A). They were alternating biphasic
pulses, sent in consecutive cycles of bursts. The phase duration
and the rate of the biphasic pulses corresponded to the individ-
ual fitting parameters of the user’s fitting map, at a level corre-
sponding to 90% of their MCL values. The pulses had a standard
inter-phase gap of 2.1 ms. The rate of the biphasic pulses deliv-
ered to the apical channels was aligned with that used in the
FS4-p strategy. The frequency of repetition of each burst cycle
was defined as the inter-stimulus interval (ISI). Previous studies
have found larger eACR signals when increasing the ISI from
300 to 5000ms (Liebscher, Alberter, and Hoppe 2018), particu-
larly at the apical and medial electrodes. To reach a trade-off
between the eACR amplitude and recording time, an ISI of
1000ms was chosen in this study.

EEG recording
EEG was recorded with a two-channel Nicolet EDX Synergy sys-
tem with a sampling rate of 48,000 Hz (Natus Medical
IncorporatedVR , Pleasanton, CA, USA). A three-electrode clinical
montage was used with the active electrode (þ) at Fz, the refer-
ence electrode (�) on the contralateral mastoid, and the ground
electrode (G) in the lower part of the forehead (Fpz). The

impedance of the electrodes was kept below 4 kX. The amplifier
range was set to 200lV and the pre-amplifier filters were set to
30Hz (low pass) and 1Hz (high-pass). Time frames (epochs)
from �150 to 600ms were used. Each epoch corresponded to a
single stimulus burst cycle, therefore, an external trigger pulse
was required to synchronise the stimulus signal with the averag-
ing analysis of the EEG system. To guarantee the reproducibility
of the eACR response and to avoid cortical habituation, the stim-
uli were delivered, and the epochs were collected in 3–4 different
replications, which were subsequently averaged to improve the
signal-to-noise ratio. Each run consisted of 30 stimuli (i.e.
90–120 epochs in total per stimulus condition), sent to a single
electrode (E2, E6, or E10) at a stimulation level of 90% MCL. To
minimise myogenic artefacts, participants were asked to sit com-
fortably in a reclining chair while watching a muted video with
subtitles. Artefact rejection was set to ± 80 mV. Finally, to minim-
ise the CI electrical artefact in the EEG recordings, the reference
electrode was located at the contralateral mastoid, and EEG
recording cables were placed as far away from the CI device and
the stimulating coil cable as possible (Liebscher, Alberter, and
Hoppe 2018). To reduce polarity-dependent artefacts, stimuli
were presented with alternating polarity (Mao et al. 2019). The
total test duration for each participant was less than 1 hour.

Data analysis

The EEG baseline was corrected by the Synergy software, then
exported and further processed in Matlab R2018a (MathworksVR ,
Natick, Massachusetts, USA). Exported data were smoothed and
denoised using a moving average filter. Individual grand-average
waveforms were obtained by averaging the eACR responses and
used to interpret the waveform morphology and latencies of
individual responses. Individual eACR latency of N1 and P2
(ms) and the N1-P2 inter-peak amplitude (lV) were considered
as “replicable” responses when the averaged EPs revealed (1) the
same morphology (i.e. the typical biphasic N1-P2 complex as
known as the typical cortical detection component in adults), (2)
showed reproducible amplitudes, and (3) reproducible latencies.
The cortical N1 component was defined as a negative peak
within the time window between 50 and 120ms post-stimulus
presentation; the cortical P2 component was defined as a positive
peak between 150 and 250ms post-stimulus. All raw and aver-
aged data have been automatically analysed post hoc by a Matlab
script for each electrode, and, in conformity with current clinical
audiological practice, additionally verified and subjectively inter-
preted by at least two experienced clinicians with extensive clin-
ical and research expertise in the interpretation of auditory EPs.
By applying very strict and stringent criteria, we have tried to
optimally reduce any inter-rater variability, with the aim to keep
the dataset as homogenous as possible. For each electrode site,
only data of which clinicians were 100% sure that they showed
reproducibility, were included in the final analyses. On the other
hand, such strict criteria not only helped keep our data “clean”
from suggestive individual (mis)interpretations, but also reduced
the total number of useful observations. A repeated-measures
ANOVA and Bonferroni-corrected post-hoc pairwise tests were
used to compare the eACR amplitudes and latencies between the
apical, medial, and basal electrodes. Differences in the fitting
stimulation parameters (MCL, electrode impedances, phase dur-
ation, and pulse rate) were also analysed. Finally, the correlation
between the eACR morphology (N1-P2 amplitude and latencies)
and individual fitting parameters was assessed using Pearson’s
correlation test. All results were considered significant at
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p< 0.05. Only significant correlations are reported in the Results
section. All other correlations analysed can be consulted in
Supplementary Appendix B.

Results

Clinical fitting data

The distribution of the individual fitting parameters, namely the
MCL values, phase duration, and the rate of the biphasic pulses
delivered to the electrodes, are shown in Figure 1. These individ-
ual parameters were later used to generate the eACR-eliciting
stimuli. The mean MCL was highest at the basal electrode
(34.5 ± 11.2 qu), followed by the medial (31.7 ± 6.7 qu), and the
apical electrodes (24.6 ± 7.6 qu). A one-way ANOVA showed a
statistically significant difference between the electrodes (F(2, 39)
¼ 4.78, p¼ 0.0139). Post-hoc comparisons using the Bonferroni
correction showed that the mean MCL at the apical electrode
was significantly lower than at the basal electrode (p¼ 0.0140),
with no significant differences between the apical and the medial
(p¼ 0.1152) or between the medial and the basal electrode
(p¼ 1) (Figure 1(a)). The highest mean phase duration of 44.7
ms was found at the basal electrode, although an ANOVA did
not reveal any significant differences between the electrodes (F(2,
39) ¼ 2.13, p¼ 0.1321) (Figure 1(b)). The stimulation rates were
significantly different between the electrodes (F(2, 39) ¼ 37.43,
p< 0.0001), because the FS4-p coding strategy used in the fitting
map mimics fine structure information, providing significantly
higher stimulation rates in the range of 2400–9917 pps at the
apical electrodes (Figure 1(c)). The electrode impedance was sig-
nificantly different between the electrodes (F(2, 39) ¼ 6.02,
p¼ 0.0053) (Figure 1(d)). Specifically, the basal electrode

exhibited significantly higher impedance than the medial elec-
trode (p¼ 0.004).

Morphology of eACR

Eleven out of fourteen participants demonstrated reproducible
eACR. The eACR of the remaining three participants (S6, S8,
S10) were not consistent and reproducible, so they were excluded
from the analysis. The responses were obtained at 90% of the
individual behavioural MCL. The eACR responses averaged
across participants and electrodes are shown in Figure 2(a). The
individual eACR waveforms at each electrode are shown in
Figure 2(b–d). An example of a typical individual eACR response
containing three different within-subject replications for each
apical, medial, and basal electrode can also be seen in
Supplementary Appendix C. At a group level, the morphology of
the N1-P2 eACR response was easily recognisable at each of the
three electrodes. We detected eACR responses for all participants
at the apical electrode (n¼ 11). We were not able to quantify the
N1-P2 amplitude for participants S1 and S14 at the basal elec-
trode, and for participant S3 at the medial electrode.

Relationship between eACR responses and stimulation site

The distributions of individual N1-P2 amplitudes and latencies
obtained at each electrode are shown in Figure 3. The highest
mean eACR amplitude was measured at the medial electrode
(8.3 ± 2.1 mV), followed by the apical (6.8 ± 2.4 mV), and the basal
electrode (5.5 ± 3.2 mV). Although the effect of the electrode site
on individual N1-P2 amplitudes was not statistically significant
according to a one-way repeated measures ANOVA (F(2, 27) ¼
2.73, p¼ 0.0830), a two-sample t-test showed that the amplitudes

Figure 1. Boxplots showing the distribution of individual fitting parameters at the apical, medial, and basal electrodes used for eliciting eACR. (a) Maximum comfort-
able loudness level (MCL) values in charge units (1 qu equals approximately 1 nC). (b) Phase duration (ms). (c) Rate of the biphasic pulses (pps) (the pulse rate at the
medial and basal electrodes was lower than at the apical electrodes and is shown in a close-up box with a different y-axis). (d) Electrode impedance (kX). Horizontal
lines represent the mean value of the 14 CI users, the crosses represent outliers. Statistics: ANOVAþ Bonferroni multiple comparison test. �p< 0.05; ��p< 0.01.
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at the basal electrode were significantly smaller than those at the
medial electrode (t¼ 2.23, p¼ 0.0392). A t-test did not show any
significant differences in the amplitudes between the apical and
the medial (t¼ 1.49, p¼ 0.1524) or between the apical and the
basal electrodes (t¼�1.05, p¼ 0.3089) (Figure 3(a)). The mean
N1 latency was 94 ± 11ms at the apical, 91 ± 8ms at the medial,
and 88 ± 8ms at the basal electrode (Figure 3(b)). The mean P2
latency was 206 ± 11ms at the apical, 189 ± 19ms at the medial,
and 182 ± 23ms at the basal electrode. A one-way repeated meas-
ures ANOVA did not show any significant differences between
the electrodes either for the N1 latency (F(2, 27) ¼ 1.28,
p¼ 0.2943), or for the P2 latency (F(2, 27) ¼ 2.345, p¼ 0.1151)
(Figure 3(c)).

Relationship between eACR responses and clinical
fitting parameters

The N1 latency at the apical electrode had a significant positive
correlation with both the MCL (r¼ 0.80, p¼ 0.0031) (Figure
4(a)) and the phase duration (r¼ 0.60, p¼ 0.0489) (Figure 4(b)).
No correlation between the N1 latency and the MCL was

observed at the medial and the basal electrode. No correlation
between the individual fitting parameters and the N1-P2 ampli-
tudes or P2 latencies was found, either.

Relationship between eACR responses and time of CI use

The N1-P2 amplitude had a significant positive correlation with
the time of CI use at the apical (r¼ 0.62, p¼ 0.0418) (Figure
4(c)) and the medial electrode (r¼ 0.70, p¼ 0.0356) (Figure
4(d)). The N1 latency had a significant negative correlation with
the time of CI use at the apical (r¼�0.70, p¼ 0.0179) (Figure
4(e)) and the medial electrode (r¼�0.70, p¼ 0.0433) (Figure
4(f)). Interestingly, no correlations were found at the basal elec-
trode. The P2 latency did not correlate with the time of CI use
at any of the three electrodes.

Discussion

In contrast with previous studies that used generalised stimulation
parameters, we propose an eACR setup based on individual clin-
ical fitting data. Different methods and stimulation parameters

Figure 2. Top panel: (a) Grand-averages of eACR responses for 11 participants who had reproducible eACR, averaged across the three electrodes. Bottom panels:
Individual (coloured curves) and total grand-average (black curves) eACR waveforms at different electrodes: (b) apical, (c) medial and (d) basal. Stimulation level was
at 90% MCL.

INTERNATIONAL JOURNAL OF AUDIOLOGY 5



used in the literature and in our study are reviewed in
Supplementary Appendix D. However, data of three participants
were excluded from further analyses because of a lack of reprodu-
cibility of their cortical potentials, the fact that patients were rest-
less and, in consequence, that they revealed a poor signal-to-noise
ratio in their running EEG. Nevertheless, reproducible eACR
responses were successfully obtained from 11 out of 14 partici-
pants in this study. The typical N1-P2 morphology was recognis-
able when the responses were averaged across participants and
electrodes. The average N1 and P2 latencies observed in this study
fell within the range reported in the literature for adults with nor-
mal hearing and CI users (50–120ms for N1 and 150–250ms for
P2) (Ca~nete 2014; Mao et al. 2019; Firszt et al. 2002). Our data
also shows that the N1 seems to be a consistent and stable cortical
peak for auditory detection. In contrast to the P2 component, the
N1 component was clearly recognised in 78.6% of the total num-
ber of observations. The variability in N1 peak latency was less
compared to P2 peak latencies, with a mean latency of
91.1 ± 9.4ms and 192.8 ± 27.5ms for N1 and P2, respectively (see

also Figure 3(b,c)). This consistency also corresponds to the fact
that the N1 component originated from pure exogenous bottom-
up processing in contrast to the P2 component, which consists of
a combination of exo- and endogenous (top-down) neural proc-
essing mechanisms (Cranford et al. 2004).

Relationship between eACR responses and stimulation site

In this study, the N1-P2 amplitudes were significantly lower in
the basal region than in the medial region, while no differences
were observed between other sites. Results reported in the litera-
ture are mixed. Kranick et al. (2021) did not find any differences
in the eACR amplitude at different cochlear sites, whereas
Liebscher et al. (2018) found a significant decline in the response
amplitude from the apex to the base, which did not depend on
the ISIs. Similarly, Visram et al. (2015) found significantly lower
eACR amplitudes in the basal region. They also reported that
participants felt uncomfortable sensations during basal stimula-
tion, therefore lower charge levels were applied to these

Figure 3. Boxplots showing the distribution of individual values for (a) the N1-P2 eACR amplitudes (mV), (b) the latency of the N1 peak (ms), and (c) the latency of
the P2 peak (ms) measured at the apical, medial, and basal electrodes. The horizontal lines represent mean values, the crosses represent outliers. Statistics: two-sam-
ple t-tests. �p< 0.05.
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electrodes, possibly explaining the lower N1-P2 amplitudes. The
amplitude reduction from the apex to the base has also been
associated with a higher number of residual functional auditory
neurons in the apical region (Visram et al. 2015; Liebscher,
Alberter, and Hoppe 2018). In our study, lower eACR ampli-
tudes were detected at the basal electrodes even though they
were stimulated with larger charge levels. We did not see, how-
ever, a gradual decline of the eACR amplitudes from the apex to
the base, which might be explained by the relatively small vari-
ance in amplitudes at the medial electrode and the relatively
large variance at the apical electrode. Similar to Kranick et al.
(2021), the N1 and P2 latencies in our study were not different
along the cochlea.

Relationship between eACR responses and
fitting parameters

Using the same 50-ms burst duration for both eACR measure-
ment and clinical fitting allowed a direct comparison between
them. Longer stimuli used in clinical fitting by some CI manu-
facturers may have the disadvantage of producing an overlap of
the CI electrical artefact with the neural response. For instance,
Visram et al. (2015) obtained significantly lower thresholds for
the 500-ms fitting stimuli than for the 50-ms eACR-eliciting

stimuli. Therefore, the amplitude growth functions of global field
power for eACR signals correlated strongly (r¼ 0.93, p< 0.0001)
with the behavioural thresholds at 50-ms bursts, but the correl-
ation between the eACR and the behavioural thresholds at 500-
ms bursts could not be proved. Kranick et al. (2021) reported
non-significant differences in the eACR morphology at different
burst durations of 50, 100 and 150ms, possibly explained by the
fact that the amplitude had been adjusted to achieve the same
perceived loudness. Previous studies have also investigated the
relationship between eACR and behavioural comfort levels,
which was either moderate (r¼ 0.50, p< 0.024) (Mao et al. 2019)
or could not be inferred from the amplitude growth functions
due to a large variability among subjects (Visram et al. 2015). In
our study, the eACR amplitudes did not correlate with the level
of electric charge delivered to the electrodes. However, a signifi-
cant positive correlation was observed between the N1 latencies
and the electric charge delivered to the apical region. A smaller,
but still significant association, was also seen for the phase dur-
ation at the same electrode site. This finding may be in line with
a previous study that associated lower comfort charge levels with
larger neuronal populations in the apical region (Liebscher,
Alberter, and Hoppe 2018). However, the present statistical find-
ings should be interpreted with some caution. The aim of the
present study was not to investigate a potential superiority of
applying individual personalised settings, but merely the

Figure 4. Correlation between the eACR parameters, the individual fitting parameters and time of CI use. The panels in the top row show the correlation of the N1
latency at the apical electrode with (a) the charge levels corresponding to 90% MCL and with (b) the phase duration. The panels in the second row show the correl-
ation of the N1-P2 amplitudes with the time of CI use at (c) the apical and (d) the medial electrodes. The panels in the third row show the correlation of the N1
latency with the time of CI use at (e) the apical and (f) the medial electrodes.
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feasibility of it for clinical application, since it reflects a similar
manner of stimulation as in patients’ daily life. After all, a gen-
eral preference for using individual parameter settings to assess
cortical processing would require more extensive research in a
larger, but also less homogenous population consisting of poor
as well as good performers.

Relationship between eACR responses and time of CI use

The amplitude of the eACR responses obtained at the apical and
medial electrodes was positively correlated with the time of CI
use. The N1 latencies were negatively correlated with the time of
CI use, which may indicate an increase in neural processing (i.e.
shorter latencies) due to electrical stimulation. These outcomes
suggest that eACR may serve as an objective marker of accom-
modation to electrical stimulation or even learning effects and
cortical plasticity. Since only a limited number of CI users is
involved, the wider implementation of eACR electrophysiological
measures in longitudinal studies might allow us to better under-
stand the timing of CI accommodation and its implications at
the cortical level. This would help to objectively assess the sensi-
tive period for optimising CI fitting and follow-up in children
and adults.

Limitations, open issues, and future directions

Previous studies have reported difficulties registering eACR in
participants who found it difficult to stay alert because their
EEG signals were contaminated with eye-blink artefacts resistant
to rejection (Visram et al. 2015). Liebscher et al. (Liebscher,
Alberter, and Hoppe 2018) also reported that peak detectability
depended strongly on the ISI and the stimulation electrode
tested. In our study, the preliminary results obtained from 14CI
users showed that eACR responses can be measured at both
individual and group levels, with an overall success rate of 71.4%
(78.6% for apical electrode, 71.4% for medial electrode, and
64.3% for basal electrode). More research efforts are still needed
to design more accurate and robust eACR methodologies that
can be efficiently used in routine clinical practice.

One technical limitation of registering EEG in CI users is the
electrical CI artefact that can obscure the eACR response, often
making the recognition of the N1-P2 response impossible.
Depending on the burst duration, the CI artefact can partly or
completely overlap with the N1-P2 response, thus preventing the
use of longer burst durations often used during clinical fittings
(Visram et al. 2015). We decided to place the contralateral refer-
ence electrode and the EEG cables far away from the CI and the
coil cable. This setup, together with the short 50-ms stimuli with
alternating polarity, may have helped prevent CI artefacts in our
study. However, depending on the stimulation parameters and
the EEG hardware/software used, additional processing steps
may be applied to successfully separate the neural response from
the CI artefact. They include subtraction techniques (Friesen and
Picton 2010), spatial filtering (Mathew et al. 2018), and wavelet-
based methods (Sinkiewicz, Friesen, and Ghoraani 2017).

Conclusion

Our preliminary results indicate that eACR can be elicited by
direct intracochlear stimulation using the individual CI fitting
parameters, with a relatively high success rate of 71%. In contrast
to intracochlear basal stimulation, the highest cortical peak-to-

peak amplitudes are obtained in response to apical stimulation.
Unlike the P2, the N1 component appeared to be a consistent
and reliable cortical potential to determine eACR and help
improve our understanding of the auditory processing beyond
the cochlea in CI subjects.
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