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Findings

« PECAP provides patient-specific
estimates of neural-activation
patterns in cochlear-implant patients.

« PECAP Online demonstrates
clinical translatability, increases

Abstract
The Panoramic ECAP Method (PECAP) is a research tool that leverages

objective measurements of neural responses to a cochlear implant
(electrically evoked compound action potentials, or ECAPs) to provide
detailed estimates of neural-activation patterns along the length of
the implanted cochlea. An online implementation of the PECAP tool
is presented for use with two devices of the three major cochlear-
implant manufacturers. The associated online platform can be used
in conjunction with cochlear-implant clinical software to collect PECAP
data from users and to analyse the resulting measurements to predict
personalised current-spread and neural-responsiveness estimates

for each active electrode in the patient’s clinical software.
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Findings, Limitations, Perspectives
and Considerations

Perspectives

« PECAP Online's accessibility
can provide information about
patient-specific patterns of neural
activation and could support tailored
cochlear-implant programming.

accessibility, and at the time of
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Devices.

« Due to limitations in clinical software,
PECAP Online only supports data
collection in Cochlear devices.
Advanced Bionics data can be
collected through research interfaces.

« PECAP Online supports analysis
from Cochlear and Advanced Bionics

« PECAP Online does not automatically

publication has 35 users across 12

Considerations

« PECAP is not yet a validated clinical
tool at the time of publication, but
can support research initiatives
related to characterisation of
cochlear-implant electrode-neuron
interfaces.

Future versions of PECAP Online will
be compatible with MED-EL devices
and Cochlear's NEXA platform.

remove electrical artefacts.
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Background

Cochlear Implants (Cls) are neuro-prosthetic devices
that provide a sense of sound to severe- to pro-
foundly-deaf users by bypassing the outer portions of
the auditory system and directly stimulating the audi-
tory nerve using a small array of electrodes surgically
implanted inside the cochlea (Mudry & Mills, 2013;
Zeng, 2022). While many users are able to understand
speech well using their devices without the need for
additional, non-auditory cues such as lip reading,
there is nevertheless a lot of variability in speech-
perception outcomes (Blamey et al., 2013; Firszt et al.,
2004; Friesen et al., 2001). A key factor that likely limits
some cochlear-implant users’ ability to achieve their
hearing potential with their devices is a sub-optimal
electrode-neuron interface (Pfingst et al., 2015). This
is the interface between the electrodes of the device
and the neighbouring auditory nerve that responds
to electrical stimulation from the implant. The health
of this auditory nerve and the spread of electrical cur-
rent within the cochlea are integral to this interface.

Patient-to-patient variability in cochlear geom-
etry (Hrncirik et al., 2022; Swords, 2024), cochlear-
implant manufacturer's electrode array geometries
(Davis et al., 2016; Garcia & Carlyon, 2025; Jwair
et al., 2021), and surgical approaches (Jwair et al.,
2022; Wanna et al., 2014) can contribute to differences
in electrode-array placement within the cochlea rela-
tive to the excited neural populations. Additionally,
differences in hearing pathology (He et al., 2018;
Moyaert et al., 2025; Skidmore et al., 2021), duration
of deafness (Blamey et al., 2013; Holden et al., 2013;
Lazard et al., 2012; Ramekers et al., 2022; Wu et al.,
2019), and other factors can contribute to variations
in the health of the auditory nerve between patients
and at different parts of the implanted cochlea. It is
possible to identify post-surgical electrode place-
ment using computerised tomography (CT) scans
and specialist electrode-modiolus-distance calcula-
tion techniques (Mewes et al., 2023; Sismono et al.,
2022). However, these techniques are not always com-
mon clinical practice due in part to considerations of
cost and radiation exposure, and do not necessarily
reflect the spread of electrical current from the elec-
trodes at the level of the auditory nerve itself (Garcia
& Carlyon, 2025).

The health of the auditory nerve cannot be meas-
ured directly in vivo without explanting neural tis-
sue and subsequently employing image-analysis
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techniques, a process that would render the tissue
unusable after the intervention. However, there have
been a myriad of techniques proposed for indirectly
measuring various aspects of auditory-nerve health
using a mixture of electrophysiological (Brochier et al.,
2021; de Vos et al., 2018; DeVries et al., 2016; Garcia et
al., 2021; Kim et al., 2017; Konerding et al., 2025; McKay
etal., 2013; Prado-Guitierrez et al., 2006; Ramekers et
al., 2014) and behavioural/psychophysical (Bierer, 2010;
Carlyon et al., 2018; Goldwyn et al., 2010; Kalkman
et al., 2022; Peng et al., 2025; Zhou & Pfingst, 2014)
techniques.

The present article describes one such electro-
physiological technique that provides estimates of
both the spread of electrical current and the respon-
siveness of the auditory nerve along the length of
the implanted cochlea for individual patients: the
Panoramic ECAP Method (PECAP).

The Panoramic ECAP Method

The PECAP method requires the measurement of a
set of electrically evoked compound action potentials
(ECAPs). An ECAP is a measure of the synchronous,
peripheral neural response of the auditory nerve to
a stimulating current pulse delivered by an electrode
of the Cl (Brown et al., 1990; Charlet de Sauvage et
al., 1983). ECAPs are routinely measured in clinical
settings, due in part to the relative ease of recording
them, as they require no additional measurement
hardware beyond that of the clinical device itself.
They leverage non-stimulating intra-cochlear elec-
trodes to record the response, and are sometimes
used to estimate threshold (T) and comfort (C) lev-
els, although their predictive ability for behavioural
reports of loudness has been questioned (de Vos et
al., 2018; McKay et al., 2013). Since the responses of
the auditory nerve are orders of magnitude smaller
than the electrical stimulation artefacts, artefact-
reduction paradigms must be employed in order
to isolate the neural response (Abbas et al., 1999).
The forward-masking artefact-reduction technique
isolates the neural response to a probe stimulus by
employing multiple recording frames. One frame has
a probe pulse that will contain both neural response
to the said pulse and its electrical artefact. A second
frame contains a masker pulse including both neural
response to and electrical artefact from the masker
pulse. A third frame contains a probe preceded by a
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masker, in which the neural response to the probe is
masked by the masker, while the recording frame will
still contain the neural response to the masker and
both electrical artefacts. A subtraction technique can
then be employed to extract the neural response to
the probe from the electrical artefacts. The effective-
ness of the forward-masking artefact-reduction tech-
nique for isolating the neural response to the probe
pulse is a function of the efficiency of the masker in
supressing the neural response to the probe. This
aspect of the technique has been exploited to meas-
ure ‘spread of excitation’ or ‘spatial forward masking’
curves by moving the masker onto different elec-
trodes with increasing distance from the electrode
on which the probe is presented (Cohen et al., 2003;
Hughes & Stille, 2010). As the masker moves to elec-
trodes farther away from the probe electrode, the
amount of neural tissue that is excited by both pulses
is reduced, and the efficiency of the artefact-reduction
technique is also reduced as a function of this reduc-
tion in overlap of stimulated neural tissue. However,
this approach overlooks the variable contribution of
current-spread profiles from different masker elec-
trodes. It interprets the reduction of extractable neu-
ral response to the probe with increasing distance of
the masker as the pattern of spread of excitation from
the probe electrode alone. Subsequent approaches
have overcome this limitation by recording ECAPs for
every combination of masker and probe electrode
and treating each ECAP as reflecting the joint neural
excitation patterns produced by both the masker and
probe electrodes (Biesheuvel et al., 2016; Cosentino
et al., 2015). The revised PECAP method built upon
Cosentino et al.'s approach to separately parameter-
ise the relative contribution of current spread and
neural responsiveness to the neural excitation pat-
terns centred at each electrode (Garcia et al., 2021).
The PECAP method presented by Garcia et al.
accepts an n x n measurement matrix M, contain-
ing the ECAP amplitudes from each combination of
masker and probe electrode for the n electrodes
switched on in the cochlear-implant user’s clinical
programme, recorded at the most-comfortable level
(MCL). Within M,, Mp,m is the amplitude of the ECAP
recorded when the probe pulse is delivered on elec-
trode p and the masker pulse is delivered on elec-
trode m (M, , would indicate the ECAP amplitude for
when the probe is presented on electrode 4 and the
masker on electrode 9). The algorithm initiates two
random vectors o (current spread) and n (neural

responsiveness) of length n that represent the relative
contributions of current spread and neural respon-
siveness to the neural excitation pattern centred at
each electrode. Each cell of o defines the width of a
Gaussian curve that represents the spread of electri-
cal current centred at each electrode, and can there-
fore be expanded to n Gaussian curvesinannxn
matrix C. Each Gaussian curve of Cis then multiplied
by the normalising vector n to form the n x n neural
excitation matrix A. As each ECAP amplitude repre-
sents the joint neural excitation pattern of the masker
and probe electrodes, the underlying measurement
matrix M can be inferred from A by multiplying the
neural excitation patterns centred at each electrode
as shown in equation 1 (note that a cell-by-cell multi-
plication is employed, not a dot-product):

M= VAT* A (1)

For example, the ECAP amplitude in cell M, , of M
represents the joint neural excitation profiles from
electrodes 4 and 9, or the overlapping neural tissue
that is stimulated both by electrode 4 and by elec-
trode 9. Therefore, M, , can be estimated by mul-
tiplying the neural excitation at electrode 9 when
electrode 4 is stimulated (A,5) with the neural excita-
tion at electrode 4 when electrode 9 is stimulated (Ay),
and by taking the square root, as shown in equation
2. It follows that M is inherently symmetrical, and so
M, is also equivalent to M, .

)

4’9=I\7I9’4=\/A’ *A, )

The PECAP algorithm then employs a nonlinear
optimisation technique based on sequential quad-
ratic programming that allows each cell of 0 and n to
adjust in order to minimise the least squared error
between the M matrix recreated from the updating
the values in each cell of the parameterised o and
n, and the measured M,. As the algorithm is an ill-
defined inverse problem, biologically realistic hard
limits and smoothness constraints are applied to the
values in each cell of 0 and n to avoid convergence
to differing local minima. The final values of g and n
after the convergence of the optimisation loop and
the minimisation of the least squared error between
M, and M constitute the outputs of the algorithm.
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Ultimately, o, = contains the widths of the Gaussian
curves that represent the current spread centred at
electrodes 1to n, and ), represents the relative neu-
ral responsiveness at electrodes 1 to n. An example
of the input data M, and output estimates ¢ and n
is included in Figure 1. More details can be found in
Garcia, et al. (2021) and Garcia (2022).

Due especially to the parameterised nature of the
PECAP algorithm's output estimates, it was necessary
to validate that the measures reflect current spread
and neural responsiveness respectively, and that they
separate these aspects of the electrode-neuron inter-
face from each other. A first experiment was conducted
to investigate the accuracy of the neural-responsive-
ness estimate. This was primarily done by simulating
a localised region of reduced neural responsiveness
by selecting a single electrode on which to present two
pre-pulses before each frame of the forward-masking
ECAP recording paradigm throughout the entirety of
the recording of M,. This put some of the neural popu-
lation that responds to electrical stimulation by the tar-
geted electrode into a refractory state throughout the
time frame during which those nerves would normally
be responding to the masker or probe pulses, creating
an artificial and temporary neural ‘more-dead’ region
than when compared to the standard M -recording
control condition. The results of this experiment demon-
strated that the pre-pulse manipulation resulted in lower
estimates of neural-responsiveness near the target
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electrode than in the control condition (Garcia et al.,
2021). The effect was locally restricted to a few elec-
trodes, and had no effect on the current-spread esti-
mate, demonstrating the ability of PECAP to detect local
areas of reduced neural responsiveness and to correctly
attribute them to n, the neural-responsiveness estimate.

Garcia et al. (2021) also demonstrated a correlation
between n and focused thresholds, another measure
that has been suggested to predict cochlear neural
health (DeVries et al., 2016), suggesting some shared
aspect of cochlear neural health that is captured by
the two metrics. This correlation was replicated with
another similar metric that captures the difference
between focused and unfocused thresholds (Peng
etal., 2025). However, an electrode-to-electrode vari-
ability metric, thought to represent off-site listening
calculated from the behavioural threshold measures,
predicted phoneme-recognition scores whereas it did
not when calculated using PECAP's n. This suggests
that this shared aspect of cochlear neural health cap-
tured by the two metrics may not be an aspect that
is directly related to speech perception. PECAP's n
has, however, been shown to be more isolated from
non-neural factors of the electrode-neuron inter-
face such as the electrode-modiolus distance than
another neural-health metric known as the Failure
Index (Garcia et al., 2025). It has also been shown to
predict speech-perception scores in a larger study
(Dawson et al., 2025b, 2025a).

B o - Current Spread

......................

»

(by electrode)
N W A~ O

N

...................

Proportion of
healthy neurons

19
Position Along Cochlea (by electrode)

16 13 10 7 4 1

Figure 1. Panoramic ECAP Method example from participant C37 who has a Cochlear CI632 (Slim Modiolar) array. Data was collected at the MRC Cognition &
Brain Sciences Unit, University of Cambridge. The M, is depicted on the left in panel A, with the current-spread (panel B) and neural-responsiveness (panel
C) estimates on the right. Panel A depicts higher ECAP amplitudes in yellow and lower amplitudes in blue. (A colour bar is omitted because the algorithm

relies on the relative values of cells in M[J and nat on their absolute values).
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The accuracy of PECAP's current-spread estimate (o)
was evaluated using a within-participant study design
where the degree of current spread was manipulated.
In addition to the standard control-condition para-
digm for recording M,, a condition was included that
selected an electrode on which to present stimulating
current not just on the central electrode but for 3 or
5 adjacent electrodes. This technique, referred to as
‘blurring’, increases the spread of electrical current in
the cochlea compared to stimulation using a single
electrode at a time, and has been shown to reduce
performance on spectro-temporal tests and degrade
speech perception when applied at the apex (Goehring
et al., 2020, 2021). When the blurred stimulation was
applied, PECAP detected an increase in current spread
at the targeted central ‘blurred’ electrode compared
to the current-spread estimate in the M, condition.
No significant effects were observed for the current-
spread estimates of non-target electrodes or for the
neural-responsiveness estimate (Garcia et al., 2024).

PECAP has also been used to evaluate differences
in current spread between differing electrode-array
geometries. Cochlear-implant manufacturers have
designed both ‘straight’ electrode arrays designed
to be inserted next to the lateral wall of the coch-
lea’s scala tympani, and ‘perimodiolar’ arrays that
curve closer to the responsive neural tissue. In a large
multi-centre dataset, no differences in current-spread
were revealed between Advanced Bionics's (Valencia,
California, USA) Slim) and Mid-Scala arrays. However,
Cochlear's (Sydney, Australia) Slim-Straight arrays
showed decreased current spread compared with
both the standard perimodiolar arrays (the Contour
Advance series) and, to a greater extent, the Slim
Modiolar arrays, with the strongest effect in the api-
cal electrodes (Garcia & Carlyon, 2025). It was also
observed that in the Cochlear dataset, for which com-
puterised tomography (CT) scans were available and
electrode-modiolus-distances (EMDs) were calculated
using a technique described by Sismono et al. (2022),
a similar trend was present, in which the slim-straight
arrays demonstrated larger EMDs than the perimodi-
olar arrays. However, the effect was strongest in the
middle of the arrays rather than at the apex, suggest-
ing that the degree of current spread that is observed
at the nerves along the modiolus is influenced by
more than just the distance between the modiolus
and the stimulating electrodes.

Due to the high potential for clinical relevance stem-
ming from the evidence of PECAP's ability to detect

changes in neural responsiveness and current spread,
while also separating these two aspects of the elec-
trode-neuron interface, steps have been taken towards
its clinical translation. Recording PECAP data from
all electrodes of a Cochlear Cl using the clinical soft-
ware Custom Sound EP (CSEP) takes 35-45 minutes
after identifying the current required to achieve the
most comfortable level (MCL) for each electrode. This
duration is prohibitively long to implement in a clini-
cal setting and would require an additional =1 hour
appointment, something many clinics do not have the
capacity for. With this in mind, a more-efficient method
called ‘SpeedCAP’ was developed to record all the ECAP
measurements required for submission to the PECAP
algorithm in only 8 minutes. This method demon-
strated no additional error in M, matrices beyond that
observed in repeat measurements using the standard
recording technique, and additionally demonstrated
similarly reliable measurements intra-operatively as
post-operatively (Garcia et al., 2023). However, no evi-
dence was found for consistent estimates of 0 and n
when using equal-current intra-operative SpeedCAP
measurements compared to post-operative, equal-
loudness SpeedCAP data (Garcia, 2022), suggesting
that further investigation is necessary to assess the
feasibility of using PECAP as a fully objective tool.
Another barrier to clinical translation of PECAP is
that the process of estimating o and n from M, thus far
has been done with custom scripts written in MATLAB
(Mathworks, Natick, MA, USA) that require program-
ming expertise to use. Demonstration of clinical via-
bility requires development of a system that is easily
usable by clinicians such as audiologists. This article
describes an online platform that was developed that
not only allows PECAP data-collection through a simple
user interface but also performs analysis of new data.

PECAP Web Application

The online implementation of PECAP can be found in
the following link: https://panoramic-ecap.mrc-cbu.
cam.ac.uk/. An ‘Introduction’ page describes how to
use the two functional pages of the web application
that can be accessed after registration.

The first functional page is the ‘DAQ’ (Data
AcQuisition) page (Figure 2). This page is designed
for use in conjunction with CSEP, the clinical software
compatible with Cl devices from Cochlear that con-
tain a cic4 chip. It contains two PDF files that can be
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~ PECAP Online x  +

C % panoramic-ecapmrc-chu.cam.acuk/daq

a\P

&c—=
PANORAMIC

Output Filename for
this Cochlear Implant
user

Phase Duration
(microseconds)

Recording Electrode
Gain (dB)
Delay (ps)

Probe Rate (stimulation
rate)

Number of Sweeps
(averages)

Electrodes

CochlearlmplantUserl

25

Record 2 apically (+2)
50
98

80

50

122

About

Welcome to PECAP Online Data Acquisition.

This page allows you fo collect PECAP data for Cochlear®
implant users via Custom Sound EP. The Standard
Operating Procedure (SOP) for collecting PECAP can be
downloaded below, as well as a worksheet template for

documenting the loudness-scaling procedure.

After performing the loudness-scaling procedure as
described in the SOP, enter the desired PECAP recording
parameters on the left. You can load default parameters by
clicking the Show Default Values button.

By clicking the Download button, two .csv files will be
downloaded to your computer. Both are in a format that
can be uploaded to Custom Sound EP via the Advanced
NRT (Neural Response Telemetry) tab. The first file will be a
verification sequence to confirm that the current levels for
each electrode are at a comfortable level for the cochlear
implant user. The second contains the entire sequence for

Current Levels (CUs) 201202 203 204 205 206 207 208 209 210 211212 21

Record a complete or
half PECAP matrix?

Complete v

recording the PECAP matrix.

A4

Figure 2. Data Acquisition (DAQ) page from the PECAP web application.

downloaded: an ‘SOP’ (Standard Operating Procedure)
and a Worksheet for use in recording the current lev-
els required for MCL from individual Cl users. Users
can follow the SOP and use the Worksheet to deter-
mine the parameters required for collecting PECAP
from each new Cl user. These parameters can then
be entered into the fields on the DAQ page. Default
values can be loaded by clicking ‘Show Default Values,
although ‘Current Levels (CUs) are unique to each Cl
user and must be updated. Clicking the ‘Download’
button generates a file in comma-separated values
format (.csv) that is a configuration file for recording
PECAP for the Cl user in question. Uploading this .csv
file to CSEP will enable users to record new M, data.
As recording the PECAP M, matrix requires the
ability to record ECAPs using the forward-masking
artefact-reduction technique, this functionality must
be available in the clinical cochlear-implant software
for it to be possible for users to measure PECAP in
a clinical setting. Out of the three major cochlear-
implant manufacturers, Cochlear is currently the only
one that has this feature available in the clinical soft-
ware. The DAQ page only enables PECAP data-collec-
tion for users of Cochlear Cl devices. It is also possible
to record M, in Cochlear, Advanced Bionics (AB), and

6

MEDEL (Innsbruck, Austria) Cl devices using research
software. Although this is not compatible with a clini-
cal setting, M, can also be collected using Cochlear’s
Nucleus Implant Communicator (NIC2; i.e. to record
SpeedCAP), AB's Bionic Ear Data Collection System
(BEDCS), or using MEDEL's Research Interface Box
(RIB2). The AB implementation contains a graphical-
user interface (GUI) that requires MATLAB but little
programming experience to use. Code for collecting
M, using the research platforms can be downloaded
for Cochlear from https://github.com/charlottem-
garcia/PECAP_PhD_Thesis (PECAP.py), and for AB
from https://github.com/charlottemgarcia/PECAP
DataCollection. At the time of publication of this arti-
cle, the MEDEL software (also containing a GUI and
requiring no programming experience) is still under
development.

The second functional page is the ‘Analyse’ page
(Figure 3). This page is designed to analyse PECAP data
collected using four different methods across coch-
lear-implant devices from both AB and Cochlear. Data-
protection routines are in place within the website:
any uploaded data are immediately pre-processed
to extract M,, and the contents of the uploaded file
are discarded and deleted prior to submission to the
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4

Figure 3. Analysis page from the PECAP web application with the results of an Example Cl user with a Cochlear device where electrodes 1-3 were swit-

ched off in their clinical programme.

PECAP algorithm on a secure isolated server hosted
at the University of Cambridge. Analysis outputs are
not stored, therefore users must repeat the analysis
if they do not save the results before navigating away
from the webpage. It is also important to note that
neither the uploaded data nor analysis outputs are
ever saved within the web-app; all data are deleted
immediately after analysis and cannot therefore be
accessed by either website administrators or the host
institution.

To analyse Cochlear data collected using the ‘DAQ’
page, users must select ‘Cochlear Limited’ in the
‘Manufacturer’ drop-down menu and ‘Custom Sound
EP (CSEP) when asked ‘With what platform was the
data collected? The ‘Select the N1-P2 peak-picking
procedure’ feature allows users to decide whether
to use the ECAP amplitudes calculated internally to
the CSEP software (‘replace invalid ECAPs with zeros’),
or to run a peak-finding procedure for every cell of
the M, matrix (‘Calculate amplitude for every ECAP’).

7
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These approaches have different advantages: the for-
mer reduces the likelihood of the PECAP algorithm
modelling noise, which sometimes results in higher,
inaccurate current-spread estimates, particularly at
either end of the electrode array. However, it may also
remove cells from M, that represent genuine ECAP
responses, thereby reducing the accuracy of both
neural-responsiveness and current-spread estimates.
Users must make a decision for each dataset using
their own judgement.

The website also accepts PECAP data collected with
Cochlear’s research platform NIC2 and the scripts ref-
erenced above, as well as in the format generated by
collecting data via the SpeedCAP method (Garcia et al.,
2023). These options submit M, matrices that include
an amplitude for every ECAP.

Finally, the website also processes AB PECAP data
collected with BEDCS (version 1.18) and the scripts
referenced above. Here, there is an option to smooth
the ECAP waveforms using a 5-point running average
to reduce system noise and avoid over-estimation of
ECAP amplitudes prior to forming M, matrices from
the data. While this can reduce noise, it should be
used with caution, as it may also result in residual
electrical artefacts being smoothed into the portion
of the waveform where the neural response should
be, therefore interfering with the ECAP amplitude
estimation. Users should also indicate whether full
or half M, matrices were recorded.

Once analysed, the PECAP results can be down-
loaded in both numerical and image formats. The
system does not remove electrical artefacts, nor does
it indicate whether the submitted data achieve the
minimum 10 dB signal-to-noise ratio (SNR) required
for accurate recreation of neural excitation patterns
(Garcia et al., 2021). The SNR can be calculated using
repeat measurements of M, or from the diagonal of M.,
If this is not possible, a ‘Fitting error: all' below =10%
and a maximum ECAP amplitude of at least =150 pV
can be used as a proxy for the SNR criteria.

Conclusions

A web application has been developed that allows
users to collect and analyse PECAP data to estimate
individual patients’ patterns of current spread and
neural responsiveness in cochlear-implant users
of Cochlear and Advanced-Bionics devices. Future
upgrades will include compatibility with Cochlear’s
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NEXA platform. It will also be expanded to include
compatibility with MEDEL devices, with data collec-
tion via the RIB2 research interface.
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