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Chapter 1

Introductory Chapter: A Short 
Excursus into the Realm of 
Cochlear Implants Today
Andrea Ciorba, Piotr H. Skarzynski and Stavros Hatzopoulos

1. Introduction

To date, the Cochlear Implant represents a very sophisticated and effective neural 
prosthesis, whose hardware and software have made significant technological leaps 
ahead, over the last 20 years. From the two aspects of this technology, the software 
aspect has been particularly evolved, considering the great advancements in the area 
of computer science and Artificial Intelligence.

These CI prostheses are very effective in the rehabilitation of severe and profound 
hearing impairment cases and can be applied to the hearing rehabilitation of subjects 
of almost any age, from neonates to adults. In addition, data in the literature suggest 
that CIs can significantly enhance the perception of the quality of life, particularly 
in the elderly, improving self-confidence, depressive status, and eventually cognitive 
functions [1–5].

Future and expected advances in CI technology could involve: novel surgical 
approaches, introducing minimal invasive techniques for electrode insertion in order 
to reduce or minimize an eventual cochlear trauma; electrode reservoirs releasing 
locally healing and protective pharmacological agents; new stimulation protocols 
collecting better the residual neural responses; and an additional minimization of 
the hardware with optimized energy requirements and enhanced performance. It 
is expected that these features will significantly improve the overall stimulation 
of the spiral ganglion neuron population and thus will significantly improve the 
CI  performance [1, 3, 4].

There have been reports in the literature of a CI model not requiring external 
hardware [3]; this could probably be quite a revolution in the clinical practice. In this 
case, the electrode array placed in the cochlea would be stimulated by the intact exter-
nal and middle ear sound transducer and could be wirelessly recharged using a mobile 
phone or a special pillow charging device. However, there are still several hardware 
limitations, and further research is necessary before these interesting features could 
reach clinical use.

The most impressive impact on the CI evolution is related to the CI software 
development; in particular, the latest research reports findings in the area of a wider 
and more intelligent connectivity between the implanted device and other devices 
such as smartphones and smart wearables. Controlling certain aspects of the Implant 
via a smartphone has already reached the clinical practice. However, it is likely that 
in a near future, features such as remote assistance and/or a fuller remote control of 
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the device could be further developed, offering new solutions in terms of medical 
 follow-up in a telemedicine context [6–8].

Another important aspect of the CI development is related to the constantly 
increasing cost of these devices; while one could assume that hardware and software 
developments would be reflected in a decrease in the required implant cost, the 
financial reality is different. To offer the above-mentioned new technological solu-
tions, the manufacturing companies have also increased the costs of the devices. This 
can generate a problem in terms of the availability of these prostheses in third-world 
countries.

2. Conclusion

Data in the literature suggest that the evolution of the Cochlear implant devices 
is constant, and many important hearing rehabilitation landmarks have already 
been achieved. Unfortunately, these developments are in a straight contrast with the 
possible diffusion of new technologies in developing third-world areas of the planet, 
where they are most needed.

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Introductory Chapter: A Short Excursus into the Realm of Cochlear Implants Today
DOI: http://dx.doi.org/10.5772/intechopen.112420

5

References

[1] Ciorba A, Skarżyński PH, 
Gocmenler H, Hatzopoulos S. Advances 
in pediatric and adult Cochlear implant 
and middle ear prostheses. Journal of 
Clinical Medicine. 2021;10(14):3152. 
DOI: 10.3390/jcm10143152

[2] Aimoni C, Ciorba A, Hatzopoulos S, 
Ramacciotti G, Mazzoli M, Bianchini C, 
et al. Cochlear implants in subjects over 
age 65: Quality of life and Audiological 
outcomes. Medical Science Monitor. 
2016;22:3035-3042. DOI: 10.12659/
msm.896869

[3] Available from: https://news.mit.
edu/2014/cochlear-implants-with-no-
exterior-hardware-0209

[4] Wilson BS, Dorman MF. Cochlear 
Implants: Current designs and future 
possibilities. JRRD. 2008;45:695-730

[5] Mitchell-Innes A, Saeed S, Irving R. 
The future of Cochlear implant design. 
Advances in Oto-Rhino-Laryngology. 
2018;81:105-113

[6] Reiss LA. Cochlear implants and 
other inner ear prostheses: Today 
and tomorrow. Current Opinion in 
Physiology. 2020;18:49-55

[7] Yao X, Liu H, Si J, Ding X, Zhao Y, 
Zheng Y. Research status and future 
development of Cochlear Reimplantation. 
Frontiers in Neuroscience. 
2022;16:824389. DOI: 10.3389/fnins. 
2022.824389

[8] Ciorba A, Bovo R, Trevisi P, 
Rosignoli M, Aimoni C, Castiglione A, 
et al. Postoperative complications in 
cochlear implants: A retrospective 
analysis of 438 consecutive cases. 
European Archives of Oto-Rhino-
Laryngology. 2012;269:1599-1603. 
DOI: 10.1007/s00405-011-1818-1





7

Chapter 2

Robot-Assisted Cochlear Implant 
Surgery
Jaouad Abari, Ahmet Tekin and Vedat Topsakal

Abstract

Since the inception of cochlear implantation, there has already been a lot of 
research into improving its technological aspects, whereas the surgical placement has 
enjoyed a golden standard for a long time. Since the advent of robotic surgery, there 
has now also been the development of robot-assisted cochlear implant surgery. This 
chapter will discuss the opportunities and challenges that robotic-assisted and image-
guided cochlear implantation faces. The required accuracy and sensitivity to not 
harm inner ear structures during electrode insertion is already at the limits of human 
dexterity. With electrode arrays becoming smaller in the future, the need for robotic 
accuracy and reliability will become necessary. Robotic-assisted cochlear implanta-
tion is seen as a minimally invasive way of doing cochlear implantation surgery with 
the potential of being the golden standard in the future. An atraumatic intracochlear 
electrode array placement ensures that the anatomy and physiology of the inner ear 
structures are preserved as much as possible, thus reducing the risk of losing the rest 
of the natural hearing levels of the patient. This could lead to a broadening of the 
indication, opening the door for patients that only experience a loss at the higher 
frequencies. It is a given fact that robotising surgical procedures will standardise 
surgical outcomes.

Keywords: cochlear implantation, robot-assisted cochlear implant surgery (RACIS), 
sensorineural hearing loss (SNHL), image-guided cochlear implant surgery, 
autonomous middle ear access, autonomous inner ear access

1. Introduction

The implementation of robotics in cochlear implantation surgery was a step-by-
step process. During the last 15 years, a lot of research went into the various compo-
nents that could make robotic cochlear implant surgery a reality. Different aspects, 
such as designing the robot and developing safety mechanisms, were studied. It was 
only in 2017 that the first study was published that had combined all these different 
components into one functional robot [1]. Cochlear implant surgery consists of three 
main steps: middle ear access, inner ear access and electrode array insertion. The end 
goal of the implementation of robotics in cochlear implantation surgery is a fully 
robotic automation of these three steps. Autonomic middle ear access was the first 
hurdle that was overcome. Autonomic middle ear access was performed in six cases. 
The next hurdle of cochlear implantation surgery was autonomic inner ear access. 
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This hurdle was overcome in a recent study that was able to perform inner ear access 
in 22 out of 25 patients [2]. The last step, autonomic electrode array insertion, is a 
hurdle yet to be overcome. When all the hurdles are overcome, fully autonomous 
robotic cochlear implantation surgery will become a reality.

A key question being asked is why we should aim for a full robotic automation of 
cochlear implantation surgery. Conventional cochlear implantation surgery is already 
well established, in which the risk of complications is minimised under an experienced 
surgeon. The facial recess approach, widely seen as the golden standard, has consis-
tently achieved a facial nerve injury rate of less than 1% [3]. Still, with conventional 
cochlear implantation surgery, an atraumatic electrode array insertion into the scala 
tympani of the cochlea cannot be ensured. Stereocilia in the cochlea are very suscep-
tible to damage. Robotic cochlear implantation surgery could predict and minimise 
the trauma during electrode array insertion thus preserving the residual hearing of 
the patient, widening the indication of surgery. Robotic cochlear implantation surgery 
would also have a great impact on healthcare costs and the time under general anaes-
thesia. The conventional method of cochlear implantation surgery can be within 1 hour 
within the hands of an experienced surgeon. Robotic cochlear implantation surgery 
would take less than 10 minutes for inner ear access without the safety protocols that 
are currently in place. With the further development of robotic cochlear implantation 
surgery, it would potentially become an outpatient procedure under local anaesthesia.

2. Robot-assisted cochlear implant surgery

Robot-assisted cochlear implant surgery (RACIS) would not have been able to 
develop without the advances made in image-guidance technology. In 2014, a study 
was published that sought to reach the round window in a minimally invasive way 
[4]. The ideal insertion into the inner ear is defined as an insertion through the round 
window with the trajectory being parallel to the basal turn of the cochlea as long as 
possible, in order to not hurt any inner ear structures. If one would like to follow this 
definition of the most efficient path to the round window, one would have to drill 
through the facial nerve. The ideal drilling trajectory is by definition deviating from 
the optimal trajectory. Clinical research though has to show that perhaps another 
definition is better because, inevitably, every trajectory is bound to hit the lateral wall 
of the inner ear. It may be shown that trajectories that are hitting the lateral wall more 
basal could have perhaps a better preservation of the apical structures. Currently, 
these data are not available.

This shows the importance of preoperative imaging. Using preoperative imaging, 
an attempt was made to create a trajectory to the round window where there is a safe 
distance between the drill and critical structures. The aim was an insertion through 
the round window with the trajectory being parallel to the basal turn of the cochlea as 
long as possible. This would, therefore, allow electrode insertion to be easier and less 
traumatic. Labadie et al. reported a study with nine patients where they had managed 
to implant eight patients [4]. In six of these patients, the electrode arrays were com-
pletely in the scala tympani of the cochlea. The electrode arrays were placed through 
a cochleostomy after lifting a tympanomeatal flap. During the study, there were 
some complications such as the tip folding-over and facial nerve injury because of the 
heat created during drilling. In one patient, a switch to the conventional method was 
necessary because of difficulties met during electrode array insertion. A frame was 
used during drilling. This way, deviations of the trajectory could be led to a minimum. 
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Intraoperatively, two CT scans were taken for verifying if the intraoperative trajec-
tory was not deviating from the planned trajectory. A second safety mechanism used 
during drilling was the use of intraoperative facial nerve monitoring, which is also 
used in the conventional method of cochlear implantation. Post-operatively, a final 
CT scan followed to verify if the electrode array was positioned correctly.

In 2017, the first system, termed the OtoBot system and surgical workflow 
for robot-assisted cochlear implant surgery, was developed [5]. The workflow 
is described as follows. After the indication for cochlear implantation is made, a 
screening CT is done. In current safety protocols, a risk mitigation of facial nerve 
palsy is defined as the distance between the planned trajectory and the course of the 
facial nerve being three standard deviations larger than the accuracy of the system. 
Caversaccio et al. reported the first study in men using the OtoBot system for robotic 
middle ear access for cochlear implantation. A total of nine patients were included in 
the study. The procedure had to be converted to conventional surgery in three out of 
the nine patients because of safety reasons. In one of the six patients where middle ear 
access was performed, the insertion of the electrode array in the scala tympani was 
not possible because of a plaque formation in the cochlear basal turn in a patient with 
Cogan syndrome. A complete insertion of the electrode array in the scala tympani of 
the cochlea was reported in two out of the six patients [6].

The patient’s anatomy has to be screened for suitability for the robot to drill a safe 
trajectory. Using OTOPLAN®, a dedicated planning software, a 3D reconstruction 
of the images and a simulation of the trajectory are made. After the anaesthesia and 
immobilisation of the patient, several fiducial screws are placed with imaging again 
after this. A simulation of the trajectory is again made after this. Once the trajectory 
is confirmed, robotic drilling starts in several steps. Between these different steps, 
imaging and facial nerve monitoring are used to check whether one is on the right 
trajectory. The drilling ends when an access to the middle ear is made.

2.1 Preoperative imaging and planning

A screening CT will confirm whether the patient’s anatomy allows a safe route to 
the round window. Using a software programme, such as OTOPLAN®, a 3D recon-
struction of the anatomy is made. All the anatomical parameters, such as the size of 
the facial recess, cochlear length and angles of cochlear approach, are segmented. 
The facial recess is the distance between the facial nerve and the chorda tympani. 
Using OTOPLAN®, a simulation of the trajectory is made (see Figure 1). The aver-
age size of the facial recess is 2.54 ± 0.5 mm. In this space, a drill of 1.8-mm diameter 
has to pass at a safe distance from both the facial nerve and the chorda tympani [7]. 
Currently, for the risk mitigation of facial nerve palsy, a minimum distance of 0.4 mm 
from the facial nerve is used. This distance is defined as the distance between the 
planned trajectory and the course of the facial nerve being three standard deviations 
larger than the accuracy of the system. Ansó et al. reported that facial nerve monitor-
ing was able to prevent the structural damage of the facial nerve at this distance with 
great sensitivity and specificity [7]. They have shown that a customised facial nerve 
monitoring device using both the active mono- and bipolar stimulations was able to 
guide drilling through the facial recess safely in an animal model trial. Ansó et al. also 
assessed the performance of the customised facial nerve monitoring device in smaller 
distances between 0.1 and 0.4 mm in animal experiments [8]. The study concluded 
that between these respective distances, facial nerve monitoring was also able to 
avoid structural damage. All the trajectories with distances greater than 0.1 mm were 
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correctly classified as being uncritical to continue drilling. In distances closer than 
0.1 mm, however, facial nerve monitoring was able to assess a correct distance in only 
four out of the seven trajectories. This study only assessed for structural facial nerve 
damage and did not investigate the post-operative functional status.

RACIS starts with placing the head of the patient in an atraumatic head rest. 
Pinning the patient’s skull as in certain neurosurgical procedures is, therefore, not 
necessary. After a conventional retro-auricular incision, the placement of about four 
fiducial screws on the surface of the mastoid follows. These will serve as artificial 
landmarks on imaging and are important for the registration of the images. One 
additional fiducial is placed to hold a patient marker. Registration comprises the robot 
with a fused image of both the preoperative images and the working surface in which 
the surgeon has to operate. This is visualised with a camera. It also verifies if the 
planned trajectory meets the safety settings towards critical structures. After a safe 
trajectory is reconfirmed on OTOPLAN®, the operation can follow.

2.2 Autonomous middle ear access

The surgical robot currently used RACIS is the HEARO® robotic system 
developed by CASCINATION in Switzerland (see Figure 2). The accuracy and 
precision was described as 0.1 ± 0.05 mm when verified with a laser scanner and 
0.15 ± 0.08 mm when verified on human cadavers [1].

The very first step of autonomous middle ear approach is the robotic drilling 
from the surface of the mastoid to around 3 mm in front of the estimated depth of 
the facial nerve. This step is done in 2-mm intervals where it is important to properly 
clean the drilled cavity between each step with saline water. The importance of flush-
ing and working in intervals is necessary to avoid excess heat during drilling. Drilling 
is stopped 3 mm in front of the estimated depth of the facial nerve, and the first 

Figure 1. 
A simulation of the optimal robotic drilling trajectory using planning software (OTOPLAN).
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intraoperative CT is performed to evaluate the distance of the drilled trajectory but 
also to calculate any inaccuracies. Here, it is important that a titanium rod is placed 
inside the drilled cavity. This will ensure that one will be able to differentiate the 
drilled trajectory from the surrounding anatomy more easily. The drilled trajectory is 
compared with the planned trajectory during this step, and the decision to continue 
drilling or not is made. Intraoperative imaging is done with a mobile cone-beam CT 
that has a spatial resolution of at least 0.1 mm.

The second step of autonomous middle ear approach is the most critical step, drill-
ing in the facial recess between the facial nerve and the chorda tympani. This involves 
drilling in 0.5-mm intervals until just beyond the facial nerve. It is crucial to maintain 
a minimum distance of 0.4 mm from the facial nerve and 0.3 mm from the chorda 
tympani during this step. Between each interval, it is necessary to confirm the safety 
of the drilled trajectory with neuromonitoring what will be repeated five times in the 
course of the second step [4].

The third step of the operation is the fastest and least critical step. Drilling will 
continue until one reaches the middle ear. In this step, there is the least risk of damag-
ing critical structures (see Figure 3).

2.3 Autonomous inner ear access

Autonomous inner ear access is the next step after autonomous middle ear access 
and is performed with a 1.0-mm burr instead of a 1.8-mm drill. Topsakal et al. 
reported successful minimally invasive autonomous inner ear access in 22 out of 25 
patients [2]. All the 22 cases were performed safely with no reports of complications. 
RACIS was aborted in three out of the 25 cases during autonomous middle ear access, 
after the first intraoperative CT was taken. These three cases were converted to 
conventional cochlear implantation surgery because either a sufficient intraoperative 
accuracy could not be guaranteed due to software failure (two cases) or the evaluation 
of the trajectory was not determined to be safe (one case).

The process of autonomous inner ear access is the milling of the bony overhang 
of the round window, also referred to as the canonus fossulae fenestrae cochlea or 
canonus in short [9]. It covers the round window for a part and serves as a protection 

Figure 2. 
The HEARO® robotic system. (1) robot mount, (2) headrest, (3) patient marker attachment, (4) patient 
marker, (5) drill and (6) drill mount with force/torque sensor [2].
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of the round window. This access is required to be able to pass a 0.8-mm-diameter 
electrode array through the 1-mm-diameter canonostomy (see Figure 4), whereas 
in conventional surgery, a full canonectomy needs to be performed to have visual 
confirmation of the round window and, if possible, the course of the basal turn. A 
minimal invasive inner ear access and electrode insertion can be ensured with this 
procedure being image guided. The thickness of the canonus is calculated using 
preoperative imaging. Both its lateral and medial limits are also defined. The position 
of the mill during the milling process can always be calculated intraoperatively by 
using a force-torque sensor that is connected to the robotic arm that is performing the 
milling process.

The process of autonomous inner access is divided into four phases (see 
Figures 5 and 6). Phase 1 or the touchdown phase is when the drill comes into con-
tact with the lateral wall of the canonus. Here, the force-torque sensor will measure 
a sudden increase in force because of a sudden increase in resistance. Phase 2 or 
the plateau phase is when the drill is fully positioned inside the canonus. Here, the 
resistance remains the same, and the force-torque sensor will always measure the 
same force. Phase 3 or the breakthrough phase starts when the drill has reached 
the medial wall of the canonus. Because of a decrease in the thickness of the bone, 
there will also be a decrease in the resistance that has to be overcome by the drill 
bit. This is also illustrated by a decrease in force. In phase 4 or the enlarging phase, 
the drill must still drill 0.3 mm beyond the edge of the medial wall. As a result, the 
diameter of the canonostomy will be equal to 1.0 mm throughout its trajectory, and 
the electrode array with a diameter of 0.8 mm will be able to be inserted smoothly.

Figure 3. 
The HEARO®-robotic system drilling through the mastoid with a 1.8-mm drill performing middle ear access. 
Facial nerve (yellow) and Chorda tympani (red) [2].
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2.4 Last step: Autonomous electrode placement

Although there are currently already some telemanipulators that can assist the 
insertion of an electrode array at a certain pace in standardised feed rates, such as 
the RobOtol® system [10] and the iotaSOFT® system [11], none of these warrants a 
standardised insertion angle towards the inner ear.

In this definition, an autonomous electrode placement has not yet been realised 
in clinical practice. In the HEARO procedure, this step is still done manually by the 
surgeon (see Figure 6). Because of the minimal invasiveness of RACIS, visualising 
the electrode array during insertion in the drilled trajectory is not possible. To make 
insertion possible, the surgeon will try to visualise the round window via the external 
auditory canal and by folding over the tympanic membrane. This way, a visualisation 

Figure 4. 
An endoscopic view of the canonus (A), the round window (B) and a partial canonectomy (C) [2].

Figure 5. 
Inner ear access algorithm [2].
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of the electrode array during insertion is made possible. Opening the tympanomeatal 
flap goes against the principle of RACIS being a minimally invasive procedure. It is, 
therefore, important to develop a technique that allows the autonomous placement 
of the electrode array. After a series of 30 cases, Topsakal et al. managed to fine-tune 
the insertion angles and round window approach to develop in 2022 a new clinical 
routine for inserting electrodes without opening the tympanomeatal flap. The design 
of a device that is capable of inserting the electrode at an automated speed would not 
be too difficult. Calibrating and defining the insertion angles before the approval of a 
surgeon would expect a learning curve.

Topsakal et al. reported a successful and complete insertion of the electrode array 
in 21 out of the 22 cases. Twenty-five patients were included in the study, but three 
had to be converted to conventional surgery because of safety protocols. In one case 
out of the 22 cases, the angle of insertion proved to be problematic with the last con-
tact of the electrode (C12) being localised in the position of the round window [2]. 
In three out of the 22 cases, electrode array insertion was not possible from the first 
time. Because of a difficult angle of insertion in two cases, it was decided to enlarge 
the round window approach. In one case, an intracochlear ossification in a patient 
with Cogan syndrome hindered a smooth insertion. Here, it was decided to widen 
the inner ear space. A successful electrode insertion was eventually possible in all the 
three patients. During electrode array insertion, a guiding tube is used to avoid a false 
route to aerated mastoid cells (Figure 7). The guiding tube exits out of two half pieces 
allowing for an easy removal after electrode array insertion. The guiding tube still 
allows the surgeon to estimate the depth of electrode insertion. All the electrode array 
insertions in this study were done with a 28-mm straight flexible lateral wall electrode 
(Med-EL, Innsbruck, Austria). The guiding tubes allow for a quick and easy electrode 

Figure 6. 
Intraoperative use of the inner ear access algorithm describing the force and the depth during canonostomy; the 
lateral wall (LW) and the medial wall (MW).
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insertion with these flexible electrode arrays. Post-operatively, a final cone-beam CT 
follows. A correct position of the electrode is checked this way. Electrophysiological 
tests are also used to check if the electrode array is fully inserted.

Rajan et al. reported in a study of 40 patients that a slower speed of electrode array 
insertion leads to a better preservation of the patient’s residual hearing and vestibular 
function [12]. Here, two speeds of insertion were compared, namely, a speed of 15 
and 60 mm/min. The mean loss at low frequencies in dB was 16 ± 1.75 in the high-
speed insertion group and 10.5 ± 2.5 in the low-speed insertion group. This conclusion 
was carried over to the development of the autonomous systems.

In ref. [13], different types of motoric insertion of electrode arrays were studied in 
in vitro models of the scala tympani. Here, more than 1000 insertions were studied. It 
was concluded that the smoothness of the insertion could be greatly improved, and the 
necessary forces could be greatly reduced depending on the angle at which the electrode 
array was inserted. This angle is the angle relative to the centre line of the scala tympani. 
The smoothest insertion corresponds with the electrode array running parallel to 
this centreline. In this study, it was also shown that a non-constant speed of electrode 
insertion also leads to a decrease in the amount of force required to do the insertion. 
The speed of insertion should decrease depending on the progression of electrode array 
insertion. Less force would mean that the insertion would be less traumatic.

The technical knowledge of the most optimal electrode insertion will be used to 
make RACIS a fully automated process from middle ear access to electrode insertion. 
This knowledge will help standardise results in terms of residual hearing after the 
procedure.

3. Conclusion

RACIS has demonstrated to be safe and reliable for cochlear implantation. It 
has the potential to standardise the surgical outcomes of cochlear implantation to 

Figure 7. 
Manual insertion of the electrode array using a guiding tube.
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a maximum. When mechanical trauma is also limited to the bare minimum, it may 
pave the way for new indications for cochlear implantation in terms of electroacoustic 
simulation. The thrive to improve RACIS has already contributed a lot to the health-
care of patients with sensorineural hearing loss. The tools in image guidance surgery 
have shown us the importance of an individualised patient care because of the differ-
ences in cochlear duct length [14].

As a minimal invasive technique, RACIS requires only a canonostomy, whereas 
in conventional surgery, a full canonectomy needs to be performed to have visual 
confirmation of the round window and, if possible, the course of the basal turn.

Every trajectory to the inner ear is bound to hit the lateral wall of the inner ear. It 
may be shown that trajectories that are hitting the lateral wall more basal could have 
perhaps a better preservation of the apical structures. Currently, these data are not 
available.

The indication for RACIS versus conventional surgery is still strict. Currently, 
with the use of a drill of 1.8 mm, it is estimated that 50–75% of patients are indicated 
to be operated on via the RACIS technique. With future developments and the drill 
getting smaller to 1.0 mm, it is expected that RACIS would be possible in up to 100% 
of the patients [15]. The HEARO procedure is still not a fully autonomous way of 
cochlear implantation surgery, with autonomous electrode array insertion being not 
yet clinically possible. Further studies into making the procedure more efficient and 
safe are to be expected.
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Congenital Malformations of  
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and Cochlear Nerve with Favorable 
Cochlear Implantation
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Abstract

This case study presents the neuroradiological findings of two deaf children with 
CHARGE syndrome and oculo-auriculo-vertebral spectrum disease. Both patients 
had rare combinations of ear and auditory nerve anomalies associated with a high 
risk of intra- and postoperative complications during cochlear implantation (CI) and 
poor results. However, CI was carried out with favorable results in terms of hearing 
and speech development. When determining indications for CI in children with 
complex anomalies, it is necessary to assess the state of all ear structures in computed 
tomography of the temporal bones and MR (3 Tesla) images. The most critical is the 
state of the following structures: cochlea—modiolus—cochlear aperture—diameter 
of the internal auditory canal—the presence and condition of the auditory nerve. In 
the presence of a normal or dysplastic cochlea, a hypoplastic auditory nerve is not 
a contraindication for CI. In this situation, the presence of a modiolus and at least 
partially open cochlear aperture are prognostically favorable. In the presence of a 
large or small common cavity, an undivided vestibulocochlear nerve is not considered 
a contraindication for CI. Such a combination—a common cavity and an undivided 
vestibulocochlear nerve—is a prognostically quite favorable option.

Keywords: temporal bone anomalies, congenital malformations of the inner ear, 
common cavity, stenosis/bone obliteration of the cochlear aperture, stenosis of the 
internal auditory canal, anomalies of the facial nerve canal, hypoplasia/aplasia of the 
cochlear nerve, cochlear implantation, CHARGE syndrome, oculo-auriculo- vertebral 
spectrum, OAVS, CT of the temporal bones, MRI 3T of the cochlear nerves

1. Introduction

Congenital malformations of the inner ear structures can occur in various 
combinations and be combined with anomalies of the outer and middle ear, 
as well as aplasia/hypoplasia of the cochlear nerve. At the same time, aplasia/
hypoplasia of the cochlear nerve can occur both in stenotic and normal internal 
auditory canal (IAC).
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Regarding the anomalies of the inner ear, the greatest doubts in terms of the 
prospects of cochlear implantation (CI) are the absence or induration of the modio-
lus, stenosis/obliteration of the cochlear aperture and the dubious condition of the 
cochlear nerve [1].

Abnormal middle ear anatomy affects surgical landmarks and in some cases makes 
it difficult to identify the cochlea [2]. The absence of the auditory nerve is a contrain-
dication to surgery, and the correct assessment of its condition in case of hypoplasia 
essentially determines the fate of a deaf child.

CI in cases of severe combined ear anomalies is associated with a high risk of 
intra and postoperative complications and poor results. To determine the indica-
tions for cochlear implantation in children with complex temporal bone malforma-
tions, it is necessary to perform high-resolution computed tomography (CT) of the 
temporal bones and 3 T magnetic resonance imaging (MRI) of the cochlear nerves. 
The results of the studies should be evaluated by an experienced radiologist to 
determine contraindications and assess the likelihood of intraoperative complica-
tions. The increase in the number of such patients requires clear indications for CI, 
as it has an economic interest.

There is an opinion that modern imaging methods cannot accurately reflect the state 
of the cochlear nerve or predict the benefit of CI for a child [3]. The presence of several 
anomalies of the temporal bone further complicates the decision to operate. Therefore, 
the demonstration of variants of complex combined anomalies with a positive effect of 
CI is useful for resolving the issue of surgery when faced with similar cases.

Particularly complex combined malformations of the temporal bone structures 
occur in CHARGE syndrome (CS) [4] and in diseases of the oculo-auriculo-vertebral 
spectrum (OAVS) [5].

2. Objective

To report the neuroradiological findings of two deaf children with CS and OAVS 
who underwent CI with favorable outcomes in terms of hearing and language 
development.

3. Materials and methods

Two children (male and female), one with CS, the other with OAVS, who, accord-
ing to a comprehensive audiological examination (OAE, impedance, auditory evoked 
potentials and hearing aid fitting) had bilateral total deafness.

High-resolution CT was performed on a GE Revolution Discovery CT tomograph.
MRI of the brain with a targeted study of the cochlear nerves and intravenous 

contrast enhancement with a gadovist was performed on a GE 3 T Discovery 750 
tomograph according to the technique described by Glastonbury C. M. et al. [6].

4. Results

Case 1. Young female I., born in 2017, with phenotypic signs of CS. There was a 
delay in physical development. She was оbserved by an ophthalmologist with diag-
noses—coloboma of the optic nerve and choroid, microcornea, microphthalmos, 
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complex astigmatism and non-permanent concomitant convergent strabismus. The 
child has auricular dysplasia, more on the right, audiological screening failed in both 
ears. A comprehensive audiological examination at the age of 4 months established 
a bilateral severe hearing loss. The young female was fitted with powerful hearing 
aids and spoke short, simple words (mom, dad). In the first 3 years of life, gradually 
progressive hearing loss was noted, with some fluctuation of hearing thresholds, from 
severe hearing loss to complete deafness. The super-power hearing aids had no effect.

CT of the temporal bones revealed a bilateral congenital anomaly of the middle and 
inner ear. On both sides, the anvil-malleolar complex and the long process of the incus 
were formed correctly. The stirrup is large, and fixation of the posterior leg to the canal 
of the facial nerve is noted. The oval window is reduced, compacted, and the round 
window is formed correctly. The vestibule is somewhat expanded. The cochlear aque-
ducts are formed correctly. The vestibule aqueduct is narrow. The semicircular canals 
are not formed. The IAC has a diameter of 4 mm. The facial nerve canal is formed 
typically, and the bone walls are preserved. Lateralization of the sigmoid sinus is noted.

On the right, the cochlea is dysplastically formed, and the apical turn is somewhat 
reduced. The modiolus and its base are considerably compacted. The aperture of the 
cochlea is sharply narrowed and compacted (Figure 1a–d).On the left, the cochlea 
is formed with incomplete separation of the curls. The number of turns has been 
reduced. The modiolus is not visible. The area of the cochlear aperture is completely 
covered by bone tissue (Figure 2a–d).

Conclusion—CT picture of bilateral anomaly of the stapes, fenestra vestibule, 
aplasia of the semicircular canals, cochlear dysplasia, stenosis and partial oblitera-
tion of the cochlear aperture on the right and complete obliteration of the cochlear 
aperture on the left.

MRI 3 T—On the right—hypoplasia of the cochlear nerve (filiform) (Figure 1e), 
on the left—aplasia of the cochlear nerve (Figure 2e). The council decided to perform 
CI on the right ear. After the operation, she regularly works with a speech and lan-
guage pathologist, understands addressed speech and speaks in phrases.

Case 2. Young male T., born in 2021. At birth, OAVS was established, a normal 
male karyotype. DiGeorge syndrome and velocardiofacial syndrome have been ruled 
out by genetic tests, and genome sequencing is underway. The child has a transverse 
cleft of the face, bilateral microtia, narrow external auditory canals and appendages 
of the auricles. A comprehensive audiological examination revealed bilateral complete 
deafness. Attempts of the super-power hearing aids fitting of air and bone conduction 
were ineffective.

CT of the temporal bones—on both sides—the mastoid process has a cellular 
system, developed according to age, the pneumatization of which is not disturbed. 
The external auditory canal has a diameter of 6 mm. The bone part of the auditory 
tube and the tympanic cavity are pneumatized. The facial nerve canal can be traced 
only in the mastoid part. The canal of the internal carotid artery is not clearly visible. 
The fossa of the jugular vein and the sigmoid sinus is determined.

On the right, the auditory ossicles are represented by the malleus, anvil and arch 
of the stirrup. The footplate of the stirrup is not formed. The medial wall of the 
tympanic cavity is formed abnormally. The structures of the inner ear are represented 
by a single large cystic cavity, a fragment of which, 3x5 mm in size, prolapses like a 
hernia into the tympanic cavity through a 2 mm hole in the medial wall. IAC has a 
diameter of 0.5 mm (Figure 3a–f).

On the left, the auditory ossicles are represented by the malleus, an incus with a 
dysplastic long process and an arch of the stirrup. The footplate of the stirrup is not 
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Figure 1. 
(a–e) Young female I., CS. Axial and coronary tomograms of the right temporal bone. 1—large stirrup, 2—well-
formed round window, 3—the modiolus is significantly compacted, 4—the cochlear aperture is sharply narrowed, 
compacted, 5—the oval window is reduced in size, compacted, 6—the anvil-hammer complex is not changed, 
7—the vestibule is somewhat expanded, the semicircular canals are absent, 8—the internal auditory canal has a 
normal diameter, 9—cochlear nerve, 10—facial nerve and 11—vestibular nerve.
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formed. The medial wall of the tympanic cavity is formed abnormally. The structures 
of the inner ear are represented by a single cystic cavity of small size. IAC has a 
diameter of 1 mm (Figure 4a–f).

Figure 2. 
(a–e) Young female I., CS. Axial and coronary tomograms of the left temporal bone. 1—large stirrup, 2—correctly 
formed round window, 3—incomplete separation of the cochlear turns with a decrease in their size, the modiolus is 
absent, 4—the cochlear aperture is closed by bone tissue, 5—the oval window is reduced in size, compacted, 6—the 
anvil-malleolar complex is not changed, 7—the vestibule is somewhat expanded, the semicircular canals are 
absent, 8—the internal auditory canal has a normal diameter, 10—facial nerve and 11—vestibular nerve.
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Conclusion—CT picture of a bilateral congenital anomaly of the middle and inner 
ear. On the right—a large common cavity prolapses like a hernia into the tympanic 
cavity. Severe stenosis of the IAC. Anomaly of the facial nerve canal. On the left is a 
small common cavity. Stenosis of the IAC. Anomaly of the facial nerve canal.

Figure 3. 
(a–g) Young male T. Axial and coronary tomograms (CT and MRI) of the right temporal bone. 1—arch of the 
stirrup without footplate, 2—long process of the incus, 3—medial wall of the tympanic cavity, 4—anvil-malleolar 
complex, 5—internal auditory canal, 6—common cavity, 7—hernial-like protrusion of the lower sections of the 
common cavity into the tympanic cavity.
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MRI of the brain and cochlear nerves. On the right—a common cavity 8х6.5 mm 
in size. The IAC is a narrow slit with a diameter of 0.5 mm. Neural structures are 
not visible (Figure 3g). On the left—a common cavity 3х2.5 mm in size. The IAC is 

Figure 4. 
(a–h) Young male T. Axial and coronary tomograms (CT and MRI) of the left temporal bone. 1—arch of the 
stirrup without footplate, 2—long process, 3—medial wall of the tympanic cavity, 4—incus-malleolar complex, 
5—internal auditory canal, 6—common cavity and 7—neural structures in the internal auditory canal.
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1.5x2.5 mm and contains cerebrospinal fluid, against which two neural structures 
(facial and undivided vestibulocochlear nerve) are traced, each up to 0.5 mm in diam-
eter (Figure 4g and h).

Conclusion—MRI picture of aplasia of the vestibulocochlear nerve on the right 
and aplasia/hypoplasia on the left (caliber up to 0.5 mm) without signs of separation. 
Bilateral stenosis of the IAC. The council decided to perform cochlear implantation 
on the left ear. When the speech processor of the CI was first connected, a confident 
response to sounds was obtained, and further adjustments are being made.

5. Discussion

In the past decade, only one stenosis of the IAC, with a canal diameter of less than 
1–2 mm, was considered a contraindication to CI. Currently, the indications for CT 
are expanding, and some children who previously belonged to absolutely unpromis-
ing children have moved into the group of potentially promising children, provided 
that the state of the anatomical structures of the temporal bone is correctly assessed. 
This was facilitated by the great technical progress of methods of radiation diag-
nostics. Thinner slices on CT and increased use of 3 T MRI have allowed for a finer 
level of evaluation of the anatomical structures of the temporal bone, especially the 
modiolus, cochlear aperture and cochlear nerve.

Conclusions: At present, stenosis of the IAC has ceased to be an absolute contra-
indication to CI. When determining the indications for CI and assessing its prospects 
in children with complex anomalies, it is necessary to comprehensively assess the 
state of all ear structures in CT and MR (preferably 3 T) images. In this case, the most 
critical is the state of the following structures: cochlea—modiolus—cochlear aper-
ture—diameter of the IAC—the presence and condition of the cochlear nerve.

The absence of an image of the cochlear nerve (in the study of MRI 3 T) with 
complete bone obliteration of the cochlear aperture makes CI extremely unpromising.

In the presence of a normal or dysplastic cochlea, a hypoplastic cochlear nerve 
is not a contraindication for CI. In this situation, the presence of a modiolus and at 
least partially open cochlear aperture is prognostically favorable. Even in the case of 
hypoplasia of the cochlear nerve, the operation makes sense, and one can count on 
some success with this combination of anomalies.

Also, some clue pointing to the prospects of CI in severe anomalies of ear develop-
ment can be the presence of certain hearing thresholds in a child before hearing falls 
to complete deafness.

In the presence of a large or small common cavity, an undivided vestibulocochlear 
nerve is not considered a contraindication for CI. Such a combination—a common 
cavity and an undivided vestibulocochlear nerve—is a prognostically quite favorable 
option.

Our results are encouraging and helpful in advising families on the likelihood of 
outcomes in relation to speech and auditory comprehension.
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Chapter 4

The Assessment of  
Electrode-Neuron Interface (ENI) 
in Cochlear Implant Users
Mohammad Maarefvand

Abstract

The electrode-neuron interface (ENI) plays an important in the outcome with 
cochlear implants as all cochlear implant-mediated signals should pass through this 
interface. Telemetry has enabled researchers to study factors affecting the quality and 
integrity of the interface. These factors may influence electrodes, the path between 
electrodes and auditory neurons, and spiral ganglion neuron survival. Promising 
studies on animals regarding such factors have opened new possibilities to identify 
cochlear implant channels with poor electrode-neuron interface. The results of these 
studies and similar research on human with focus were discussed in this chapter.

Keywords: cochlear implant, electrode-neuron interface, impedance, eCAP, SOE, 
phase duration, phase sensitivity, interphase gap, phase duration, mode of stimulation

1. Introduction

Cochlear implants (CIs) have been very successful in helping many people with 
severe to profound hearing loss to hear sounds and understand speech. However, 
some CI users cannot take enough benefits from these devices. To improve speech 
perception for all CI users, researchers have been trying to find the causes for such 
variability in speech perception. The said variability was observed among CI users of 
different devices manufactured by different companies. Therefore, it was reasonable 
to look into individual differences among CI users as the causes for the variability in 
speech perception. For example, research showed that CI users with better perfor-
mance and speech perception had lost their hearing after language development. 
It means that they had reliable hearing in their early life (before age 2) [1]. Also, 
the early detection of hearing loss and less time interval between the detection 
and treatment were other factors that may contribute to better speech perception 
after using CIs along with lower age at the time of implantation [1]. The etiology of 
hearing loss could affect the performance since auditory neurons are significantly 
impaired in some etiologies of hearing loss more than other [1]. Although these fac-
tors can explain some differences in speech perception among CI users, most of the 
variability remains unexplained. Therefore, other reasons for individual differences 
should be sought.
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Since the electrodes of CIs deliver speech information directly to auditory neurons, 
it is believed that the integrity of the meeting point of CI electrodes with the spiral 
ganglion neurons (SGNs) may influence the outcome with CIs. This meeting point 
is called the electrode-neuron interface (ENI). If the ENI is somehow impaired, the 
delivery of speech information is expected to be compromised. However, it is neces-
sary to have an overview on how a typical CI works before further discussion about 
the ENI, which is the main topic of this chapter.

1.1 How does a CI work?

Although there are some differences in the design of CIs manufactured by 
 different CI companies, the basic structure of all CI devices is similar. All CI devices 
have two parts: an external sound processor and internal receiver-stimulators con-
nected to an electrode array. The external sound processors consist of three compo-
nents. The first component is a microphone that picks up signals and converts them 
from acoustic to electric signals. The second component is a digital sound processor 
that analyzes the electrical signals into separate frequency bands. The signals are then 
converted into digital format and sent to the third component which is a transmit-
ter. The transmitter is held in place by a magnet and sends the digitized information 
to the internal receiver-stimulator through radio frequency signals. The receiver-
stimulator is a surgically implanted device in the mastoid bone, which is aligned with 
the transmitter through a magnet. The internal receiver-stimulator is attached to 
an electrode array and the electrode array is inserted into the scala tympani during 
surgery. The electrode array has different electrode contacts (up to 22). The receiver-
stimulator decodes the received signals from the transmitter and sends these signals 
to its corresponding electrode contact within the cochlea. Each electrode inside the 
cochlea receives information about a limited range of frequency. Each electrode 
contact stimulates its adjacent auditory neurons electrically in a way that basal 
electrodes stimulate high-frequency SGNs and apical electrodes the low-frequency 
SGNs. The stimulated neurons convey the information from different electrodes to 
higher auditory centers and eventually to the auditory cortex for integration and 
sound perception [2].

1.2 Mode of stimulation

Cochlear implants work according to electricity principles. In electricity, 
 electrical currents should flow in a circuit between two points. The active electrodes 
are the electrodes inside the cochlea (i.e., the scala tympani) which receive electric 
signals and stimulate the SGNs. To have a complete circuit, the signal delivered to the 
active electrodes should flow to a reference electrode. The reference electrode can 
be inside or outside the cochlea. For example, one of the adjacent electrodes close 
to the active electrode can be assigned as the reference electrode and can return the 
electrical current back to the receiver-stimulator. This mode of stimulation in called 
the bipolar mode (BP). In another mode, the intracochlear electrodes, which do not 
receive electrical stimulation, can be electronically connected together and return 
the stimulation delivered to the active electrode to receiver-stimulator. This mode of 
stimulation is called the common ground (CG). However, if the reference electrode 
is outside the cochlea, it can also receive the return current and this mode of stimula-
tion is called the monopolar (MP). The path from receiver-stimulator to an active 
electrode and from an active electrode to its reference electrode and back to the 
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receiver-stimulator forms a channel. Therefore, a channel consists of an active and a 
reference electrode [2].

The distance between active and reference electrodes in a channel determines the 
spread of electrical current to auditory neurons and the SGNs. In fact, MP modes 
produce the lowest thresholds for detection of sounds (T-levels) and comfortable 
level (C-levels) for speech perception [2]. As a result, the CIs with MP modes use 
less energy to produce stimulation, and have longer battery life. However, chan-
nel interaction (the interaction between the electrical fields produced around each 
active electrode) is more probable and pronounced with an MP mode [3]. Channel 
interaction can distort sound perception since this interaction may stimulate different 
overlapping populations of the SGNs at the same time and may reduce the resolution 
of stimulation. Despite this problem, MP modes are necessary for higher stimula-
tion rates which are currently used in all CI devices and may result in better speech 
perception. In contrast, the shorter distance between active and reference electrodes 
in a BP mode may stimulate a limited neuron region and may lower the possibility of 
channel interactions but greater current is generally required to reach T- and C-levels. 
Due to the wider spread of current in a CG mode, this mode is basically similar to an 
MP mode. However, T- and C-levels in CG modes are usually higher than those levels 
in MP modes. One advantage of CG modes is that they can detect electrode anomalies 
which are discussed later in this chapter. One disadvantage of CG modes is that elec-
trical current will flow to all electrodes including those outside the cochlea and could 
result in nonauditory percepts and it should not be used as a programming mode with 
CI recipients [2, 3].

1.3 Biphasic pulse

Regardless of the mode of stimulation, all current CI devices use biphasic pulses 
to stimulate auditory neurons. A biphasic pulse is a symmetrically charge-balanced 
stimulus. It means that negative (cathodic) and positive (anodic) phases are equal in 
terms of total charge, so that no net charge remains on auditory neurons after stimu-
lation [3] and auditory neurons and the SGNs are stimulated safely with electrical 
pulses [3]. Figure 1 shows an example of a typical biphasic pulse. A biphasic pulse has 
some characteristics. One of them is pulse width which is defined as the duration of 
each pulse in microseconds. The other one is current amplitude which is the amount 
of electrical current delivered to an active electrode. For a constant total charge, if 
pulse width is increased, current amplitude should decrease and vice versa [2, 3].

The total amount of charge delivered to neurons per phase of a biphasic current is 
equal to the product of current amplitude and pulse width: the greater the charge, the 

Figure 1. 
Schematic representation of a typical biphasic pulse used for electrical stimulation of auditory neurons.
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louder the sound. Increasing current amplitude or lengthening pulse width results in 
more charge and a louder sound. Biphasic pulses are presented in series to auditory 
neurons. They can be either negative-leading or positive-leading. If the first phase of 
a biphasic pulse is a negative phase, it is a negative-leading pulse and if the first phase 
of a biphasic pulse is a positive phase, it is a positive-leading pulse [2]. Figure 2 shows 
the negative- and positive-leading pulses. By default, the stimulation of auditory 
neurons occurs during the negative phase of a biphasic pulse in current CIs by default.

Another characteristic of a biphasic signal is the interphase gap (IPG), which is the 
time interval between two phases of a biphasic signal. A biphasic pulse can vary from 
zero to as long as several hundred microoseconds. Different IPGs from 0 to 30 μs are 
shown schematically in Figure 3.

2. Factors affecting the ENI

Cochlear implant signals should go through a path from a CI electrode to reach 
its target neurons. The electrodes, path, and neurons can be impaired and such 
impairment potentially affects CI outcomes (i.e., speech and sound perception). For 
example, if CI electrodes are damaged, they cannot transmit sound signals to audi-
tory neurons. Even when the CI electrodes are intact, but the location of the intact 
electrode is far from auditory neurons and SGNs, enough stimulation might not 
happen [2]. If an electrode and its location toward neurons are optimal but there are 
some physical obstacles between the electrode and neurons (such as bone growth and 
fibrous tissue), the strength of CI signals might be compromised or the signal might 
be diverted to unsuitable paths and could not reach the targeted neurons. Still when an 
electrode itself, its location relative to the neurons and the path are in ideal conditions, 
the auditory neurons and SGNs might be degenerated. Some etiologies or long dura-
tion of untreated deafness can degenerate or demyelinate auditory neurons and SGNs, 
and also reduce the size and number of SGNs survived after hearing loss [4]. Although 

Figure 3. 
Biphasic pulses with different interphase gap (IPG) lengths from zero (left) to 30 μs (right).

Figure 2. 
Schematic representation of a negative-leading (A) and a positive-leading pulse (B).
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there was not any significant correlation between the number of SGN numbers and 
speech perception [5], the quality of their functionality or the presence of auditory 
neurons’ peripheral processes is an essential factor for proper perception by influenc-
ing the ENI [6, 7].

To assess the ENI, a test or batteries of tests are required to reveal information 
about each of the aforementioned factors. A better understanding of how the ENI 
influences outcomes will help to reduce damage during implantation, improve tech-
nology, and develop biologically fit therapies which can ultimately improve speech 
and sound perception. For example, if the ENI can be tested in human CI users and 
especially with clinical instruments, it may become clinically feasible to optimize CI 
programming parameters in a way that helps with better outcome in users who cannot 
take enough benefits from CI devices. Telemetry, using a radio frequency connection, 
has enabled CI devices for bidirectional communication of data. Simply, the external 
sound processor sends information to the implant and receives information back from 
the implant [2]. Several measurements take advantage of telemetry and they are now 
available in clinical software which can provide insights into the ENI. These measure-
ments and recent findings are discussed below.

2.1 Impedance

Impedance testing is one of the applications of telemetry. In impedance testing, 
the opposition to electrical current flow in CI channels is assessed (i.e., opposition 
against electrical current flowing from receiver-stimulator to an active electrode and 
from active electrode to auditory neurons and then to the reference electrode). One 
way of impedance measurement is that a small electrical current is presented to a 
single active electrode [8]. Then, the required voltage to make the electrical current 
pass through the active electrode and travel back to the reference electrode is mea-
sured. Since at the reference electrode, both voltage and current values are known, it 
is possible to measure impedance for the active electrode using Ohm’s law equation 
[Resistance (R) = Voltage (V)/Current (I)]. Higher the opposition, higher the volt-
age difference between the active and reference electrodes [8]. When a current is 
delivered to active electrodes, some factors resist the flow of an electrical current. The 
size and type of metal-forming wires and electrode contacts, the medium between 
electrodes and neurons, relative electrode position to the neurons, and the medium 
between active and reference electrodes all resist the flow of current in series. 
Therefore, their effects can be added together and presented as what is called the total 
access resistance. Reactance is another type of impedance that impedes current flow. 
Similar to a capacitor in which different plates hold positive and negative charges, the 
electrode surface and fluid/tissue hold opposing charges. The CI electrode surface 
acts as one of the capacitor plates and the fluid or tissue as another plate. They impede 
the flow of current by holding and storing electrical energy. Therefore, current can 
flow through the electrode surface to fluid/tissue with ions’ movement rather than 
electron movements. The total impedance, in fact, is the vector sum of total access 
resistance and reactance [8].

Impedance tests are able to identify any break or discontinuity in the path of 
current from the source to the active electrodes and from active electrodes to the 
return electrodes in the MP mode. Any kind of break in this path results is very 
high impedance. This prevents proper neuron stimulation and most of time, they 
are deactivated by programming audiologists [2]. Another electrode anomaly may 
happen when two electrode contacts or the electrode wires come in touch with 



Latest Advances in Cochlear Implant Technologies and Related Clinical Applications

36

each other and they receive similar currents when only one of them is stimulated. 
These electrodes are short-circuited and their voltage difference will be close to 
zero. However, they will have normal impedance in MP modes in which the voltage 
difference is calculated between an intracochlear electrode and an out of cochlea 
reference electrode. However, when one of them is assigned to be active and another 
one to be the reference electrode (i.e., in CG and BP modes), their voltage difference 
is abnormally small [8].

Even when impedance values are within normal range, it is not guaranteed that 
the power source can deliver enough voltage to generate the required current levels. 
There are conditions in which even maximum voltage available from the implant is 
not enough to generate the required current level on an electrode. These conditions 
are called out of voltage compliance. The problem of out of voltage compliance may 
be due to increase in the impedance between electrode and neurons [8]. When this 
occurs, CI users do not perceive enough loudness with increase in stimulation level or 
loudness may fluctuate from time to time in line with variation in electrode imped-
ance for a given current level [2].

There is another way that impedance can be measured with. In this way, a single 
active electrode is stimulated with a small current but the voltage difference is 
calculated for all combinations of intracochlear and reference electrodes. It means the 
voltage difference is measured between each intracochlear electrode and the extra-
cochlear reference electrode while only one of the intracochlear electrodes (active 
electrode) receives stimulation. By definition, impedance is defined as opposition 
to “flow” of current. Therefore, there should be only measurable impedance (or 
voltage difference) between active intracochlear and extracochlear reference elec-
trode. In reality, however, when an electrode receives stimulation, an electrical field 
may develop around it. This electrical field may spread to adjacent nonstimulated 
electrodes. As a result, there might be a voltage difference between nonstimulated 
and reference electrodes, even when they do not receive any electrical stimulation. 
However, impedance values for nonstimulated electrodes should be low compared 
to that of active electrode. Therefore, it is possible to create a matrix of voltage 
difference (or impedance) for all electrodes when only one active electrode receives 
stimulation. This matrix of voltage difference or its correspondence (i.e., impedance 
matrix) has been used to study current spread within the cochlea under different 
names (e.g., electrical field imaging and modeling [EFIM] or transimpedance matrix 
[TIM]) [8]. In addition to current spread, CI stimulation does not remain restricted 
to the targeted neurons and stimulates other overlapping neurons as well. This type of 
spread is called spread of neural excitation which is a physiological phenomenon and 
cannot be measured with impedance or voltage matrix since all types of impedance 
measurements deal with physical opposition to currents and physical current spread. 
The spread of neural excitation needs methods in which responses can be collected 
from stimulated neural population, which is discussed later in this chapter.

2.1.1 Impedance measurements for the assessment of the ENI

Clinically, it is possible to identify electrodes with short- and open-circuit 
anomalies with impedance testing. As these two anomalies can affect perception, 
the electrodes with these anomalies can be deactivated by clinicians. Also, electrodes 
with out of voltage compliance are detectable by current clinical applications. The out 
of voltage compliance might be a sign that the ENI is compromised [3, 8]. However, 
impedance assessment and voltage matrix can reveal more information about the 
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ENI. In one study on users of hybrid CI devices (i.e., a CI and hearing aid in the same 
ear), total impedance and access resistance were observed in two groups of users with 
stable and unstable residual hearing after implantation. Impedance values increased 
over time but the reactance component did not change in the group who experienced 
hearing loss after implantation. However, in the other group who had stable hearing 
after implantation, total impedance and access resistance were stable while reactance 
declined. The authors suggested that access resistance might be correlated with 
intracochlear fibrosis formation and inflammation in the ENI after surgery. The 
results were supported by animal study as well [9]. In addition, access resistance was 
reported to be able to detect translocation of the electrode arrays from scala tympani 
to scala vestibule [10].

Since one of the factors affecting the ENI might be the distance of electrodes from 
modiolus, impedance measures were found to be significantly higher for the peri-
modiolar array compared with straight arrays which are placed more distantly from 
modiolus [11, 12]. However, when the geometric electrode areas in the two arrays 
were normalized, there was not any difference in impedance values with the distance 
of electrodes relative to the modiolus. Behaviorally, electrode position within cochlea 
(lateral-wall versus medial-wall positioning) had significant correlation with audibil-
ity thresholds but could not predict speech perception [11–13]. While some studies 
reported association between speech perception and impedance results, two recently 
published studies on a large data set of CI users reject such a relationship [14, 15]. 
However, the variation in impedance values across the electrode array was signifi-
cantly related to poorer speech recognition in both quiet and noise [14]. Different 
studies showed that the presence of obstacles in the ENI (such as fibrous and bone 
growth) might increase impedance and subsequently decrease cochlear implant 
function [16]. However, the negative effects of obstacles in the ENI are relatively 
unimportant in comparison to degeneration of auditory neurons and SGNs [17].

Voltage and TIM measurements have also shown a theoretical potential for evalu-
ating electrode position [18]. However, there was not any strong association between 
the width of such matrices and behavioral assessments like speech perception in CI 
users with a full-insertion electrode array [19].

2.2 Electrical compound action potentials and neural health

One of the applications of telemetry is that, the neural responses can be gathered 
from auditory neurons and SGNs and are called electrical compound action potentials 
(eCAPs) in CI users. All contemporary CI software have the ability to generate and 
present electrical pulses to auditory neurons and then record neural responses [8]. 
These responses are then analyzed with computers and a waveform of the neural 
responses is depicted. Typically, a biphasic electrical pulse is presented to one active 
electrode and the neural responses arising from neurons are recorded via another 
electrode close (but not directly adjacent) to the active electrode. The separation 
between stimulated electrode (i.e., active electrode) and recording electrode will 
optimize the response amplitude while minimizing stimulus artifacts. The recorded 
responses are sent back to a computer via the external speech processor and a pro-
gramming interface. The eCAP waveform typically consists of a negative deflection 
(N1), with the latency of 0.2–0.4 ms, followed by a positive peak (P2), with the 
latency of 0.5–0.7 ms [8].

The eCAP measurement can provide information regarding auditory neurons 
and SGN status: Three indices are usually calculated from eCAPs: threshold, 
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amplitude-growth function (AGF), and amplitude. Therefore, these indices can be 
used as a means to assess the quality of the ENI. The threshold of eCAP is the lowest 
amount of current required for the recording of a measurable neural response. The 
response amplitude (measured in microvolts between N1 and P2) increases with 
increasing stimulus intensity. If the values of amplitudes of eCAP are depicted against 
current levels, an AGF is obtained. Also, the maximum amplitude of eCAP at or close 
to comfortable level can be calculated.

Since eCAPs are very short-latency responses, they may be obscured by transient 
electrical artifacts related to electrical pulses or amplifier saturation. To differentiate 
between real responses from electrical artifacts, the responses for a target stimulus 
(probe) are subtracted from responses for a masker in a forward-masking paradigm. 
Simply in this paradigm, pairs of maskers and probes are presented with a time 
interval and artifacts only affect neural responses to masker. However, the masker 
drives neurons into refractory period, a period in which auditory neurons physiologi-
cally do not respond to electric stimulation. The interval between the masker and 
probe is adjustable. By increase in this interval, more and more auditory neurons can 
recover from their refectory period and respond to the probe. More intervals between 
masker and probe, more contribution from the neurons recovered from refractory 
and therefore eCAP with larger amplitudes. After a specific interval (around 500 μs), 
all auditory neurons can respond to the probe and this response to the probe is an 
artifact-free response. The time interval required for responses from all neurons to 
probe may vary according to the health and integrity of auditory neurons. In fact, the 
recovery time represents the neural temporal responsiveness. The eCAPs measured 
with changing masker-probe interval or with fixed masker-probe interval have been 
used to study the ENI in several ways. The most relevant component of the ENI 
which is studied by eCAP is the neural health of auditory neurons and SGNs and the 
most studied aspect of neural health in human and animal has been the SGN density. 
The SGN density is quantified by the number of SGN cell bodies divided by the area 
containing those cell bodies in Rosenthal’s canal [5].

In animal studies, the application of neomycin resulted in the total loss of SGNs 
along with other structural and functional damages to the cochlea. The amplitude, 
AGF slope of eCAP, and the latency of N1 were significantly correlated with the 
amount of SGN density [20, 21]. In guinea pigs receiving CIs, impairment to SGNs 
significantly lowered the speed of temporal recovery studied with eCAP masker-
probe paradigm. In addition, the slopes of AGF declined over the first weeks after 
implantation and then recovered and became steeper and then stabilized. These 
changes are similar to the changes observed in behavioral detection measurements 
and they were attributed to inflammation in the cochlea after surgery. However, eCAP 
thresholds had poor correlation with behavioral threshold [22, 23] and did not reflect 
neural health [20].

In human studies, longer duration of hearing loss has been found to be associated 
with poor neural health [24]. Studies evaluating the association between the eCAP 
AGF slope and speech perception scores in human CI users show inconsistent results. 
Whereas, some studies reported better speech perception scores with sleeper slopes 
[25, 26], other studies found no association between these two measures [27, 28].

In addition, the eCAP AGF slope increased with increasing distance between the 
electrode and modiolus. A more recent study reported that the eCAP thresholds, 
but not necessarily eCAP AGF slope, were correlated with electrode-to-modiolus 
distance [29]. Hearing loss occurs differently in animal and human. In humans, some 
postmortem studies reported an overall decrease in SGN density in the ears with 
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ossification, while other studies showed good SGN density in the ears with significant 
ossification [30, 31]. Specific etiologies of hearing loss (e.g., meningitis and sudden 
hearing losses caused by viral labyrinthitis) are also associated with the accumula-
tion of tissue and bone formation in the scala tympani, even prior to the insertion of 
the cochlear implant electrode array [30]. One explanation for these contradictory 
findings could be related to the presence or absence of immune responses along with 
impairment to the inner ear. Concomitant presence of immune response and cochlear 
impairment could affect the density of SGNs as well as bone formation inside the 
cochlea.

2.2.1 ENI and SOE

In the assessment of the ENI, impedance and voltage matrices could give insights 
regarding the position of electrodes, bony or fibrous tissue formation, and current 
spread inside the cochlea. However, the spread of physical current per se cannot 
provide information about the physiological spread of neural excitation. It is assumed 
that when current spread is wide, more auditory neurons and SGNs in the wider area 
would be stimulated and current spread and neural excitation spread are correlated. 
However, studies showed that the spread of neural excitation might not always be 
reflected in the current spread assessed by voltage or TIM [18, 32]. Therefore, both 
current spread and spread of neural activation should be measured in the thorough 
assessment of the ENI, as they both may reduce the neural resolution of CI stimula-
tion and subsequently the perception of sounds.

Electrical compound action potential can be used to provide information regard-
ing the spread of neural activation. Using forward-masking paradigm, an active 
electrode is stimulated and eCAP amplitudes are measured for that electrode and 
the electrodes adjacent to it. A function of eCAP amplitudes for active and adjacent 
electrodes is formed, which may show the spread of excitation (SOE) of auditory 
neurons and SGNs. In this measurement, the probe electrode is presented to the 
active electrode and variable maskers to adjacent electrodes [8]. The separation in 
the location of the probe and maskers may provide eCAP amplitude from different 
neuron regions around the active electrode. Ideally, the maximum amplitude of 
eCAP should belong to neuron stimulated by the active electrode with much lower 
amplitudes from neurons stimulated by adjacent electrodes. However, the overlap 
between different neuronal populations may create wide SOE function. The width of 
the SOE function is calculated and reveals information about the amount of overlap 
between different neuron regions in responding to electrical stimulation (i.e., spread 
of neural excitation) [2, 8].

Some studies have shown that current spread and spread of neural excitation were 
not significantly correlated [18]. For example, the results of TIM and SOE were not 
related, except for a middle electrode [33]. In contrast to early studies which claimed 
that close distance between electrodes and spiral ganglion would result in a narrow 
current spread, there was not any significant difference in SOE widths for perimodio-
lar versus straight electrode array [34]. Although, SOE could help with intraoperative 
identification of abnormalities of intracochlear electrodes (such as folded electrodes), 
the computerized tomography (CT) is the ideal test for a precise determination of the 
position and location of the electrodes within cochlear.

When the relationship of the SOE width and behavioral tests (e.g., speech and 
pitch discrimination) was studied, there was not any significant correlation between 
them [35, 36]. However, it should be taken into consideration that speech perception 
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is assessed with stimulation of a wide range of intracochlear electrodes while the 
SOE width is calculated from the stimulation of few intracochlear electrodes and this 
might partially justify the lack of correlation between eCAP SOE width and speech 
perception outcome [35, 36]. Moreover, speech perception is influenced by central 
auditory processing which is not assessed by the SOE. Therefore, the eCAP SOE func-
tion should not be used as the sole objective measure for predicting speech perception 
in CI users. However, this measure may provide useful information about channel 
interaction and the possibility of neural dead region which might influence the ENI 
and CI outcome.

2.2.2 ENI and recovery time

Intuitively, it is believed that faster recovery from refractory period is related 
to more efficient neural response and better neural health than slower recovery. In 
fact, faster recovery from refractoriness has been reported to correlate with better 
speech perception scores in some studies [23, 37, 38]. However, this association was 
not observed in other studies [28, 39, 40]. Even when recovery time was compared 
between single and large numbers of neurons, slower recovery from refractory period 
was associated with greater temporal responsiveness, which was a manifestation of 
larger neural population and better neural health.

Two phases of refractory period have been identified in studies on auditory neu-
rons and SGNs. The first phase is the absolute refractory period in which the auditory 
neurons cannot be stimulated even with very intense stimuli. The second phase of the 
refractory period is called relative refractory period in which auditory neurons can 
be activated by intense stimuli. However, the speed of recovery from refractoriness is 
affected by stimulus level, with faster recovery at higher levels [41].

The effect of advanced age on the recovery time from refractory was assessed in 
postlingually middle-aged adult and elderly CI users using eCAP. There was faster 
recovery at higher pulse rates and for longer durations of stimulation. There was no 
significant effect of age on the speed of recovery from refractory period [39, 40].

In another study based on measuring refractory recovery, there were no signifi-
cant age group differences in refractory times, eCAP thresholds, and N1 latencies. 
However, the slopes of the eCAP AGF were significantly larger in the middle-aged 
group compared to the elderly group. Except for N1 latency, electrode location signifi-
cantly influenced eCAP [39].

Several studies have investigated the refractory properties of the auditory neu-
rons and SGNs in people with special conditions such as the auditory neuropathy 
spectrum disorder (ANSD) and cochlear nerve deficiency [23]. Children with ANSD 
had similar refractory recovery time compared with children with typical sensori-
neural hearing loss [37]. Children with cochlear nerve deficiency had longer absolute 
refractory time compared with implanted children with normal-sized auditor nerve, 
but two groups had similar relative refractory [23]. However, the relative refractory 
period was longer in people with longer duration of hearing loss [39, 42]. There 
was no difference in the temporal recovery of the auditory nerve between pre- and 
postlingual CI users [43].

2.2.3 ENI and pulse duration

Animal studies showed that auditory neurons and SGN density were sensitive to 
changes in parameters of stimulation signals such as increase in pulse duration [20]. 
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Basically, the total amount of charges delivered to auditory neurons will increase 
when the duration of a biphasic pulse increases. If the auditory neurons are healthy, 
more current is integrated at the cell membrane and stronger eCAP can be recorded 
with increase in pulse duration. Therefore, eCAP elicited with different pulse dura-
tions has the potential to assess auditory neural health and to be a means for the 
assessment of the ENI.

The threshold, slope of AGF, and amplitude of eCAP were recorded after chang-
ing biphasic pulse duration and interphase gap and the results were correlated with 
histological and behavioral evidence in guinea pigs receiving CIs. The threshold of 
eCAP decreased with increase in duration and interphase gap while both amplitude 
and slope increased. However, the histological findings and eCAP were not corre-
lated [20, 44].

In a human study, the pulse duration was increased in two groups of children 
using CIs. One group had normal cochlear nerve size and the other group had defi-
ciency in cochlear nerve. The eCAP results showed that increase in duration from 
50 to 88 μs did not significantly change cochlear nerve responsiveness to electrical 
stimulation in either group for a biphasic pulse in MP mode when electrical charge 
was kept constant [23].

2.2.4 ENI and phase sensitivity

Animal and modeling studies have shown that if the values of eCAP measures 
are very different for negative- and positive-leading biphasic signals, it theoretically 
reflects poorer neural health, whereas smaller differences indicate better neural health 
[45–47]. In healthy auditory neurons, both negative- and positive-leading pulses 
activate peripheral processes and initiate spikes at threshold level. At high stimulus 
level, the negative-leading pulses still stimulate peripheral processes, whereas positive-
leading pulses inhibit peripheral processes and generate spikes at cell body.

In cases where peripheral processes are degenerated, the only site that can generate 
neural spikes is cell body by negative-leading stimuli. Compared with the peripheral 
axon, the cell body has a much higher threshold, which results in a higher threshold 
for negative-leading stimuli while the response of the cell body to positive-leading 
stimuli at high stimulus levels is not affected. As a result, at an equal stimulus level, 
negative-leading pulses are more effective at generating a neural response from intact 
human auditory nerve fibers, whereas positive-leading pulses are more effective when 
peripheral processes are absent or demyelinated [47]. Therefore, comparing the dif-
ference in eCAP evoked by two types of pulses may provide useful information about 
neural survival of auditory nerve fibers [48].

Changing polarity has been used to assess neural health as one of the factors 
affecting the ENI. They showed at a fixed stimulus level, eCAP evoked by positive-
leading biphasic pulses elicited larger amplitudes, shorter latencies, and steeper AGF 
slopes than those evoked by negative-leading biphasic pulses [48]. These results 
indicated the possibility of degeneration of the peripheral processes in the deaf ears 
[49]. However, the association between speech perception capability and polarity 
sensitivity has not been evaluated in a human CI user. Higher threshold levels were 
reported for poor neural health in human when they were tested with focused stimu-
lation and the thresholds were not influenced by the position of electrodes inside the 
cochlea and resistance against current flow [50]. The CI adults with long duration of 
deafness and poor neural health had better sensitivity to anodic pulses but this was 
not observed in children using CIs [45].
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2.2.5 ENI and IPG change

It is believed that increase in the interphase gap of a biphasic signal allows  auditory 
neurons and SGNs to better recover from depolarization if auditory neurons are in 
healthy condition. With increase in IPG, lower threshold, steeper AGF slope, and 
higher amplitude are expected for eCAP. Smaller changes in these measures are 
observed when auditory neurons and SGNs are degenerated. The IPG effect is thought 
to be dependent on membrane characteristics, and thus reflect the temporal response 
properties of the auditory nerve [51]. Given that the IPG effect is a measure per-
formed within the same channel or electrode, it should be less influenced by nonneu-
ral conditions that vary across the electrode array (e.g., electrode impedance, fibrous 
growth, and electrode position) [52]. Compared with fixed IPG, eCAP recorded for 
different IPG can reveal more information about auditory neuron health.

In animals, the sensitivity to IPG has been shown to be predictive of SGN density. 
For example, guinea pigs with lower densities of SGNs showed larger IPG effects on 
the eCAP threshold, amplitude, and N1 latency while in human, the IPG effect was 
observed for the slope of the AGF [20, 44]. However, IPG effect assessed in animals 
showed different results from those measured in human CI users.

In a human study on two groups of child CI users with normal-sized and defi-
cient cochlear nerves, the IPG effect showed itself to be in larger amplitude and slope 
of AGF of eCAP and smaller on the eCAP threshold and N1 latency [53]. However, 
there was smaller increase in amplitude and slope of AGF eCAP along with higher 
eCAP threshold in children with nerve deficiency. The effect of increasing IPG from 
7 to 30 μs has been studied in another study on CI users. It was shown that increasing 
IPG generally yielded increased eCAP amplitude and steeper slopes of AGF. However, 
this effect varied across subjects and electrode locations [24].

It is assumed that SGN density may vary as a function of age at implantation and 
hearing loss etiology. This assumption was studied on two groups of people who 
were implanted at early age and adulthood while IPG increased. The group who were 
implanted at early age had larger changes in eCAP amplitude. However, the AGF 
slope and eCAP threshold did not differ between the two groups. Irrespective of IPG, 
child-implanted participants had larger eCAP amplitudes and steeper AGF slopes 
than the adult-implanted participants. However, vowel recognition performance was 
not significantly correlated with any of the eCAP measures assessed in this study.

2.2.6 ENI and mode of stimulation

The MP mode creates a relatively broad spread of current. More restricted current 
spread can be achieved with focused stimulation modes, in which current delivered 
to an active electrode is returned to the source through “adjacent intracochlear 
electrodes” or a “combination of adjacent intracochlear and extracochlear reference 
electrodes.” These focused stimulation modes likely stimulate a more localized region 
of the auditory neurons and SGNs and can be more sensitive to localized neural 
degeneration of auditory neurons and reduction in SGNs. Therefore, these focused 
stimulations have potential for the assessment of neural health and the ENI.

Focused stimulation modes have been used in electrophysiological and behavioral 
assessment of the ENI. Younger CI users are assumed to have better auditory neurons 
and SGNs than older CI users. When eCAP was used to capture neural responses to 
focused stimulation in these two groups, young CI users had steeper eCAP AGF slopes 
and larger amplitudes and they showed more sensitivity to changes in IPG. In another 
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study, child-implanted CI users had steeper AGF slopes and larger amplitudes com-
pared to adult-implanted CI users. The IPG effect for eCAP amplitude was significant 
but not for slope or threshold [54].

In another study, behavioral thresholds using focused stimulation were deter-
mined across channels. The high- and low-threshold channels in focused stimulation 
were considered as channels with poor and good ENI, respectively [6]. Using eCAP 
measurements, the high-threshold channels had higher eCAP thresholds, steeper 
AGF slopes than low-threshold channels. In another study, subjects with low-focused 
behavioral thresholds showed large eCAP amplitudes. Higher speech perception 
scores had significant correlation with low-focused thresholds [55].

Also, the polarity of pulse signals was changed (polarity effect) in focused stimu-
lation studies and the results indicated that the polarity effect was not related to 
non-neural factors such as electrode-to-modiolus distance, electrode location inside 
the cochlea, or resistance. In fact, positive polarity effects, which may indicate SGN 
degeneration, were associated with relatively high focused behavioral thresholds. 
Overall, these results provide support for the theory that the polarity effect may 
reflect neural integrity in CI listeners.

2.2.7 ENI and other behavioral tests

In addition to objective measures, some behavioral testing measures have been 
tried for the assessment of the ENI. One of them is the multipulse integration (MPI) 
test, in which the difference between thresholds at different rate is calculated. MPI 
refers to a decrease (improvement) in the psychophysical detection threshold with 
increasing pulse rate of CI stimulation while the duration of pulse trains remains 
constant. MPI slopes are calculated as the amount of threshold decrease per increase 
in pulse rate. This slope is calculated for pulse rates over a range from a few up to 
about 1000 pulses per second (pps) [56].

Studies on animals have shown that the slope of the MPI function differs between 
animals with lower and higher SGN densities [17, 57–61], but only in animals with 
preserved IHCs [10]. In another behavioral test, temporal integration was assessed 
with the determination of detection thresholds for constant pulse rates varying in 
duration. The results showed correlation with cochlear health [58].

The behavioral threshold changes can be measured for changing in pulse phase 
duration in experiments, which are referred to as strength-duration function tests. The 
slope (changes in thresholds for changing duration) of the function is considered as a 
predictor for variations in cochlear health [62]. The characteristics of strength-dura-
tion functions can be influenced with the degeneration of the peripheral processes. 
If these processes are degenerated, the site of neural spike generation is shifted from 
peripheral neurons to more central axonal regions that have better myelination [63]. It 
was shown that psychophysical strength-duration function slopes were significantly 
shallower in guinea pigs implanted in an ear with residual hearing compared with 
those implanted in a deafened ear that was treated with neurotrophin. In animals 
deafened with neomycin and treated with neurotrophin, which typically had no 
surviving inner hair cells, the slopes of the psychophysical strength-duration functions 
were correlated with spiral ganglion neuron (SGN) density, being steeper in cases with 
higher SGN densities. However, in animals implanted in a hearing ear, which typically 
had surviving inner hair cells, slopes of the strength-duration functions were not cor-
related with SGN density. In addition, the strength-duration slopes were not predictive 
of duration of any hearing loss or speech recognition performance.
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3. Conclusion

Many factors exist that influence the outcome with CI devices by influencing the 
ENI. Some of them, which could be assessed clinically, were discussed in this chapter. 
However, there are other factors, such as residual hearing preservation, the type 
and dimension of electrode arrays and their insertion depth, which are important. 
In addition, since speech performance needs the processing of sounds in the central 
auditory system, this factor and cognitive ability of a CI user impact speech percep-
tion with CIs. These factors were out of the scope of this chapter, as the focus of this 
chapter was on the assessments which can be performed with clinically available 
applications.

There was some discrepancy between animal and human findings, which may 
stem from different etiologies and pattern of hearing loss in human CI users. There 
were also differences in the research methods between the two species. It seems that 
a battery test of current clinical application can be used in the assessment of the ENI. 
However, the findings of these tests should have well-established association with 
behavioral findings which needs more controlled studies.

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Abstract

The ultimate goal of a cochlear implant device is to mimic the hearing through
normal cochlea. A better understanding of normal cochlear function can help reaching
this goal. The normal cochlea has a tonotopic mapping of the frequency representation
in which each area on the cochlea is the most sensitive to a specific frequency. The
array of the cochlear implant device has a number of electrodes each presenting a
different frequency to the nearest area of the cochlea to where they are located. An
anatomy-based programming strategy aims to present the frequency by the electrode
contacts to which the cochlea is most sensitive to, according to the location of that
electrode contact inside the cochlea. This chapter explores the details of the current
understanding of the anatomy-based programming.

Keywords: cochlea, anatomy, anatomy-based, programming, fitting,
frequency-to-place mismatch

1. Introduction

Cochlear implant device is one of the most successful invented implants. It is used
in patients who have lost their hearing sensation and have sensorineural hearing loss.
The cochlear implant device has an external part containing a microphone and speech
processor and an internal part that is implanted surgically and contains an internal
receiver stimulator and an electrode array. The internal part of the multichannel
cochlear implant contains a number of electrode contacts arranged along its electrode
array which is inserted inside the cochlea. These electrode contacts stimulate different
locations inside the cochlea to achieve a frequency-based pitch perception which helps
in speech understanding. Once the patient is implanted, the audiologists start pro-
gramming the device to achieve the best hearing outcome. Cochlear implant pro-
gramming includes allocating specific frequencies to each electrode contact. And since
the cochlear implant is aiming to replace the normal cochlear sensation, the frequency
allocations are programmed in a way to simulate the exponential logarithmic function
of the normal cochlea’s frequency map. To have a better understanding of the con-
cepts behind anatomy-based programming, we need to understand the relevant
cochlear anatomy and physiology of pitch perception which will be discussed in this
chapter. Reaching a patient-specific anatomy-based programming then includes clin-
ical application of measuring the relevant anatomical variables that is not an easy task
to perform, and we will discuss the difficulties in this process in this chapter.
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2. Relevant cochlear anatomy

The cochlea is a hollow spiral structure in the inner ear that is responsible for the
hearing sensation. It is contained within the petrous portion of the temporal bone. The
spiral hallow of the cochlea turns around a central bony pyramid called modiolus. A
thin bony plate, called the osseous spiral lamina, is connected to the modiolus and
divides the bony cochlea incompletely. The cochlear lumen is divided into three
spaces by two membranes that are attached to the spiral lamina; the basilar membrane
that separates the scala tympani from the scala media and the Reissner’s membrane
that separates the scala media from the scala vestibuli. The organ of corti is supported
on the basilar membrane and contains the hearing sensory cells. From the basilar
membrane, nerve fibers travel to the spiral ganglion, a structure that is located closer
to the cochlear spiral’s axis of rotation and includes neuron cell bodies.

During cochlear implantation, an electrode array is placed in the scala tympani of
the cochlea to stimulate the cochlear nerve and induce action potentials. It is still
undetermined where these APs are evoked along the sensorineural pathway of the
hearing (Figure 1) [1].

2.1 Basilar membrane

The acoustic stimulus causes the vibration of the tympanic membrane and in turn the
ossicular chain, ending in the vibration of the footplate of the stapes that causes a wave in
the perilymphatic fluid inside the scala vestibuli which is transferred to the basilar mem-
brane. Von Bekesy in his Nobel Lecture, in the 1960s, was the first to introduce the

Figure 1.
Showing the anatomy of the cochlea as seen in a mid-modiolar view in a micro-CT image of the temporal bone.
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concept of this cochlear traveling wave along the basilar membrane. Themaximum
vibration amplitude of thiswave along the basilarmembrane is located in a different place
according to the stimulus frequency, resulting in an increased sensitivity of that place in
the basilar membrane to that special frequency. The frequency to which the basilar
membrane shows the most sensitivity is called the characteristic frequency [2–4].

The physical properties of the basilar membrane and the cochlear fluids determine
the characteristic frequencies along the basilar membrane. Although the cochlear
structure maintains relatively the same along the length of the cochlea, there are three
changes to its physical properties. First, the cochlear lumen decreases from the base
toward the apex. Second, the basilar membrane mass is higher in the base in compared
to the apex due to the increased number and size of the supporting cells. Third, the
basilar membrane is stiffer by about 100-fold at the base in compared to the apex.
These changes in the physical properties of the basilar membrane result in a change of
the amplitude of the cochlear traveling wave. The wave increases in amplitude while
traveling from the base toward the apex, till it reaches the place of the maximum
amplitude, beyond which it declines. The place of the maximum amplitude is depen-
dent on the characteristic frequency for that place resulting in a spatial cochlear
frequency map. This spatial frequency sensitivity map is what is referred to as the
cochlear tonotopicity (Figure 2) [5].

The characteristic frequency of each place on the cochlea can be calculated using
an equation introduced by Greenwood. In this equation, the input is the vibratory
length of the basilar membrane containing the sensory organ of corti [6].

The standard of preoperative evaluation of cochlear implant patients have been either
computed tomography (CT), magnetic resonance imaging (MRI), or both for decades
now. However, both these imaging techniques lack the spatial resolution needed to
visualize the basilar membrane which is needed for the Greenwood frequency eq. [7].

Since the actual measurement of the length of the organ of corti is not feasible
during the routine imaging, an estimate is made through a number of steps. The organ
of corti on the basilar membrane runs closer to the lateral bony wall of the cochlea.

Figure 2.
Illustrating the location of the spiral ganglion, the organ of corti, and the lateral wall as would be seen in a micro-
CT image.
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Although the lateral bony wall of the cochlea does not contain any special hearing
structures, it is of utmost clinical importance. This is because it is easily observed via
the routinely performed CT imaging studies that are performed for the evaluation of
cochlear implantation patients. Hence, its length has been used as an estimate to the
length of the basilar membrane.

2.2 Helicotrema

The helicotrema is the most apical part of the cochlea that lacks basilar membrane.
It starts where the scala tympani and the scala vestibuli merge, to the apical end of the
cochlear bony wall [8, 9].

An accurate measurement of the basilar membrane length is a prerequisite for
anatomy-based programming calculations. The lack of visible boundaries in the end point
of the cochlear apex using routine high-resolution CT resulted in an inaccurate estimation
of the length of the basilar membrane. Furthermore, the total cochlear rotation is highly
variable in the apex, resulting in an additional inaccuracy in the cochlear duct length
(CDL) measurement modeling techniques [10–12].

Using synchrotron radiation phase-contrast imaging, the length of the basilar
membrane has been found to be highly correlated to the bony cochlear duct length
using the following equation:

Basilar membrane length ¼ 0:88 CDLTIPð Þ þ 3:71: (1)

Figure 3.
Illustrating the location of the hook region and the helicotrema in the cochlea. The hook region is the part of the
basilar membrane starting before the midpoint of the round window which is the anatomical part that is easily
seen in a high-resolution CT. The helicotrema is the part of the cochlear length that lacks basilar membrane
structure.
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where CDLTIP refers to the length of CDL to the tip of the bony wall of the cochlea.
The use of this correction can help in a more accurate measurement of the basilar

membrane [13].

2.3 Hook region

The hook region is the most basal part of the cochlear bony canal, which forms a
curvature beyond the level of the round window [14, 15].

The basilar membrane continues in the hook region of the cochlea. This means that
for a more accurate calculation of the place-related tonotopic representation, the
length of the hook region needs to be considered and corrected. Furthermore, the
connective dendrites in the hook region follow a nonradial trajectory from the basilar
membrane to the spiral ganglion, which needs to be considered in evaluating the spiral
ganglion tonotopic map.

Using synchrotron radiation phase-contrast imaging, an addition of a 2.5 mm as an
average of the hook region length can improve the accuracy of the basilar membrane
measurement (Figure 3) [16].

3. Mechanisms of hearing

3.1 Pitch perception

The pitch of a sound is the subjective perception of that sound on a musical scale
[17]. The perception of sound pitch is believed to be determined through two func-
tions: the spatial and temporal cues of the sound. The spatial cues of the sounds are
elicited by the place where the peak of electrical stimulation is located in the tonotopic
map of the cochlea.

The temporal cues are determined by the precise timing of the action potentials at
a certain phase within the cycle of the sound tone, resulting in a specific time interval
between the action potentials [18]. The temporal cues have been found to be more of
importance in the lower frequencies, after which becoming difficult to detect experi-
mentally, in a phenomenon called phase locking. The level of phase locking has been
found to be at about 1–2 kHz depending on the species.

The electrical hearing in cochlear implanted recipients would result in a better
synchronization compared to the acoustic hearing, which might suggest a more reli-
able pitch perception with temporal cues [19, 20].

However, in cochlear implant recipients, 300 Hz was found to be the upper
boundary of temporal cue function in pitch perception. It needs to be mentioned that
the inability to discriminate temporal cues does not necessarily mean that the tempo-
ral information is not processed, as the physiological psychophysiacl studies shown
detection of temporal fluctuations as high as 4 kHz [21–23]. This upper limit can affect
the ability of CI recipients to recognize melodies and musical intervals and their ability
to detect minor changes in frequencies using temporal cues which is present in normal
hearing cochlea till up to 4–5 kHz [24–26].

The use of functional MRI in more recent studies have been used in a try to shade
more light on the understanding of pitch perception in human, specially that the invasive
nature of phase lock measurement has prevented its actual measurement in human. This
area however yet needs further study since no consensus has been reached on the
tonotopic organization of the auditory brain areas [27–31].
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4. Calculation of characteristic frequency

4.1 Calculation of characteristic frequency and anatomy-based frequency allocation

There are mainly two widely known methods to calculate the characteristic
frequencies, based on the tonotopic map of the two most probable areas where the
electrical stimulus first picked up along the sensorineural elements of the cochlea. First
is the Greenwood’s function that estimates the characteristic frequencies along the organ
of corti. The second is the Stakhovskaya frequency map for the spiral ganglion [32].

Greeenwood equation is a near-logarithmic function relating the frequency to the
relative position of the area being studied within the whole length of the organ of
corti. The equation is as follows:

ƒ ¼ 165:4 102:1x � 0:88
� �

(2)

where ƒ is the characteristic frequency of the area of interest and x is fractional
length of the area or interest along the OC:

x ¼ CDLoc � CDLoc θð Þ½ �=CDLoc (3)

Measuring the length of the organ of corti, which is needed for the Greenwood
equation, is still a matter of study. To estimate this length for a CI recipient, a CT
image is usually used. The CT image can show the bony boundaries of the cochlea. The
use of CT image for this estimation results in a number of inaccuracies. First, the OC is
not exactly located in the lateral bony wall, but rather more medially. To overcome
this inaccuracy, Alexiades has proposed an equation to correct for the medial position
of the OC in relation to the lateral cochlear bony wall as follows:

CDLoc ¼ 1:71 ∗ 1 ∗ 1 : 18 ∗ Aocð Þ þ 2 : 69 ∗ Bocð Þ �√0:72 ∗Aoc
∗BocÞ

h i
∗0 : 18

h
(4)

where value Aoc is corrected length of the OC for the linear measurement from the
round window to the furthest lateral wall on the opposite side of the basal turn of the
cochlea, and value Boc is corrected length of the OC for the linear measurement
perpendicular to the cochlear opposite lateral walls’ diameter.

The second inaccuracy is due to the fact that the cochlear parameters used to
measure the CDL use the visible anatomy of the midpoint of the round window as the
start point for measurement. This start point disregards the presence of the OC in the
hook region, beyond the round window. Recent sychotron imaging-based anatomical
studies suggest adding a correction factor of 2.5 mm to the OC length as the mean of
hook region length [16]. Although there is a variability in the cochlear height, the
effect of this variability on the CDL is still poorly studied, which can be another source
of inaccurate CDL estimation [33–35].

Stakhovskaya map, which is the second method to calculate the characteristic
frequencies, was driven from the radial trajectory of the organ of corti Greenwood
map. This map suggests a constant frequency map according to the angle of the place
in the cochlea to be studied with disregard to the anatomical variations in the CDL,
OC, and SG lengths. In forming of Stakhovskaya map, two-dimensional cochlear
views were used that might not perfectly represent the three-dimensional reality of
the cochlea. Furthermore, the relation of the OC and SG does not continue as perfect
radial trajectories since the length of the OC continues beyond the level where the SG
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length ends, making the more apical areas of the SG highly condensed with OC
representing dendrites (Figure 4).

Using the 3D synchrotron radiation phase-contrast imaging, the spiral ganglion
angle-frequency function can be calculated using the following equation:

f ¼ 2ð�0:12θþ160=12Þ (5)

where θ stands for the angular depth, measured from the center of the RW.
These measures were not observed to significantly differ from that of Stakhovskaya

frequency map [36]. The spiral ganglion tonotopicity is highly compacted at its apex,
which makes it extremely difficult to selectively excite low-frequency neurons.

4.2 Calculation of the frequency-to-place mismatch

The amount of the frequency-to-place mismatch is calculated by determining the
difference in the frequency presented by each electrode contact and the characteristic
frequency of the place where this electrode contact is located.

4.3 Determinants of frequency-to-place mismatch

Frequency-to-place mismatch happens when the electrode presents a frequency
stimulus to a place in the cochlea that does not match the frequency to which that
place shows the highest sensitivity to.

Figure 4.
Stakhovskaya calculated the spiral ganglion tonotopicity map as a function of basilar membrane tonotopicity map,
by correlating the length of line A, representing the spiral ganglion length, in relation to line B, representing the
basilar membrane length.
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This discrepancy is due to the relativemisplacement of two placeswith same frequency
to each other, namely the place of the electrode contact that is programmed to stimulate a
specific frequency and the place in the cochlea with that same characteristic frequency.

After surgical placing of the electrode contact, the place of the electrode contact is
determined and to match the frequency-to-place, the fitting of the electrode contact
can be changed to adjust to the characteristic frequency of the cochlea where the
contact is located.

Using a default frequency map for all patients has shown to result in a significant
mismatch.

The first determinant of the mismatch is the length of the electrode. The current
electrode designs have different active stimulating ranges in which the contacts are
located. The Greenwood equation takes into consideration the location of the electrode
contacts to calculate the characteristic frequency of that place. Given the same default
map for all designs, the different lengths of the electrode arrays result in different
insertion depth with full insertion, and therefore in different characteristic frequencies
they face, which in turn results in different extent of mismatch (Figure 5) [37].

The second determinant of the mismatch is the cochlear duct length, which is the
other variable in the Greenwood equation. There is a vast variability in the cochlear
duct length in normal population that ranges from 19.71 to 45.6 mm. To add more to
this complexity, there are a large number of cochlear implant recipients who have
cochlear anomalies that can affect the cochlear duct length (Figure 6) [32, 35, 38, 39].

Figure 5.
The effect of the electrode length on the magnitude of the mismatch, illustrated as dashed black line, when default
frequency mapping is used.

Figure 6.
The effect of the cochlear duct length (CDL) on the magnitude of the mismatch, illustrated as dashed black line,
when default frequency mapping is used.

Figure 7.
The effect of the degree of insertion on the magnitude of the mismatch, illustrated as dashed black line, when
default frequency mapping is used.
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The last determinant is the surgical position of the electrode array according to the
depth of insertion (Figure 7).

5. The importance of frequency-to-place mismatch

As discussed in the previous section, the impact of frequency-to-place mismatch is
still under study. However, theoretically there are special scenarios where the
frequency-to-place mismatch is theorized to be of more importance.

One of them is in the patients who have any sort of hearing memory, where they
have had acoustic hearing that was lost afterward. This category includes a large
portion of implanted patients with various etiologies that can either be a progressive
hearing loss, presbycusis, sudden sensorineural hearing loss or patients who lost their
hearing after temporal bone trauma or ontological surgery. It is assumed that these
patients would remember the characteristic frequency of each location in their cochlea
and would compare the electric hearing to their memory of the acoustic hearing.

Figure 8.
The difference between default and anatomy-based map in a case of single sided deafness.

Figure 9.
The difference between default and anatomy-based map in a case with asymmetrical insertion depth.
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Anatomy-based programming was found to be associated with a better auditory
outcome in postlingual adults [40].

The second category are patients with single-sided hearing, even if they do not
have any hearing memory in the deafened ear, and these patients could compare the
hearing in the implanted ear to the hearing in the contralateral normal ear with the
normal tonotopicity. And it has been shown that patients with single sided deafness
(SSD) have a high rate of nonuse and not all will cope to the use of CI (Figure 8).

The third category are patients with bilateral CI who have different insertion
depth, different electrode lengths, or different cochlear duct length in the two
cochleae. Giving an anatomy-based fitting to these patients would result in a more
balanced and symmetrical hearing and is theorized to have a more acceptable presen-
tation to the brain (Figure 9).

6. The clinical impact of frequency-to-place mismatch

Considering the three determinants of the frequency-to-place mismatch, the effect
of each of these determinants on the auditory and speech outcomes can be considered
as an indirect effect of a better frequency-to-place matching.

Numerous articles have shown a better outcome with longer electrodes and deeper
insertion including speech recognition scores. The studies also showed that these
superior auditory outcomes appear in the early post-activation period and were
sustained in long-term use [41–48]. Patients with single-sided deafness showed
improved head shadow benefits as well as better spatial release of masking with a
better frequency-to-place matching [49]. Better auditory outcomes have been found
in association with a better frequency-to-place matching in elderly adults, which may
be of particular benefit to them considering the age-related deficit in the auditory
processing [40].

7. Areas to explore

There is still unclear where the site of stimulation is in the cochlea, weather it is the
organ of corti, the spiral ganglion, a combination of both, or even somewhere else.

While the organ of corti continues till the level of the helicotrema in the apical
turn, the spiral ganglion does not go further than half of the second turn. Argue can be
made weather there is a need for a deeper cochlear insertion and longer electrodes to
cover all the length of the OC or is it enough that we reach up to the level where the
SG ends. And although the OC course and length is more predictable using the routine
CT imaging, the SG has an unpredictable and steep and condense tonotopic presenta-
tion at its more apical end and would be extremely difficult to achieve a proper
frequency-to-place matching at that area (Figure 10).

The other consideration for a perfect frequency-to-place matching is the fact that
to achieve that, we are losing some of the low-frequency perception that is not
covered with the electrode in the OC mapping specially. This area of noncoverage will
be more with shorter electrodes. However, it needs to be considered that the normal
hearing covers up to 20 Hz as the lower frequency limit, and the effect of covering this
low level of frequency with cochlear implant is not supposed to be high in speech
perception and intelligibility [50]. Future studies on the site of the first stimulus
generation are needed to shade light on this matter (Figure 11).
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8. Conclusion

A default frequency fitting results in a wide variability of frequency-to-place
mismatch. The variability of the magnitude of the frequency-to-place mismatch is
dependent on the degree of insertion, length of the electrode, and the cochlear duct
length. The anatomy-based fitting provides a personalized frequency map for the CI
users that aim to better imitate the tonotopocity of the normal cochlea. The current
evidence suggests that anatomy-based fitting can enhance the CI user benefit.
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Figure 10.
The difference between the frequency-to-place mismatch using the organ of corti map in compared to the spiral
ganglion map.

Figure 11.
The difference between default and a perfect anatomy-based map in the ability to cover the lower frequencies.
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Chapter 6

Perceptual Learning of
Uncategorized Arabic Phonemes
among Congenitally Deaf,
Non-native Children with Cochlear
Implants
Farheen Naz Anis and Cila Umat

Abstract

The advancement in cochlear implant (CI) technologies and how CIs help their
users have far exceeded expectations. Speech perception remains the focus of many
studies related to cochlear implant clinical research to ensure the technology maxi-
mizes the benefits to be obtained by CI users. This chapter will discuss the perception
of non-native sounds among congenitally deaf pediatric CI users, specifically empha-
sizing Arabic consonants. This language is used and learned by billions of non-native
Arabs worldwide. Non-native auditory signals are perceived differently by children
with CI due to speech processor signal processing and native language learning effects.
This study measured the perceptual learning of uncategorized-dispersed-assimilated
Arabic consonants for a group of non-native children with CI using a newly devel-
oped, FizBil© bottom-up, customized software training module. The framework and
hypothetical pathway will be discussed.

Keywords: cochlear implants, children, uncategorized non-native arabic phonemes,
perceptual learning, bottom-up training

1. Introduction

Superior speech perception is perhaps the most significant outcome of cochlear
implantation and directly correlates with linguistic, social, and learning outcomes
[1–4]. Consequently, children who can function well auditorily with a cochlear
implant (CI) can attend mainstream schools [1, 5–7] and learn a new language [8–13]
within the normative range [14–17]. Furthermore, research shows that children with
CI perform well on non-native perceptual listening tasks [11, 18–22]. Conversely,
there is evidence showing that normal hearing [23] and deaf children with CI struggle
with non-native phonemes perception [6, 7], production [24], and language learning
[12, 25, 26].
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Speech sound is a complex signal that carries information in the form of acoustic
cues. These acoustic cues (usually in combination) represent the phonological catego-
ries, that is, place of articulation, manner of articulation, and voicing. To recognize the
speech sounds, listeners need to categorize these acoustic signals. Hearing with a
cochlear implant is not analogous to acoustic hearing. The auditory brain of children
with CI processes signals differently from their normal-hearing (NH) peers. In CI,
input signals are coded by electrical pulses, while the brain processes acoustic input
signals in normal-hearing listeners. Complex temporal and spatial excitation patterns
represent a sound signal in approximately 20,000 auditory neurons [27] in a typical
auditory pathway. On the other hand, currently, available electrodes for commercial
CI systems have a maximum of 22 excitation points for neurons to deliver sound
signals to the auditory brain. A comparison of signal pathways for sound processing
via acoustic hearing and a cochlear implant is shown in Figure 1.

Therefore, children with CI need to learn speech perception from the poorer
frequency resolution than their NH peers [28–30]. Apart from a poorer frequency
resolution, cross-channel interactions [30], electrode discrimination ability, and

Figure 1.
Comparison of signal pathways for sound processing via normal acoustic hearing and electrical hearing via a
cochlear implant.

70

Latest Advances in Cochlear Implant Technologies and Related Clinical Applications



place-pitch shifting due to electrode insertion position [28, 29, 31] are some other
factors contributing in poorer speech perception scores in children with CI as com-
pared to their NH peers. Phoneme perception is a categorical process that involves the
classification and grouping of the information-bearing acoustic signal. Phonological
features information is conveyed via multiple cues. For example, the features of voice
and manner are transmitted via the temporal cues, namely: the envelope and the
periodic cues. On the other hand, the temporal fine structures and spectral-domain,
that is, transition, coded the place of articulation [30–32]. Research showed that
phonemes perception scores for children with CI were generally poorer than the NH
children matched for their hearing age. The hearing deprivation period may play an
important role [32] in poorer native language speech perception performance. Non-
native children with CI learn to produce and maintain the voicing of articulation of
native and non-native phonemes [8, 18, 19]. Literature review revealed that CI users
show systematic deficits in perceiving phonological features, especially place feature
[28, 30, 32] that relies heavily on spectral information. For CI listeners who are less
able to accurately discriminate the place of articulation of even native phonemes
[30, 32–35], the difficulty level is more pronounced for the non-native phonological
features.

Non-Arab Muslims around the globe listen, read, and learn Al-Quran daily to fulfill
their religious obligations and prayers. Likewise, children start listening to Al-Quran
from a young age when they visit mosques and religious gatherings with their parents.
A large body of research indicates that the perception of non-native phonemes is
influenced by the native language phonological inventory in normal hearing (NH)
[36–43]. In recent years, there has been renewed interest in the non-native perception
among CI users [6–22]. Generally, according to the perception assimilation model for
non-native languages (PAM-L2), a typical hearing listener’s capacity to perceive a
non-native phoneme is influenced by the phonological features of their native lan-
guage [43]. Listeners use native articulatory patterns to detect the similarities of non-
native phonemes with their native languages [37–40, 43–46], a process known as
assimilation. Various possible assimilation categories for non-native phonemes fall
within the perceptual space of native language. Malay and Arabic phonological reper-
toires are generally different [37, 39]. Arabic has unique, distinctive phonological
features that do not exist in the Malay phonology repertoire. Therefore, Malay
speakers face difficulties recognizing these Arabic sounds from Al-Quran [36, 47].
Evidence shows that posterior and emphatic fricatives ([/q/ ,[ق [/χ/ ,[خ [/ʁ/ ,[غ [/ħ/
,[ح [/ʕ/ ,[ع [/h/ ,[ه and [/ðˁ/ ([ظ are most difficult sound to utter accurately by NH
school-age children [6, 23, 24]. However, in Malaysia, children are exposed to Arabic
phonemes in early childhood, that is, 5.0–6.0 years [23, 24]. Consequently, it is
anticipated that NH children can develop good perception and recognition skills for
Arabic phonemes and acquire reading skills in different writing scripts. Table 1
compares Arabic & Malay phonological inventory.

Hereafter, it is expected that Malay listeners have a degree of perceptual difficul-
ties with Arabic phonemes as many Malaysians study Arabic as part of the National
school curriculum. It is predictable that Arabic language phonological categories fall
within the Malay perceptual space due to the frequent use of Arabic in Malay culture.
However, our earlier study [6, 7] has shown that for unfamiliar phonemes phonolog-
ical features’ information transmission depends on the category formation in the
perceptual space of listeners. It was found that unfamiliar phonemes with a unique
category of secondary articulation (/dˁ, ðˁ, sˁ, tˁ/) show dispersed uncategorized
assimilation. The unfamiliar phonemes (/q, ħ, ʕ/) with the close phonological
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boundaries with some familiar consonants (/k, h, Ɂ) show focalized, uncategorized
assimilation. On the other hand, unfamiliar phonemes with a unique subcategory
without secondary articulation and close phonological boundaries (/χ, ʁ/) show clus-
tered uncategorized assimilation.

Arabic, the Al-Quran language, is learned by 2.2 billion non-native listeners and
readers worldwide. Parents in the non-Arab country send their children to special
learning classes for Arabic listening and reading skills. In Malaysia, such as many non-
Arabian Muslim countries, Arabic learning is linked with religion and taught in reli-
gious schools [23, 24]. On the other hand, parents of children with CI consider Al-
Quran education as fundamental for their CI children for their normal-hearing sib-
lings. Therefore, it is essential to understand the Arabic phonemes perception process
in children with CI. Therefore, this study was designed to answer whether perceptual
learning for unfamiliar non-native phonological features (posterior place or emphatic
manner) [6, 7] occurs with customized training. In this study, FizBil©, a software-
based, bottom-up training module with specific interstimulus intervals for children
with CI was developed, and formative evaluation was done on a small group of NH
and CI children. The result of training with the FizBil© software from one child with
CI who completed the 12-week training program will be reported and discussed.

2. Conceptual framework for design, development, and formative
evaluation

The following underlying theories were considered in designing this perceptual
training module, which involved identification and discrimination. In addition, a

Bilabial Labio-
dental

Dental Alveolar Post-
alveolar

Palatal Velar Uvular Pharyngeal Glottal

Plosive p b t d
tˁ dˁ

k q Ɂ

Nasal m n ɲ ŋ

Trill r

Fricative (f) θ ð s (z) (ʃ) ɣ χ ħ ʕ h

ðˁ sˁ

Affricate ʤ

Glides w j

Liquid l

IPA symbol to the right represents a voiced phoneme, while the symbol to the left represents a voiceless
phoneme.

Key Black regular Only occur in Malay inventory

Blue bold Occur in both language inventories (familiar for Malay listeners)

Italic with bracket Only borrowed words in Malaysian inventory

Red Italic Only occur in Arabic inventory (unfamiliar for Malay listeners). These cons

Source: [6, 7, 47].

Table 1.
Comparison of Malay-Arabic phonological inventory.
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hypothetical pathway shown in Figure 2 was proposed as the conceptual framework
to explain the results of this study. Figure 2 demonstrates that non-native speech
perception depends on categorizing composite sound signals within the auditory
brain. Perceptual categorization is based on familiarity. Native phonological features
subcategories build up within the listener’s perceptual space with signal exposure.
According to the signal detection theory (SDT), perceptual categorization of a pho-
neme is a decision-making process [52, 53]. Perceptual categorization is established on
the distance between the perceptual peaks of two signals [54–56]. The identification
task [39, 41, 57–60] helps listeners attend to relevant between-category differences via
top-down processing. In contrast, discrimination tasks [42, 48–51, 57, 61] focus on
within-category variability, that is, bottom-up perception [59]. As illustrated in
Figure 2, children with CI need discrimination training to sharpen the categorization
cues [41, 48–51, 60, 61]. Our earlier study [6, 7] revealed more than one phonological
feature category mismatch among children with CI. A processing time of 10–500 msec
was needed for the discrimination task [49, 62–67].

According to the American Psychological Association [68], “perceptual learning occurs
when repeated exposure enhances the ability to discriminate between two (or more) otherwise
confusable stimuli.” Therefore, perceptual learning is the ability to discriminate informa-
tion from closely related signals with training. Speech perceptual difficulties in non-
native listening tasks are well studied and documented [36–45, 69–76]. There are two
very well-studied models of speech perception: First, the speech learning model (SLM)

Figure 2.
The conceptualized pathway of signal detection and assimilation of non-native phonemes involves top-down and
bottom-up signal processing. Source: [29, 31, 35, 48–51].
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suggests a strong positive correlation between the perception of non-native sounds and
their production accuracies [70, 71]. Secondly, the perceptual assimilation model (PAM)
further elaborates that non-native speech perception difficulties are related to the pho-
nological or acoustic feature perception [36, 38–40, 45, 69] and disembarked from the
maturation of native language perceptual space [37, 43, 44]. Hence, improving percep-
tion could improve non-native phonemes production [36–44, 70–72, 75].

2.1 Study objectives

The specific objectives of this study were to design (Phase I) and develop
(Phase II), to conduct formative evaluation (Phase III) of software-based and percep-
tual learning (Phase IV) of Arabic phonemes for Malay children with CI utilizing
discrimination and identification tasks. Specifically, the following were the objectives:

a. To determine the specific interstimulus interval (ISI) needed by children with
CI for speech discrimination tasks.

b. To evaluate the program code for the software FizBil©.

c. To examine the suitability of the graphical user interface for NH children.

d. To scrutinize the suitability of the graphical user interface for children with CI.

e. To examine whether the customized bottom-up training using identification
and discrimination tasks improved the perceptual learning index (d’ score).

3. Methodology

3.1 Research design

This research was a design, development, and training experiment. The study
consists of four phases in which four pilot studies and one case study were carried out.
Each study was a listening experiment where stimuli were presented in a controlled
condition, and the listener’s responses (tokens) were collected. The overall methodo-
logical design and summary of all the pilot studies are shown in Table 2.

3.2 Research location

Pilot studies A and D, which involved children with CI, were conducted in the
soundproof audiology rooms in the Audiology Clinic, Universiti Kebangsaan Malaysia
(UKM), Jalan Temerloh, Kuala Lumpur. Pilot studies B and C, which involved NH
children, were conducted at the participants’ homes with test items presented via the
loudspeaker on the laptop.

3.3 Demographic characteristics of research participants

The research participants in this study comprised of two groups: (i) The test group
(CI children) and (ii) the control group (NH children)
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3.3.1 Test Group (CI: Pilot studies A, D, and training study)

A total of five Malay deaf children with CI were recruited for the study from the
UKM Cochlear Implant Program. Two children participated in pilot study A to deter-
mine the interstimulus interval for the discrimination task (ISI-d) and the
interstimulus interval for the speech recognition task (ISI-r). Another two of these
children participated in pilot study D, where the usability of training and testing
modes were evaluated. Finally, one child completed the training in study IV, that is,
12 weeks of training regimes.

The inclusion criteria for the participants with CI were detailed below:

1.Prelingually deaf Malay Muslim children with CI.

2.Had at least 4 years of hearing experience with their implants.

3.Using auditory-verbal communication mode.

Phase Exp Native Hearing N Purpose Experimental
condition

Tokens

I Pilot A Malay CI 2 To determine the suitable
inter-stimulus interval
(ISI) for CI children

training

12 stimuli � 3 ph.
pairs � 3track �
4RT = 432 tokens
(4 conditions (ds))
(1 condition (id))

3456

II Pilot B Arab NH 2 To check the program
code

30 stimuli � 4
phonemes � 3
contrast � 2

tasks = 720 token

1440 + 720

Pilot C Malay NH 5 To check the suitability of
the user interface for

children

30 stimuli � 1
phoneme � 3
contrasts � 2

tasks = 180 tokens

900

III Pilot D Malay CI 2 To examine the suitability
of the user interface for CI

children

30 stimuli � 4
phonemes � 3

contrasts � 2 task (2
conditions)

1440

IV Training
case
study

Malay CI 1 To examine the
customized bottom-up

training using
identification and

discrimination tasks
improved the perceptual
learning index (d’ score).

30 stimuli � 4
phonemes � 3
contrasts � 2
task (Pretest)

720

30 stimuli � 4
phonemes � 3
contrasts � 2

Task � 4 training
with feedback

2880

30 stimuli � 4
phonemes � 3

contrasts � 2 task
(posttest)

720

Table 2.
Overview of methodological research design for the study.
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4.Attended mainstream school and religious classes (Kelas Agama Fardu Ain:
KAFA) in the Malaysian Islamic Education curriculum to read the Holy Quran
(at the time of the study).

5.They did not have any additional disabilities beside hearing impairment.

The exclusion criteria for the participants with CI were detailed below:

1.Those who were not using the Nucleus 24 cochlear implant system or its later
generation.

2.Those with partial electrode insertion.

3.3.2 Control group (NH: Pilot studies B and C)

The study was advertised to recruit NH participants. They must fulfill the inclu-
sion criteria below to participate in this study:

1.The child had normal hearing and speech development, as reported by the
parents.

2.The child had no history of language disorders or learning difficulties.

3.Chronological age between 7 and 10 years old.

4.All Malay NH participants attended school & KAFA classes only and learned
Arabic and Islamic education in the school following the national Islamic
curriculum.

5.Native Arabic children relocated to Malaysia and learned in Arabic international
school in Kuala Lumpur.

The demographic characteristics of study participants are summarized in Table 3.

3.4 Instrument, stimuli, and room calibration

Arabic Phonemes [/t/ ,[ت [/d/ ,[د [/k/ ,[ك and [/ʃ/ [ش were used in pilot study A,
whereas [/ħ/ ,[ح [/sˁ/ ,[ص [/ðˁ/ ,[ظ and [/ʁ/ [غ were used in all other studies, that is,
pilot studies B, C, and D and training study. All the phonemes were recorded and
normalized for loudness-balanced. For more detail on stimuli preparation, see [6].
The conceptualized pathway shown in Figure 1 was considered in designing the
software. The design included both the discrimination and identification tasks. In both
tasks, determining the optimum “distance” between the stimuli in a test track was
important to ensure that participants with CI could hear the stimuli as two separate
inputs.

3.5 Phase I: Determination of the interstimulus intervals (ISI)

In this experiment, the discrimination task was a two-alternative forced-choice
(2AFC) task where stimuli were presented in pairs in the ‘AX format. That is, two
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stimuli A (target sound) and stimuli X (minimal pair1) were presented with a very
small ISI (300, 350, or 400 ms). The listener was required to judge whether the second
stimulus presented was the same or different from the first stimulus. The same stimuli
were presented in two forms, for example, /t/�/t/ and /d/�/d/, while different stimuli
were presented as /t/�/d/ or /d/�/t/.

3.5.1 Preparation of the stimuli

The speech materials for pilot study A consisted of consonant-vowel (/Ca/) tokens
with four Arabic phonemes/t, d, ʃ, and k/identified as familiar and better perceiving
phonemes among the CI children [6]. The auditory stimuli for this experiment were
further prepared by an open-source digital audio editor: Audacity version 2.1.3 for
windows [77]. Two phonemes were put together in three different ISI-d (<, 500 ms),
that is, 400 milliseconds (ms.), 350 ms., and 300 ms. for the discrimination task to
activate bottom-up processing [48–51]. Figure 3 illustrates ISI-d and ISI-r for both
tasks.

An interstimulus interval for recognition (ISI-r), that is, 4000, 3500, 3000, or
2500 ms, was applied for each track. Therefore, three pairs of phonemes were
presented in each presentation block with an ISI-d, for example, 400 ms., and an ISI-r,
for example, 4000 ms. That generated 12 blocks of presentations: 12 blocks � 3 pairs
of consonants x 3 ISI-d = 108 tokens for each combination pair. The details are shown
in Table 4.

S # ID C. Age Nat H. status H. Age Speech processor Experiment Study phase

1 C101 8 yrs. M CI 6 yrs. Nucleus 5 pilot –A Design

2 C102 10 yrs. M CI 8 yrs. Nucleus 5 pilot –A Design

3 A101 12 yrs. A NH 12 yrs. NA pilot –B Design

4 A102 7 yrs. A NH 7 yrs. NA pilot –B Design

5 N101 8 yrs. M NH 8 yrs. NA pilot –C Development

6 N102 8 yrs. M NH 8 yrs. NA pilot –C Development

7 N103 8 yrs. M NH 8 yrs. NA pilot –C Development

8 N104 10 yrs. M NH 10 yrs. NA pilot –C Development

9 N105 9 yrs. M NH 9 yrs. NA pilot –C Development

10 CI-201 11 yrs. M CI 9 yrs. Nucleus Freedom pilot-D Formative Evaluation

11 CI-203 7 yrs. M CI 4 yrs. Nucleus 6 pilot-D Formative Evaluation

12 CI-202 11 yrs. M CI 8 yrs. Nucleus 6 pretest
Training
posttest

Implementation

Key: NA = not applicable; C. Age = Chronological Age; H. Age = hearing age; Nat = native; M = Malay; A = Arab.

Table 3.
Demographic characteristics of participants of the study and phase involved.

1 In phonology a minimal pair of sound or phonemes differs in only one phonological feature, for example,

/t/ & /d/ have same manner and place of articulation but differs only in voicing of articulation.
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3.5.2 Data collection

The participant was seated comfortably and was provided with the response sheet
and a pencil. The stimuli were presented via a loudspeaker, positioned at approxi-
mately 30° azimuth and 1 m from the participant. The presentation level was around
65 dB SPL in an auditory alone mode. The tasks were verbally explained to the
participant in the Malay language, and written instruction was given to parents.
Before collecting data for the experiment (discrimination and identification), partici-
pants were conditioned for each task. A total of 3456 tokens were collected from the
two children with CI during the test presentation. The participants were tested using
their CI with regularly used speech processor settings and programs.

3.5.3 Data analysis for pilot study A

The proportion of false alarms (pFA) was calculated using the equation (1). pFA is
representative of response bias. The pFA was plotted on the graph against ISI-d and
ISI-r for discrimination and identification tasks, respectively.

pFA ¼ False alarms FAð Þ
number of stimuli presented

(1)

Figure 3.
Inter-stimulus-interval for discrimination (ISI-d) and intra-stimulus-interval for recognition (ISI-r) presentations.

Stimuli Task (2AFC) Presentation
order

Numbers of
presentation

ISI for
presentations

Tokens per
participant

/ʃ/�/k/ Discrimination AB, BA 12 Same and 12 Different
for each pair

ISI-d & ISI-r 1296

/t/�/d/ BB, AA

/t/�/k/

/ʃ/, /k/, /t/
& /d/

Identification A & B 12 presentations for each
stimulus

ISI-r 432

*2AFC = Two alternative forced choice; ISI = Inter-stimulus interval; ISI-d = Inter-stimulus interval for discrimination;
ISI-r = inter-stimulus interval for response in identification task.

Table 4.
Details of experimental paradigm for pilot study a to determine the best inter-stimulus intervals for discrimination
(ISI-d) and identification (ISI-r) tasks.
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3.5.4 Results for pilot study A

Figure 4 illustrates the proportion of false alarm (pFA) at different interstimulus
intervals tested during the discrimination and identification tasks. Overall, the ISI-d
350 ms for the discrimination task showed the lowest pFA (i.e., 0.09), and therefore
selected for further study. For the identification task, different ISI-r did not affect the
responses as response bias (pFA) was below (0.10–0.17). Therefore, 350 ms was
chosen for ISI-d and 2500 ms for ISI-r.

3.6 Phase II: development of the FizBil© software

Following the determination of the ISI-d and ISI-r in pilot study A, these data were
used in developing a software-based perceptual module named FizBil©. In this phase
II of this study, FizBil© software was designed to engage non-native deaf listeners to
attend to the perceptual cues and gradually learn categorical perception of non-native
phonological features. It can be used as an experimental platform for the perceptual
training of any sound stimuli.

Figure 4.
Proportion of false alarm (pFA) at different test inter-stimulus intervals during the discrimination (ISI-d) and
identification (ISI-r) tasks.

Figure 5.
Logo for FizBil® in PNG (A) and vector file (B).
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An extensive literature review was done on perceptual training software and
methodology. A one-to-one meeting was carried out between the software program-
mer and the researcher to discuss software design. FizBil© was designed as a
user-friendly platform. Figure 5 shows the logo of the software.

3.6.1 Selection of phonemes for stimuli

The speech materials consist of the uncategorized-dispersed-assimilated Arabic pho-
nemes [6] /ħ, sˁ, tˁ, ʁ/ in the consonant-vowel (a)- /Ca/ format. Each phoneme was
paired with another phoneme that varies in a single phonological feature, that is, minimal
pair (only one phonological component differs, wherever possible). For example, /t/ and
/d/ are minimal pairs as they differ in voicing of articulation and have the same manner
and place of articulation. Table 5 presents the phoneme contrasts in each category.

3.6.2 Pilot study B

Pilot study B was conducted to check the program codes. Therefore, it is crucial to
have listeners with minimal confusion and mature native perceptual space for all the
phonological features. Test stimuli consist of emphatic sounds with secondary articu-
lation and emphatic phonological features acquired later than nonemphatic cognates
[47]. Therefore, native Arab children were invited to participate in this study. Two
native Arabic-speaking NH children (aged 10 and 7 years) participated in pilot study
B. Both participants (B-I and B-II) were siblings born in Egypt. Their father was
working in one of the information technology-based companies, and they relocated to
Kuala Lumpur two years back from the time of the study.

Phonemes Phonological
features

Minimal Pair for
phonological-
articulatory
subcategories

Example of stimuli

Discrimination Identification

Manner Place Voicing Auditory Visual
display

Auditory Visual
Display

[/ħ/ح] Pharyngeal,
Fricative Voiceless

[/q/ق] [/χ/
[خ

[/ʕ/ع] χ – χ, ħ -ħ Same ħ - χ خ&ح

χ– ħ, ħ - χ different

[/ʁ/ [غ Uvular Fricative
Voiceless

[/q/ق] [/ʕ/
[ع

[/χ/خ] ʁ - ʁ, q-q Same ʁ - q غ&ق

ʁ - q, q - ʁ different

[/tˁ/ط] Dental Plosive with
Emphasis*

Voiceless

[/sˁ/ص] [/q/
[ق

[/dˁ/ض] tˁ - tˁ, dˁ -
dˁ

Same tˁ & dˁ ط&ض

tˁ - dˁ, dˁ
- tˁ

different

[/sˁ/ص] Alveolar Fricative
with Emphasis*

Voiceless

[/tˁ/ط] [/ðˁ/
[ظ

[/dˁ/ض] sˁ - sˁ, tˁ -
tˁ

Same sˁ & tˁ ص&ط

tˁ - sˁ, sˁ -
tˁ

different

*Secondary articulatory manner.

Table 5.
Uncategorized-dispersed-assimilated Arabic consonants with their associated graphemes for Malay CI children
and the corresponding minimal pairs used in the perceptual training.
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The data were collected via the FizBil© software. All responses from both partici-
pants were collected manually and concurrently auto-recorded on the notepad file by
the software.

All the recorded responses (manually and notepad file) were compared to match
the one-to-one score for the discrimination and identification tasks. The hit rate was
calculated as the total correct responses.

3.6.2.1 Results

A total of 1440 (30 presentations � 3 minimal pairs for phonological features � 4
phonemes � 2 tasks � 2 participants) data tokens were collected from two Arabic-
speaking participants with NH to check the program codes. The 1440 tokens were
contained in a “notepad file” and coded by the researcher simultaneously. This
method was adapted to check the responses in two ways.

The overall hit rate for the discrimination task was 99%, and the false alarm rate
was 3% for both types of recording: notepad file and manual recording. However, for
the identification task, the manual responses showed a hit rate of 98.0% with a 1%
false alarm rate, while the miss rate and false alarm rate in the notepad file were 99%.
These conflicts between the manual and notepad scoring suggest a coding mistake in
the software writing. Therefore, the software was reverted to the software program-
mer and debugged accordingly. The identification test was repeated as this part of the
software was debugged. Thus, another 720 tokens were recollected and reanalyzed. As
a result, the overall hit rate for the identification task was 98.3%, and the false alarm
rate was 2% for both notepad and manual note files. Thus, the FizBil© revised coding
for the identification task was accepted.

3.7 Phase III: formative evaluation of the FizBil© software

3.7.1 Pilot study C

Pilot study C was designed to explore the interface usability for children after
minimizing controlling variables such as perceptual difficulties. Unfamiliar phonemes
[/ħ/, [ح were used as stimuli in this pilot study.

Five Malay NH children (age: Range = 8–10 years; Mean = 8.6 years; Standard
deviation = 0.9 years) who fulfilled the inclusion criteria participated.

The tests were conducted in a quiet room at their own homes using the FizBil©

software. Stimuli were presented from a loudspeaker connected to the laptop at a
comfortably loud level.

All collected responses from pilot study C were compared, that is, discrimination
task manual scores vs. notepad scores. In addition, a correct percentage score of the hit
rate was calculated.

3.7.1.1 Results

A total of 900 (30 presentations � 3 minimal pairs for phonological feature � 1
phoneme � 2 tasks � 5 participants) tokens were collected during pilot C from five
NH Malay children during the discrimination and identification tasks consonant /ħ/.
The hit rate was 99.7% for the discrimination task, while the hit rate for the identifi-
cation task was 97%. These relatively high performances for both tests suggested that
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they were relatively easy for NH children. However, due to the ceiling performances
of the participants, the d-prime score (d’) was not calculated.

3.7.2 Phase III: pilot study D

Pilot study D was conducted on native Malay children with CI to examine the
overall suitability of user interface and instruction.

Two CI children participated, aged 11 and 8 years, with hearing ages nine and 4
years, respectively. They used a Cochlear Nucleus N6 speech processor with the
Advanced Combination Encoder (ACE) speech processing strategy and audio-verbal
communication mode. Both participants attended mainstream schools.

The stimuli (phonemes /ħ, sˁ, tˁ, ʁ/: detail in Table 4) were used in this pilot study
and were presented via the FizBil© software installed in window laptop. The data were
collected at the Audiology clinic of UKM. Data for both listening conditions, that is,
with and without feedback, were collected for 80–90 minutes a week intervals.

Overall, 2880 tokens (30 presentations � 3 minimal pairs for phonological feature
x 4 phonemes � 2 tasks � 2 participants � 2 modes, i.e., with and without feedback)
were collected and analyzed. The hit rate was 78%, and the false alarm rate was 22%.
Therefore, the d’ scores were calculated.

The d’score is the perceptual peak difference between two signals. Mathematically,
it is the difference between the standard deviation (z-score) corresponding to the
proportion of hit rate and false alarm rate. Equation (ii) was used to calculate the d’
scores as an index of perception.

d‘ ¼ z pHð Þ–z pFAð Þ (2)

3.7.2.1 Results

The bar graph (Figure 6) illustrates the d’ scores of two CI participants for
four unfamiliar Arabic phonemes in two testing conditions. In the first condition,

Figure 6.
Comparison of the perceptual learning scores (d0) of uncategorized-dispersed-assimilated Arabic consonants with
and without feedback in both the discrimination and identification tasks.
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that is, without feedback, perceptual confusions for all four unfamiliar phonemes
were evident. The relatively low d’ scores for /ħ, sˁ, tˁ, ʁ/ were � 1.0, �0.5, �1.5,
and 0.75, respectively. In the second testing condition, all listening stimuli were
paired with feedback. A dramatic rise was detected in perceptual scores of four
unfamiliar Arabic phonemes. The positive d’ scores for /ħ, sˁ, tˁ, ʁ/ were evidence.
Hence, the feedback interface was user-friendly and could be used for perceptual
training.

3.8 Phase IV: perceptual training—a case study

Phase IV is a pre-post training experimental design conducted over 12 weeks. Only
three out of seven CI children invited and consented by their parents to participate.
However, out of these three children, one child only participated in the pretest, while
the second child dropped off after the second training session. Hence, the data were
from only one participant who completed all sessions.

The training design is shown in Figure 7. Baseline responses were collected
during pre-training on week 1. Then, from weeks 2 to 5, categorical perceptual
training with feedback was provided for manner, place, and voicing categories. The
training was done once a week. In each training session, 30 stimuli of each phoneme
for each phonological category were presented in discrimination and identification
tasks [(30 presentations � 3 phonological features � 2 tasks) � 4 phonemes/session].
Therefore, each phoneme was heard 180 times in three different minimal pairs per
training session. Moreover, 720 stimuli were presented per visit. In total, 2880
stimuli were presented to the participant in 4 weeks of training. Each training session

Figure 7.
The 12-week perceptual training and test regime used in this study.
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lasted approximately 70–90 minutes (mins.), including two 5-minute forced breaks
after 20–25 mins. The post-tests I and II (maintenance) data were collected at weeks
six and 12.

During pretest (baseline) and post-tests I and II, a total of 2160 tokens were
collected. This data was analyzed according to the SDT recommendations for
pretest and post-test. The d-prime (d’) scores were calculated to measure
perceptual learning of phonological features’ discrimination and identification
before and after the training. The negative d’ score indicates perceptual confusion.
A positive value of d’ score represents the perceptual category in the perceptual
space [52–55].

3.8.1 Overall perceptual learning effect

Figure 8 shows the perceptual learning effect of dispersed uncategorized assimilated
phonemes. Bars at the left present the child’s baseline (week 1) perceptual ability. The
participant had perceptual confusion, as indicated by the negative d’ values for all the
tested uncategorized assimilatedArabic phonemes. However, the d’scores improved after
4 weeks of training and were retained after five weeks of no-training period. Positive d’
values seen at post-test I indicate a sharpening of the perceptual categories for all the
uncategorized-dispersed-assimilatedArabic phonemes. The positive d’scores remained at
post-test II, suggesting the learning effect and concrete conceptualization were evidence.

3.8.2 Perceptual learning for phonological categories

The effect of training and perceptual learning was further explored by comparing
the mean scores for each phonological feature at baseline, post-test I, and post-test II
for posterior consonants (/ħ, ʁ/) and emphatic consonants (/sˁ, tˁ/). Results are shown
in Figures 9 and 10, respectively. In general, it has been found that at baseline, the
child showed perceptual confusion for all three phonological categories. However,
post-training, perceptual learning occurred as indicated by the positive d’ values. At

Figure 8.
The overall perceptual learning effects for uncategorized-dispersed-assimilated Arabic phonemes in discrimination
and identification tasks in a Malay child with CI.
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post-test II, while retention was observed for manner and voicing, the place of artic-
ulation suffered after five weeks of the no-training period. The results were similar for
both discrimination and identification tasks for both posterior (see Figure 9) and
emphatic consonants (see Figure 10).

Figure 10.
The perceptual learning effects based on phonological features for uncategorized-dispersed-assimilated Arabic
emphatic manner of articulation.

Figure 9.
The perceptual learning effects based on phonological features for uncategorized-dispersed-assimilated Arabic
posterior place of articulation.
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4. Discussion

This study examined the perceptual learning of uncategorized-dispersed-assimi-
lated Arabic consonants for a group of non-native children with CI using a newly
developed, FizBil© bottom-up, customized software training module. The design and
development of the FizBil© software, which was based on the signal detection theory,
have been described in detail, involving identification and discrimination task mod-
ules. Figure 2 shows the hypothetical pathway of signal detection and non-native
phonemes’ assimilation, involving top-down and bottom-up signal processing. This
figure serves as the framework for this study.

4.1 Perceptual learning

Non-native perceptual difficulties are solely based on native language effects aris-
ing from the sharpening of perceptual categories [37] during language acquisition.
New category learning and the sharpening of learned perceptual categories depend on
bottom-up processing. Bottom-up perceptual training occurs when auditory stimuli
are presented with small intervals, that is, less than a second [66, 67, 78–83]. However,
most non-native and auditory training regimes are based on identification tasks. On
the other hand, a CI device provides more access to the envelope and temporal cues
than the spectral information of sound signal [28, 29, 49, 84]. Therefore, discrimina-
tion training should be added alongside identification training.

It should be noted that previous studies have indicated that production is directly
correlated with the perception of both native [62, 85] and non-native [36–46, 70–76]
phonological features. However, studies on improving the perceptual peaks or per-
ceiving distinct phonological boundaries among non-native children with CI have yet
to be reported. Thus, the design, development, and evaluation of the FizBil© software
described in this chapter are meant explicitly for this training purpose.

According to the signal detection theory (SDT), the perception of a phoneme is a
twofold process that comprises sensory processing and decision-making [52–56]. SDT
provides the psychophysical measure of information processing that enables listeners
to distinguish between information-bearing patterns and recognize them as two sep-
arate entities [47, 86, 87]. Research studies have shown that non-native perceptual
difficulties of NH adults [36–39, 41, 43–46, 69–71, 74–76, 79, 80] and children [88] are
solely based on native language phonological repertoire. These effects arise from
sharpening perceptual categories [37] during language acquisition [51, 89]. Nonethe-
less, for CI children, we need to consider information transmission via the cochlear
implant device on top of the communication for signal processing and assimilated
perception of non-native phonemes [6, 8–22, 35].

Kolb’s experiential learning theory (KELT) model defines that learning occurs with
experience, and learners have different abilities to acquire knowledge or information
[90, 91]. Experiential learning can only happen when teaching and instructional
design is carefully chosen [92]. Kolb [93] has explained that the four-stage
experiential learning cycle starts with the concrete experience, followed by reflective
observation, abstract conceptualization, and actively trying out. According to KELT,
learners have learning style preferences. Self-evaluation is a primary component in
KELT that provides learners with feedback training. Figure 11 represents the
conceptualized framework for perceptual learning of non-native phonemes and
training task effects.
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The perceptual training study evaluated the FizBil© software developed with
specific ISI-d and ISI-r for testing children with CI based on the bottom-up informa-
tion processing model. Only one child out of three volunteers who participated com-
pleted the 12-week training and test regime. Thus, the data reported was from a Malay
CI child with 2160 tokens collected. While this limits the researcher from generalizing
the finding, the results from one participant are still worth to discuss as the tokens
collected were huge. However, given that the main aim of phase IV was to implement
the FizBil© software, it was evident that the newly developed training software was
valuable and could be used for training purposes. As evidenced by the findings, the
perception of confusing Arabic phonemes could be sharpened into the three phono-
logical categories following training. Results are discussed below based on the KELT
theoretical framework.

KELT defines the theoretical and practical elements for a learner-centered
approach [90–92]. It is a cycle of four components: reflecting, thinking, acting, and
experiencing [90, 92, 94]. Learning is a multilayered process that includes multisen-
sory information processing. Processing occurs in two ways, that is, reflective obser-
vation and active experimentation. On the other hand, perception occurs with
concrete experience and abstract conceptualization. The feedback during the training
in the present study provided active experimentation (discrimination and identifica-
tion in minimal pairs) and built the abstract conceptualization in the perceptual space
with substantial experience [95–97].

At baseline, within the Malay perceptual space of the CI child, there was the
no-category formation of phonological features for posterior unfamiliar (Figure 9
baseline) and emphatic (Figure 10 baseline) Arabic phonemes. The d’ scores showed
negative values. However, four weeks of bottom-up training resulted in absolute
manner, place, and voicing of articulation category formation for posterior and
emphatic unfamiliar Arabic phonemes (see Figures 9 and 10). It could be observed

Figure 11.
The conceptualized framework for perceptual learning of non-native phonemes and training task effects based on
the KELT model.
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that the learning effects for manner and voicing of articulation features were more
prominent than the place of articulation.

In speech signals, the envelope cues convey the voicing and manner features, that
is, the slow periodic waves [88]. CI processing deficit in spectral cues transmission
could explain why CI users struggle with place feature learning [30, 33, 34]. Spectral
cues processing insufficiency is partly due to the limitation in their electrode discrim-
ination abilities [28–31, 84, 98]. All the factors mentioned above affect the perception
of the place of articulation among CI children. That might be part of the reason for the
place feature category decline after five weeks of the no-training period, which prob-
ably requires a little more time to sharpen the perceptual peak. In other words, the
overall d’scores decline in post-test II (Figures 9 and 10) could be due to place feature
learning effect decay. However, the findings showed that the learning effects of
manner and voice articulation were sustained after the long five weeks of off-training,
as indicated by the blue and green bars in Figures 9 and 10. In post-test II, the
identification of phonological features was better than discrimination. Discrimination
task is exclusively based on short-term memory and carried out auditorily [33, 81–
83, 98, 99]. In a short time (100–500 ms), one has to discriminate the two sounds
[49, 53, 56, 61, 92, 99–101]. This discrepancy might be due to information transmis-
sion difficulties using the cochlear implant hearing device [30, 35, 98].

5. Conclusion

In this study, the perceptual learning effects were evidenced using the bottom-up
training and led to category formation in the perceptual space of the non-native child
with CI. Phonological categories breakdown analyses revealed that manner and voic-
ing feature category formation emerged after four weeks of training and was retained
after five weeks of off-training. In contrast, place feature formation, observed after
four weeks of training in both discrimination and identification tasks, declined after
five weeks of the off-training period, suggesting more extended and ongoing training
might be needed for the perception of place features. Further analyses revealed that
the perceptual learning effects of the posterior place of articulation were less than the
emphatic manner of articulation. The learning effects of emphatic manner were
retained after five weeks of off-training, whereas the posterior place perceptual
learning effect noticeably declined. In conclusion, the perception of uncategorized-
dispersed-assimilated Arabic consonants could be refined within the Malay perceptual
space by bottom-up training in congenitally deaf, non-native CI children.
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Abstract

Cochlear implant (CI) activation usually takes place at about 30 days postoperative 
(PO). In our service, CI surgery is performed with local anesthesia and sedation, so 
Activation is possible with the patient’s cooperation, immediately after the CI surgery, 
still in the Operating Room (OR). The objective of this study was to provide the patient 
with hearing experience with the CI and to assess auditory perception immediately 
after surgery while still in the OR, and to compare Impedance Telemetry (IT), Neural 
Response Telemetry (NRT) and Comfort (C) level at two moments: in the OR and 
at the definitive Activation, approximately 30 days PO. Nine adults (12 ears) with 
acquired (post-lingual) deafness were included. Auditory perception was evaluated 
through Ling Sounds, musical instruments and clapping, presented in two different 
programming maps, elaborated using t-NRT, comparing between the two moments. 
We observed that while still in the OR, the patient can already present auditory detec-
tion and recognition responses. The values   of impedance, t-NRT and “C” level on both 
dates differed with statistical significance. We concluded that it is possible to provide 
the patient with an auditory experience with the CI immediately after surgery, and that 
the auditory experience and the values   of electrode IT, NRT and “C” level vary signifi-
cantly between the two moments.

Keywords: cochlear implants, post-lingual hearing loss, neural response telemetry, 
impedance telemetry, hearing restoration

1. Introduction

Cochlear implants (CIs) are well established as a successful tool for treating deaf-
ness and providing access to sound in individuals with severe to profound bilateral 
hearing loss. The CI consists of an internal and an external unit. Among the internal 
unit components are: the receptor-stimulator, which includes the internal antenna, 
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surgically placed next to the skull bone, behind the ear, under the skin, and the elec-
trode array, which is positioned inside the cochlea. The external unit components are 
the microphone, speech processor and transmitting antenna. The CI partially replaces 
the functions of the cochlea, transforming sound energy into electrical signals. The 
auditory perception elicited by the CI depends on the amount of electrical current 
that passes through the system, and the amount of current needed for the sound 
stimulus to be perceived varies according to each individual and for each CI stimula-
tion channel. The electrical stimulation parameters, therefore, must be individually 
adjusted to suit the needs of each patient.

The speech processor of the external unit is normally activated in the speech 
therapist’s office, about 30–40 days after surgery, time necessary for adequate healing 
of the surgical wound. For this activation the speech processor is coupled to the com-
puter software and, often using data obtained during the surgery, certain parameters 
are adjusted: stimulus current level, speed and pulse width. The adjustment process 
is called programming or “mapping,” and the more accurate the mapping, the greater 
the potential for achieving adequate speech perception. This process takes time and 
must be performed regularly, as the use of the processor itself requires new adjust-
ments, personalized programming for each individual, aiming at better hearing gain 
with increasingly clear, crisp and comfortable sound [1].

Mapping can be performed subjectively, through conditioning techniques and 
behavioral observation (clinical assessment) or objectively, through examinations. 
The common procedure in the programming of CI is the determination of the 
dynamic area for electrical stimulation. The dynamic area is the region between the 
amount of current that first induces an auditory sensation, that is, the threshold for 
electrical stimulation (T-level) and the maximum intensity sensation level that the 
patient will accept for electrical stimulation with comfort (C-level). The dynamic 
area is determined through psychophysical measures and the ease with which the 
speech therapist will obtain these levels varies according to a series of factors such 
as chronological age, mental conditions, time of deafness and other conditions of 
the patient’s development. In young children or individuals with other associated 
impairments, obtaining the dynamic area is part of a long and complicated process, 
especially in the initial periods of CI use. The limited auditory experience that these 
individuals had before CI surgery, as well as the cognitive and linguistic immaturity 
to perform the necessary procedures, makes the answers obtained many times 
inconsistent. Although conditioning techniques and behavioral observation can be 
used to obtain T and C levels, unfortunately, for a part of the population, these values 
are not obtained reliably. As a result, these levels are often arbitrarily adjusted. On 
the other hand, objective measures may include electrically evoked brainstem poten-
tials (EABR), stapedial reflex in response to electrical stimulation in the cochlea or 
standard measures of acoustic impedance. A more direct way of measuring cochlear 
nerve function is the Electrically Evoked Compound Action Potential (ECAP). ECAP 
reflects the synchronized firing of cochlear nerve fibers and is in many ways similar 
to wave I found in EABR, occurring at a latency of less than 0.5 ms. The Neural 
Response Telemetry (NRT) is a technique that allows direct measurement of ECAP 
in implanted patients [1]. Behavioral assessment includes musical instruments of low, 
medium and high timbres and with weak, medium and strong intensity. These instru-
ments are: rattle, agogô, bell, drum, coco, rattle, castanets, ganzá, reco-reco, caxixi, 
xylophone, triangle, black black, accordion, whistle, cymbals. There are also methods 
that are attributed to evaluation, such as knocking on the door and clapping hands 
[2]. Composing the behavioral assessment, it is possible to make use of the “Sounds 
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of LING” proposed by Daniel Ling, which incorporates phonemes of low, medium 
and high frequencies, which typically occur in speech [3], a behavioral assessment 
that tests the effectiveness of the cochlear implant. The concept behind Daniel 
Ling’s Six Sound Test was to select familiar speech sounds that broadly represent 
the 250–8000 Hz speech spectrum. It is useful to address detection, discrimination 
and identification skills, but it is not a test of comprehension [4]. Auditory skills are: 
detection, which is the most basic level of sound perception, is awareness of the pres-
ence and absence of sound; discrimination is the ability to discriminate two or more 
stimuli, saying whether they are the same or different; the recognition skill that makes 
it possible to identify, classify and name what you have heard; and listening compre-
hension is considered the most complex, which allows the individual to understand 
the meaning of language in oral speech. Attention and memory processes permeate 
these skills and are essential for their development [4–6].

Objective assessment includes tests such as Impedance Telemetry that aims to assess 
the integrity and functionality of the electrode array and Neural Response Telemetry 
(NRT), which allows recording of the electrically evoked compound action potential 
(ECAP) of the distal portion of the auditory nerve, using the implant itself to elicit the 
stimulus and record the ECAP responses, evaluating the functional characteristics of 
ganglion cells and other neural structures [7, 8], which can be useful for programming 
the speech processor during the first postoperative adjustment [9] in patients who do 
not provide feedback, such as in young children. NRT is obtained in approximately 
80% of the evaluated individuals and its technique can be a valuable tool in confirming 
the integrity of the internal device, in the objective determination of which electrodes 
can be included in a given map, the best stimulation speeds and speech coding strate-
gies, as well as in the estimation of the dynamic area, with extreme clinical importance 
[10]. ECAP thresholds can be useful to predict the minimum and maximum levels that 
determine the dynamic area for electrical stimulation, these levels can be named and 
defined differently for the different brands of CI on the market. The dynamic area is 
the region between the amount of current that first induces the auditory sensation, that 
is, the threshold for electrical stimulation (T-level) and the maximum intensity sensa-
tion level that the patient will accept for electrical stimulation (C-level). This is done 
so that the CI is programmed within the loudness range which allows speech sounds 
and other sounds to be audible but not uncomfortable [11]. It is generally determined 
through psychophysical measurements, although objective or electrophysiological 
measurements of hearing can be used [12]. However the correlation between ECAP 
thresholds and psychophysical thresholds is affected by many factors, and analysis 
showed that there is only weak evidence to support the use of eCAP data for CI fitting 
purposes; and they are also an equally weak predictor for both T- and C-levels [13].

With the use of local anesthesia and sedation technique for CI surgery in our ser-
vice [14], at the end of the surgery, still in the operating room, the patients are already 
awake and when the NRT is performed, they report listening to the stimuli that occur 
during the testing and sometimes may question if that is what they will hear after 
activating the CI.

With this report, we realized that it would be possible, even in the operating room, 
to activate the speech processor with patient cooperation, allowing the patient audi-
tory perception immediately after surgery, still in the Operating Room. In this way we 
mapped the activation using the NRT thresholds to determine and test the dynamic 
field (T and C levels). After this activation, dressing of the wound was performed 
and the definitive activation was scheduled for about 30 days after this date, when 
adequate healing is achieved.
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Therefore, the objective of this work was to carry out activation immediately after 
surgery while still in the Operating Room, providing the patient with an auditory 
experience with the CI, determining the dynamic field (T and C levels) and perform-
ing Impedance telemetry (IT), and Neural response telemetry (NRT) which is based 
on the measure of the Electric Compound Action Potential (ECAP) thresholds, using 
two different programming maps (Map 1 and 2) and comparing them at the moment 
of surgery and at the definitive Activation, 30 days later.

2. Materials and methods

This was a prospective analytical, longitudinal study, approved by the Institutional 
Review Board under number 12855619.9.0000.5529, carried out in nine adult patients 
(six unilateral and three bilateral cases, 12 ears total), all with acquired (post-lingual) 
hearing loss, who underwent CI surgery under local anesthesia and sedation accord-
ing to our standard protocol published elsewhere 14 and who consented for the CI 
activation in the Operating Room (OR). Surgery was performed in the Operating 
Room of a tertiary hospital in the city of Curitiba, Parana, Brazil.

Patients either already were using Hearing Aids and underwent CI surgery (uni-
lateral cases) or had a CI in one ear and underwent sequential CI surgery (bilateral 
cases). The sample included both sexes. Exclusion criteria were not consenting for 
the activation in the OR, not undergoing intraoperative NRT or failing (having no 
response) in assessment of impedance telemetry, or in obtaining intraoperative ECAP.

The CI model was CI24RE (CA) and CI422. Measurements were obtained during 
CI surgery through computer software NRT Custom Sound EP 3.2 (3.2.3855), con-
nected to the portable programming unit and speech processor and the transmission 
antenna of the CI (software developed by Cochlear Corporation).

The NRT system allows pacing and recording on any pair of electrodes, in mono-
polar or bipolar modes. Normally, monopolar mode is used. The stimulation pulses 
are presented to a specific intracochlear electrode that has the MP1 extracochlear 
electrode as a reference, positioned below the temporal muscle flap. Another intra-
cochlear electrode located in the vicinity is used as a recording electrode, having as 
reference another extracochlear electrode (MP2), located on the receptor-stimulator. 
Generally, the intracochlear electrode used for ECAP recording is located approxi-
mately 1.5 mm more apical (space of two electrodes) in relation to the position of 
the pacing electrode. For example, if the pacing electrode selected is 5, the recording 
electrode will be 7. The pair of active and reference electrodes used for pacing must 
be different from the pair of electrodes used for recording in order to reduce artifact. 
Electrodes with high impedance values or electrodes that are out of compliance 
should not be used for measurements.

Firstly, in the OR, Impedance Telemetry (IT) was performed to assess integrity 
and functionality of the electrodes. Impedances were measured on the 22 electrodes 
in monopolar MP1, monopolar MP2, monopolar MP1 + 2 and Common Ground (CG) 
modes. Values were considered normal when between 1.5 kΩ and 20 kΩ in MP1, MP2 
and MP1 + 2 modes and between 0.7 kΩ and 20 kΩ in CG mode. Only electrodes that 
presented impedance within normal limits, according to software standards, were 
used for recording Neural Response Telemetry (NRT). Then, measurements of intra-
operative t-NRT (NRT threshold) were performed in all electrodes, and we used the 
response in at least five electrodes for analysis, dividing the cochlea into four regions: 
electrodes 01 to 05, 06 to 10, 11 to 15 and 16 to 22. The current level (CL) in each 
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electrode initiated at 150CL, with an interval of 6CL between one stimulus and the 
other, up to the maximum stimulation of 255CL or until reaching t-NRT. Interpulse 
interval was fixed at 500 μs, stimulation speed at 80 Hz in series of 25 μs per phase.

We used Cochlear Corporation Custom Sound EP software to obtain objective 
measurements of IT and NRT, and Custom Sound to assemble maps and perform 
Activation following surgery. With the Nucleus 5 - CP 810 processor, two maps were 
created with stimulation speed of 900 Hz, 8 maxima, volume 6, sensitivity 12, with 
different levels of “T” and “C”:

• Map 1: Created with “C” levels by subtracting 10 current units from tNRT;

• Map 2: Created with “C” levels equal to tNRT.

And “T” levels were estimated at 40 current units below “C” level.
Afterwards, each patient was evaluated in the OR, with either map, by:

• Ling sounds (/a/, /i/, /u/, /m/, /s/, /sh/);

• Instrumental sounds: bell rattle (2KHz to 6KHz), coconut shells (600 Hz to 3KHz), 
bell (4KHz to 8KHz) and drum (250 Hz to 600 Hz) (Figure 1);

• Claps (one or two claps).

Presentations were performed in a closed set, the patient being informed about 
which sounds would be presented: Ling Sounds, musical instruments or clapping. All 
were performed approximately 60 cm from the speech processor. The patient was still 
lying on the surgical table. Responses were observed and noted. The analysis of the 

Figure 1. 
Instruments sounds used: Bell rattle, coconut shells, bell and drum.
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auditory perception responses, immediately after surgery, in the two different maps 
tested, was done by observational analysis. The behavioral tests were evaluated based 
on the auditory skills: detection, discrimination and recognition.

The second assessment was done at the day of definite activation, 30 days postop, 
with IT and NRT.

Results were described as mean, standard deviation (SD), median, minimum and 
maximum. To compare NRT and IT between the two evaluation moments, Student’s 
t test was used for paired samples. The normality condition was evaluated by the 
Shapiro-Wilk test. Values   of p < 0.05 were considered of statistical significance. 
Data were analyzed using the computer program Stata/SE v.14.1. StataCorpLP, USA. 
Detection, recognition and non-detection to sound were considered for the observa-
tional analysis of responses to Ling Sounds, instrumental and clapping sounds.

3. Results

The analysis performed was based on data from 12 ears of nine patients (six 
unilateral and three bilateral cases). The CI electrode bundle CI24RE (CA) was used 
for 10 ears and two ears with CI422. Based on the presented tNRT, Maps 1 and 2 were 
tested. We based the analysis in that sound detection precedes auditory recognition, 
so all percentage calculations were based on the total detection and recognition being 
100%, and from this we calculated the percentage of recognition.

For the detection, non-detection and recognition of Ling Sounds in the 12 ears, 
we found that with Map 1: the 12 ears detected the phoneme /a/, but only 3 ears 
recognized it, the 12 ears detected /i/, but only 2 recognized it, 11 detected /u/, 3 
recognized it, 11 detected /m/, 12 detected /sh/ and one recognized it, 12 detected /s/. 
With Map 2, for the phoneme /a/ 12 detected and 5 recognized it, for /i/ 12 detected 
and 2 recognized it, for /u/ 12 detected and 6 recognized it, for /m/ 12 detected and 
2 recognized it, for /sh/ 12 detected and 4 recognized it, and for /s/ 12 detected and 1 
recognized it. Based on these data we can say that we obtained 12.85% of recognition 
of LING sounds for Map 1 and 27.77% with Map 2.

For the detection, non-detection and auditory recognition of musical instruments 
with Map 1, there was detection of the bell rattle, coconut shells, bell and drum for 
the 12 ears, 3 of which recognized the bell and 3 recognized the drum. As for Map 2, 
there was detection of the bell rattle for 11 ears, for the other instruments there was 
detection with the 12 ears, and 2 ears recognized the bell, and 3 the drum. Therefore, 
it was possible to observe 25% of recognition of the bell and drum for Map 1 and 
16.66% of recognition for the bell and 25% for the drum with Map 2.

For the detection, non-detection and recognition of one or two claps we verified 
that palms were possible to be detected and recognized. With Map 1 we found 41.66% 
of recognition for one or two claps and with Map 2 the recognition was 33.33%. With 
both Map 1 and Map 2, some patients reported detecting and discriminating the 
sound, but they did not recognize it (they did not know what they were hearing). 
They detected but made mismatches between Ling Sounds, between the instruments, 
and named instruments such as “hiss,” “beat,” “a thin sound,” or “papapa.” With Map 
1, the rattle (that was not presented) was also mentioned, and one patient reported 
hearing well and one reported hearing it low. With Map 2, three patients reported 
being too loud, one patient reported discriminating between low and high sounds. 
All these responses were considered detection. Only those who recognized the sound 
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being presented were considered recognition. Results were similar for all patients 
in both maps, although discomfort was reported with Map 2 (stronger) by three 
patients.

Regarding tNRT, Table 1 presents descriptive statistics of tNRT in the operat-
ing room and on activation and the mean difference between tNRT in the two 
situations.

Based on Table 1, we can see that there was a statistically significant difference 
between tNRT obtained in the OR and on the day of definitive activation for elec-
trodes 1, 6, 11 and 16, only not for electrode 22 (but p value suggests that there is a 
tendency for a statistically significant difference).

Table 2 shows descriptive statistics of tNRT in the operating room and the mea-
surements of “C” level informed by the patient on the day of activation and the mean 
difference between them. There was a statistical difference between tNRT measure-
ment performed in the OR and the measurement of the “C” level informed by the 
patient on the day of activation as a comfort level. We can observe that the values of 
the “average and median” of the current levels for each electrode decrease between 
one situation and another.

We can see clearly how in the three situations (tNRT on the day of surgery, tNRT 
on the day of definitive activation and “C” level on the day of activation) current level 
decreases.

Table 3 presents descriptive statistics of IT in the OR and at activation 30 days 
later and the average difference between IT in the two situations. There was a statisti-
cally significant difference between the two moments. It is clear how Impedance values 
increased consecutively.

Electrode Variable Mean ± SD Median 
(min-max)

Mean reduction  
(OR – activation)

p*

Electrode 1 tNRT OR 180.7 ± 19.6 182.5 
(145–205)

14.8 <0.001

tNRT activation 165.8 ± 21.6 169.5 
(126–191)

Electrode 6 tNRT OR 187.3 ± 14.9 184.5 
(162–215)

15.2 <0.001

tNRT activation 172.1 ± 10.8 173 (155–194)

Electrode 11 tNRT OR 193.3 ± 16.5 199,5 
(165–217)

13.1 0.015

tNRT activation 180.3 ± 20.7 189 (134–203)

Electrode 16 tNRT OR 184.1 ± 20.4 185 (141–220) 11.2 0.016

tNRT activation 172.9 ± 16.4 176 (135–191)

Electrode 22 tNRT OR 170.9 ± 19.2 175 (140–204) 13.8 0.091

(n = 11) tNRT activation 157.1 ± 18.6 154 (129–190)

OR  =  operating room, activation  =  activation day; min-max  =  minimum and maximum values; SD  =  standard 
deviation.*Student’s t test for paired samples, p < 0.05.

Table 1. 
Comparison between tNRT values: in the operating room (OR) and at the activation day (after 30 days).
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4. Discussion

We observed that in our CI patients because of the local anesthesia and sedation 
technique [14] it was possible to perform CI activation at the immediate period of 
surgery, while still in the Operating Room (OR). We also found that we can use tNRT 
as a “C” level of stimulation.

In our study, we found that there was a statistically significant difference in 
telemetry (both IT and tNRT comparing OR day and day of activation), in that IT 
increased after surgery, and tNRT and C level decreased after surgery; in the OR 
there was detection in behavioral tests with Ling Sounds, musical instruments and 
clapping, but discomfort to the sound was also reported. Due to this discomfort, we 
therefore suggest using a lower current level for activation than the one found on 
tNRT at the day of surgery.

Lai et al. [15] showed that intraoperative NRT data were generally stable enough 
to be used to assist in initial speech processor mappings, and it was not possible to 
predict changes in the map’s subjective threshold or comfortable loudness levels based 
on changes observed in the NRT data. In our study, we warn that this should be done 
with caution, because there was a statistically significant difference when comparing 
tNRT responses on the day of surgery with the measurement of “C” level (comfort 

Electrode Variable Mean ± SD Median (min-max) Mean 
reduction 

(OR – “C”)

p*

Electrode 
1

tNRT OR 180.7 ± 19.6 182.5 (145–205) 40.7 <0.001

“C” level 
activation

139.9 ± 21.1 140 (102–175)

Electrode 
6

tNRT OR 187.3 ± 14.9 184.5 (162–215) 43.5 <0.001

“C” level 
activation

143.8 ± 14.1 146 (122–162)

Electrode 
11

tNRT OR 193.3 ± 16.5 199.5 (165–217) 46.4 <0.001

“C” level 
activation

146.9 ± 12.7 147.5 (130–165)

Electrode 
16

tNRT OR 184.1 ± 20.4 185 (141–220) 38.2 <0.001

“C” level 
activation

145.8 ± 12.3 147 (126–165)

Electrode 
22

tNRT OR 170.9 ± 19.2 175 (140–204) 29.4 0.001

(n = 11) “C” level 
activation

141.5 ± 11.4 138 (127–165)

OR  =  operating room, activation  =  activation day; min-max  =  minimum and maximum values; SD  =  standard 
deviation.*Student’s t test for paired samples, p < 0.05.

Table 2. 
Comparison between tNRT in the operating room (OR) and the “C” level assessment (activation with responses) 
(after 30 days).
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threshold) at the day of activation. These values decreased, tNRT in OR was higher 
than tNRT on the day of definitive activation, and this in turn was higher than the 
“C” level measured on the day of definitive activation. Unlike tNRT, we observed that 
Impedance values   increased from the day of surgery to the day of activation, but it 
should be noted that IT was the first procedure performed and the stimulation cur-
rent had still passed. Often, when we perform CI activation in young children, who 
do not cooperate or who do not allow tNRT to be performed, we use tNRT performed 
in the OR as basis for building the activation map. It is important to know, although 
it is information given by an adult, how much the tNRT data performed on the day of 
surgery can help but also be uncomfortable in the listening experience. In this study, 
we observed that the map with the “C” level at the tNRT threshold, although consid-
ered uncomfortable by two patients, because it was higher, allowed the detection of 
Ling Sounds, clapping and the detection of instruments only reporting whether bass 
or treble. Of course, with children we should rely much more on observing behavioral 
responses and make use of other objective measures such as the investigation of the 
electrically evoked stapedial reflex threshold [16]. It is important to emphasize that 
when programming levels are determined based on ECAP thresholds, the stimulation 
can be uncomfortably high, particularly in the basal electrodes [17–19]. We could 
observe that there was a decrease of about 40cu for the basal electrodes between the 
ECAP thresholds (tNRT) on the day of surgery (OR) and the “C” level reported by 
the patient at the Activation day.

More research is needed to affirm whether the eCAP can be used to predict current 
levels of individual CI recipients at the day of activation [13]. But our findings can be 
of help.

Electrode Variable Mean ± SD Median (min-max) Mean increase 
(ativ – CC)

p*

Electrode 1 IT OR 57 ± 1.5 5.7 (3.9–8.7) 8.3 <0.001

IT 
activation

13.9 ± 2.2 14 (9.6–17)

Electrode 6 IT OR 5.1 ± 2.1 5.1 (2.5–9.7) 7.9 <0.001

IT 
activation

13 ± 2.2 13.1 (7.7–15.7)

Electrode 11 IT OR 5.6 ± 2.2 5.2 (2.9–10.9) 6.2 <0.001

IT 
activation

11.8 ± 2 12.2 (7.6–13.8)

Electrode 16 IT OR 5.8 ± 2.0 5 (3.6–10.1) 5.6 <0.001

IT 
activation

11.4 ± 2.8 12.3 (6.6–15.1)

Electrode 22 IT OR 6.3 ± 2.6 5.3 (3.2–10.6) 5.4 <0.001

IT 
activation

11.8 ± 3.3 12 (4.4–16.8)

OR  =  operating room, activation  =  activation day; min-max  =  minimum and maximum values; SD  =  standard 
deviation.*Student’s t test for paired samples, p < 0.05.

Table 3. 
Comparison between electrode impedance telemetry (IT) in the operating room (OR) and in the activation day 
(after 30 days).
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Behavioral measures, even if minimally observable, are important for CI program-
ming. Objective electrophysiological measurements help predict behavioral levels, 
but these alone cannot replace the accuracy of a behavioral map [20]. Research has 
revealed a stronger correlation between ECAP threshold and “C” level than between 
ECAP threshold and “T” level [21]. We believe that our patients found it easy to detect 
the sound and even to recognize it, because they had all post-lingual hearing loss and 
already wore a CI in one ear or hearing aids. We have previously studied pre- and post-
lingual differences in programming elsewhere [22]. It was possible to observe with Map 
2, level “C” at the NRT threshold, a higher percentage of detection and recognition of 
Ling sounds when compared to Map 1. Regarding the instruments, we used instru-
ments with different sound spectrum: for the bell rattle, detection was considered 
the fact that they identified the sound and reported being strong or weak and being 
high or low, we could observe that only for one ear with Map 2 the bell rattle was not 
detected.

In this research, it was possible to observe that even immediately after the inser-
tion of the electrode bundle in the cochlea, while still in the OR, the patient can 
already present auditory detection and recognition responses with both objective and 
behavioral measures. We believe in the importance of activation as early as possible, 
but we agree that the healing period must be respected. This auditory experience may 
make them calmer and hopeful to wait for the definitive Activation date in 30 days 
and this observation may also help in the programming of the CI.

5. Conclusion

This chapter shows that CI activation in the Operating Room, immediately after 
surgery with local anesthesia and sedation, is possible. We could provide the patient 
with a hearing experience with the CI while still in the OR with auditory detection 
and auditory discrimination of different types of stimuli, but with poor recognition. 
Maps with higher current offer better results, but also provide auditory discomfort. 
Impedance telemetry values increased from the day of surgery to the day of definitive 
activation, at 30 days, and Neural Response Telemetry values decreased for the same 
period, and both were statistically significant.
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Chapter 8

Static Posturography with
Nintendo Balance Board in
Children after Cochlear
Implantation
Maksym Situkho, Viktor Lutsenko, Yevhen Antonov
and Viliam Dolinay

Abstract

Human balance is essential for maintaining stable posture and safe mobility. Bal-
ance relies on the integration of various sensory and motor systems, including the
audiovestibular, visual, and proprioceptive systems. Cochlear implantation can
potentially affect the peripheral vestibular system, leading to balance disturbances.
We studied postural balance in children after cochlear implantation (CI) using the
Nintendo Wii Balance Board (WBB) with Wii Posturografie software. Balance was
assessed in 77 children (14 with CI, 25 with sensorineural deafness, and 38 controls).
Children under 8 years old after CI showed significant differences in postural balance
compared to controls, while those over 8 years old did not differ significantly. The
WBB with Wii Posturografie proves effective for evaluating postural balance in chil-
dren. Understanding postural changes in CI recipients can aid in optimizing auditory
rehabilitation and enhancing overall outcomes. Further long-term investigations are
needed.

Keywords: cochlear implantation, postural balance, static posturography, Nintendo
Wii Balance Board, children

1. Introduction

Human balance is a multidimensional concept, referring to the ability of a person
to avoid falling. It can be characterized as the potential of the body to maintain a stable
posture for maximum time with minimal body sway. The integration and coordina-
tion of various body systems, including the audiovestibular, visual, and motor sys-
tems, as well as higher-level premotor systems, contribute to achieving balance. The
central nervous system interprets information from sensory systems and produces a
response to activate postural muscular synergies. These synergies are responsible for
proper head, eye, and body movements to maintain posture [1].
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Balance maintenance involves holding, attaining, or restoring the projection of a
center of pressure (COP) relative to the support base, or generally within the limit of
stability. The limit of stability is the maximum deviation of the body that a person can
arbitrarily withstand in any direction without falling or having to take a step [2].

The functions of the balance system include [3]:

1.Maintaining a certain postural position, such as sitting or standing.

2.Promoting voluntary movements such as transitional movements between
postures.

3.Reactions that restore equilibrium after sudden external stimuli such as a trip, a
slip, or a push.

Balance control is essential not only to maintain postural stability but also to ensure
safe mobility in everyday life, such as performing manual tasks while standing, lifting
from a chair, walking, and turning.

The balance is usually tested on a force platform in a laboratory setting. Force
platforms are commonly found in research laboratories, physiotherapy, and audiology
departments because they can be used to identify most types of balance disorders, are
available commercially, and have normative data associated with them [4].

During the study, the body sway data, a factor directly related to the balance, is
obtained by recording the force vector applied by the body to the plane of the
platform. The data obtained allow us to describe the body sway using several quanti-
tative indicators accurately.

There are some important limitations. Testing on the force platform is a time-
consuming procedure, the platform itself requires installation under the floor,
which restricts its mobility and significantly increases the overall cost of the equip-
ment. Thus, the classical force platform is difficult to use in conventional clinical
practice.

The Wii Balance Board (WBB) device (Nintendo, Kyoto, Japan) is relatively inex-
pensive and available almost anywhere in the world, but it is potentially effective to
perform an instrumental balance assessment in limited time and space clinical set-
tings. This device resembles a typical force platform (Figure 1) and is a clinically
useful tool for assessing balance [5].

Scientists from several countries are using WBB with adapted or custom
software, such as LabView (National Instruments, Austin, TX, USA), Balancia
(Mintosys, Seoul, Korea), Wii Posturografie (Tomas Bata University, Zlin, Chech
Republic) that communicates with WBB via Bluetooth to evaluate differences with
laboratory-level force platforms [5–7]. WBB demonstrated excellent concurrent
validity in comparison with force platforms to quantify static balance in healthy adults
(ICC 0.77 to >0.99) and in patients with Parkinson’s disease (ICC = 0.92–0.98) after
stroke (ICC = 0.82–0.98) [8, 9].

Various pathologies such as neurological disorders, sensory deficits, or muscle
weakness can cause balance disorders.

Deafness is one of the most severe sensory deficits for an individual and for society
as a whole. At the same time, vestibular dysfunction is often detected in children with
congenital hearing defects. According to Jacot (2008), the vestibular function was
symmetrically impaired on both sides in 18.6%, asymmetrically impaired in 32.6%,
and was normal only in 37.2% of cases among patients with deafness [8].
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Cochlear implantation (CI) is a state-of-the-art and the most effective method of
deafness rehabilitation. More than one million patients worldwide are already users of
cochlear implants [9].

Both intraoperatively and in the postoperative period of cochlear implantation, a
negative effect on the peripheral part of the vestibular analyzer is possible due to
several mechanisms:

• direct traumatization of the vestibule with an active electrode [10];

• intraoperative loss of perilymph [11];

• acute serous labyrinthitis after cochleostomy [12];

• the reaction of the labyrinth to a foreign body [13];

• endolymphatic hydrops [14];

• electrical stimulation of the labyrinth [15].

The following manifestations of vestibular dysfunction after exposure to the above
factors have been described [11, 12, 16]:

• worsening of the existing vestibular dysfunction;

• the onset of vestibular dysfunction after CI;

• slowing down the development of motor skills;

• disequilibrium;

• dizziness caused by sound.

Figure 1.
Wii balance board platform.
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Given the critical social impact of CI, especially in children, all of these potential
negative effects should be investigated in great detail. Despite a large number of
clinical trials performed in the world and in Ukraine, the state of postural balance in
patients in the long-term period has not been studied enough. This is due to the low
motivation of the parents of implanted children to undergo additional examinations,
especially in the absence of complaints in the child, as well as the unavailability of
equipment for the study of balance in routine clinical practice.

Purpose of the study: To study the indicators of postural balance in children after
cochlear implantation.

An observational cohort study included 38 children with normal hearing and no
vestibular complaints, 25 children with sensorineural deafness (SND), and 14 children
after unilateral cochlear implantation. The age of the children ranged from 2.8 to
17.9 years. The mean time after implantation was 3.2 years.

Static balance was assessed using the Nintendo Wii Balance Board (Nintendo,
Kyoto, Japan) connected via Bluetooth to a Dell 3550 laptop (Dell Inc., Round Rock,
USA). WBB accuracy in weight measurement was assessed by the state metrological
enterprise “Ukrmetrteststandart”. Postural balance indicators were recorded using the
Wii Posturografie software developed at the Department of Applied Informatics at
Tomas Bata University (Zlín, Czech Republic) (Figure 2).

The study was conducted in a quiet medical office, the patient stood barefoot on
the platform in a position with heels together, feet apart at an angle of 45°. The child
was given up 30 s to adapt, then the balance indicators were recorded in a position
with open eyes for 20 s. After that, the child was asked to close his eyes, after
adaptation, the balance indicators were recorded in the position with eyes closed for
the next 20 s [17]. All indicators in children after cochlear implantation were recorded
with the processor turned on.

The following postural balance parameters were recorded: Way, Area, Lateral,
Anterior-Posterior (AP), and AP/Lateral in the position with gaze fixation (Opened)
and with eyes closed (Closed). The following indicators were calculated: Romberg
Way, Romberg Area [18]. See Table 1a (Appendix) for the list of technical terms.

Figure 2.
Wii posturography software interface.
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The following indicators are considered the most critical balance parameters:
TheWay parameter (cm/s) describes the path of movement of the COP. Since the

study time is set to a constant number, this parameter is characterized as the speed of COP.

Mi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xiþ1 � xið Þ2 þ yiþ1 � yi

� �2q

W ¼ T�1

n

Xn
i¼1

Mi mm=s½ �,
(1)

Where:
Me – a separate element of the path calculation
T – study period
x,y – coordinates of COP
n – number of measurements

The Area parameter (cm2/s) marks the area and describes the variations in COP
during the study.

Ni ¼ yiþ1�y0ð Þ ∗ xi�xoð Þ� yi�yoð Þ ∗ xiþ1�x0ð Þj j
2

A ¼ 1
t

Xn�1

i¼1

Ni mm2=s
� �

, (2)

Where:
Ni – a separate element of the area calculation,
t – study duration [s],
xO and yO - average values of the coordinates of the center of gravity.

The AP parameter is the resulting anteroposterior center of gravity vector (the
length of the anteroposterior COP shifts during the study).

sum ¼
X
i¼1

yi � yi�1

� �

Ant‐Post ¼ sum=t,
(3)

Where:
t – study duration [ms],
y – the center of coordinates of COP.

The parameter Lateral (cm/s) is the resulting amplitude vector of the lateral
displacements of the center of gravity (the length of the lateral displacements of the
center of gravity during the study).

sum ¼
X
i¼1

xi � xi�1ð Þ

Lateral ¼ sum=t
(4)

Where:
t – study duration [ms],
x – the center of coordinates of the center of gravity.
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The AP/Lateral parameter is the ratio of the anterior–posterior and lateral balance
components of the subject. It reflects the general dominance of the direction of the
gravitational amplitude.

AP
Lateral

¼ Ant� Post
Lateral

(5)

All parameters were recorded in two positions: with eyes open (opened) with gaze
fixed on a still image and in a state with eyes closed (closed). In the first position, the
vestibular system, visual posture control, and the proprioceptive system are involved
in maintaining balance. In the second position, the participation of visual control in
maintaining postural balance is excluded.

The Romberg Way parameter is the ratio of the Way values obtained in the study
with the patient’s eyes open and closed.

Romberg Way ¼ Wayclosed
Wayopened

(6)

The Romberg Area parameter is the ratio of the Area values obtained in the study
with the patient’s eyes open and closed.

Romberg Area ¼ Areaclose
Areaopened

(7)

The Romberg Way and Romberg Area parameters demonstrate the role of visual
control in maintaining postural balance.

Statistical processing included testing the hypothesis that the sample distribution
corresponds to a normal (Gaussian) distribution using the Kolmogorov–Smirnov and
Shapiro–Wilk tests. The null hypothesis of the absence of differences between the
samples in multiple comparisons was tested using the nonparametric Kruskal–Wallace
test. The Spearman correlation coefficient was used to determine the relationship
between individual indicators.

Differences between samples were considered statistically significant at a signifi-
cance level p (probability of erroneously rejecting the null hypothesis) less than 0.05.
Data analysis was carried out using the MedCalc statistical software (MedCalc Soft-
ware Ltd., Ostend, Belgium). Graphs and figures showing the differences between the
indicators were obtained using the MedCalc software.

2. Results and discussion

Based on the literature data [19, 20], we conducted a correlation analysis of the
relationship between postural balance indicators and age in children with normal
hearing (Figure 3). We recorded a trend toward a significant decrease in the values of
indicators until the age of 8 years. With increasing age, the balance indicators stabi-
lized or had a slight tendency to decrease. As a result of the subsequent analysis, we
obtained significant differences in the values of the postural balance parameters Way,
Area, and AP recorded in the position with eyes closed and the values of the AP
parameter recorded with eyes open in children in groups younger than and older than
8 years (Table 1).
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Figure 3.
Correlation analysis of postural balance parameters in children with normal hearing depending on their age.
A. Parameter Area with opened eyes. B. Parameter Area with closed eyes. C. Parameter Way with opened eyes.
D. Parameter Way with closed eyes.

Under 8 years old
Median (95% CI)

Over 8 years old
Median (95% CI)

Eyes opened Eyes closed Eyes opened Eyes closed

Way, cm/s 1.38
(1.12–1.66)

2.05
(1.49–2.68)

1.15
(0.93–1.32)

1.56
(0.96–1.87)*

Area, cm/s2 0.30
(0.15–0.34)

0.47
(0.27–0.64)

0.13
(0.10–0.29)*

0.23
(0.10–0.47)*

AP, cm/s 0.91
(0.78–1.17)

1.56
(1.09–1.87)

0.75
(0.64–0.92)

1.03
(0.71–1.22)*

Lateral, cm/sec 0.83
(0.66–1.02)

1.05
(0.8–1.52)

0.71
(0.54–0.78)

0.77
(0.55–1.25)

AP/Lateral 1.15
(0.95–1.29)

1.35
(1.16–1.54)

1.16
(1.03–1.23)

1.27
(0.98–1.54)

Note: CI, confidence interval; *, the difference between indicators in groups under 8 and over 8 years old is statistically
significant (p ˂ 0.05).

Table 1.
Postural balance parameters in normally hearing children.
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In this work, we divided all groups of children (control, CIS, after CT) into 2 age
subgroups: up to eight and after eight full years.

The results obtained are shown in Tables 2–4.

2.1 Parameter way

In the position with open eyes (Opened) in children under 8 years of age, the Way
parameter significantly differed from the control both in the group of children with

Parameter Median (95% CI)

Eyes opened Eyes closed

Normal
hearing

SND Cochlear
implantation

Normal
hearing

SND Cochlear
implantation

Way, cm/s 1.38
(1.12–1.66)

2.50
(1.44–3.03)*

2.70
(1.98–4.65)*

2.05
(1.49–2.68)

2.59
(1.88–4.63)

3.78
(2.96–3.87)*

Area,
cm/s2

0.30
(0.15–0.34)

0.57
(0.30–1.44)*

0.88
(0.43–2.72)*

0.47
(0.27–0.64)

0.70
(0.46–1.65)*

1.45
(0.74–1.72)*

AP, cm/s 0.91
(0.78–1.17)

1.56
(0.99–2.12)*

2.04
(1.32–2.45)*

1.56
(1.09–1.87)

1.88
(1.37–3.19)*

2.71
(2.04–2.91)*

Lateral,
cm/sec

0.83
(0.66–1.02)

1.56
(0.86–1.78)*

1.62
(0.90–3.39)*

1.05
(0.8–1.52)

1.43
(1.03–2.30)

1.99
(1.13–2.13)*

AP/Lateral 1.15
(0.95–1.29)

1.16
(1.04–1.25)

1.17
(0.79–1.48)

1.35
(1.16–1.54)

1.36
(1.16–1.57)

1.37
(1.36–1.80)

Note: CI, confidence interval; *, a significant difference was revealed between the parameter values in comparison with
children with normal hearing (p ˂ 0.05).

Table 2.
Postural balance parameters in children under 8 years old.

Parameter Median (95% CI)

Eyes opened Eyes closed

Normal
hearing

SND Cochlear
implantation

Normal
hearing

SND Cochlear
implantation

Way, cm/s 1.15
(0.93–1.32)

1.03
(0.76–1.33)

0.89
(0.78–0.96)

1.56
(0.96–1.87)

1.59
(1.15–2.09)

1.45
(1.16–2.12)

Area,
cm/s2

0.14
(0.10–0.29)

0.17
(0.09–0.26)

0.14
(0.07–0.20)

0.23
(0.10–0.47)

0.27
(0.17–0.68)

0.25
(0.21–0.51)

AP, cm/s 0.75
(0.64–0.92)

0.73
(0.48–0.88)

0.62
(0.54–0.67)

1.03
(0.71–1.22)

1.21
(0.81–1.43)

0.96
(0.75–1.52)

Lateral,
cm/sec

0.71
(0.54–0.78)

0.62
(0.46–0.82)

0.55
(0.44–0.57)

0.77
(0.55–1.25)

0.87
(0.70–1.19)

0.85
(0.65–1.00)

AP/Lateral 1.16
(1.03–1.23)

1.08
(1.05–1.36)

1.20
(1.10–1.33)

1.27
(0.98–1.54)

1.32
(1.20–1.61)

1.08
(1.01–2.14)

Note: CI, confidence interval.

Table 3.
Postural balance parameters in children over 8 years old.
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SND and in the group of children after CI (p = 0.000260), and there was no signifi-
cant difference between the SND and CI groups. At the same time, in children older
than 8 years, there was no significant difference in the Way parameters between the
groups.

In the position with eyes closed (Closed) in children under 8 years of age, the Way
parameter was statistically significantly higher only in the CI group (p = 0.011218), in
the control group and CIS there was no statistically significant difference.

In children older than 8 years, there was no statistically significant difference
between the groups either in the position with eyes open (p = 0.225619) or in the
position with eyes closed (p = 0.857089).

2.2 Parameter area

In the position with open eyes (Opened) in children under 8 years old, the Area
parameter significantly differed from the control both in the SND group and in the CI
group (p = 0.002558), there was no significant difference between the SND and CI
groups. In the position with eyes closed (Closed), the Area parameter also signifi-
cantly differed from the control both in SND and CI groups (p = 0.011060). There was
no significant difference between SND and CI groups.

In children older than 8 years, there was no statistically significant difference in
the values of the Area parameter between groups either in the position with eyes open
(p = 0.764298) or in the position with eyes closed (p = 0.736028).

2.3 Parameter AP

In children under 8 years of age in the open-eyed position, the AP parameter was
significantly higher in the CI and SND group than in the control group (p = 0.000235).
In the position with eyes closed, the indices in the CI and SND groups were signifi-
cantly higher than in the control group (p = 0.005888). In children older than 8 years,
there were no significant differences between the groups either in the position with
open eyes (p = 0.233647) or with closed eyes (p = 0.555827).

2.4 Parameter lateral

In children under 8 years of age in the position with their eyes open, the values of
the Lateral parameter were significantly higher in the CI and SND group than in the

Under 8 years old
Median (95% CI)

Over 8 years old
Median (95% CI)

Normal
hearing

SND Cochlear
implantation

Normal
hearing

SND Cochlear
implantation

Romberg
Way

0.75
(0.55–0.82)

0.81
(0.76–0.95)

0.69
(0.59–1.65)

0.78
(0.58–0.97)

0.60
(0.46–0.81)

0.52
(0.45–0.76)

Romberg
Area

0.59
(0.40–0.86)

0.69
(0.63–1.06)

0.72
(0.50–2.30)

0.74
(0.56–0.92)

0.53
(0.23–0.59)

0.34
(0.29–0.72)

Note: CI, confidence interval.

Table 4.
Parameters Romberg way and Romberg area.
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control group (p = 0.001432). In the position with eyes closed, the indices in the
CI group were significantly higher than in the control group (p = 0.050336). In
children older than 8 years, there were no significant differences between the groups
either in the position with open eyes (p = 0.255820) or with closed eyes
(p = 0.920133).

2.5 Parameter AP/Lateral

Both in children under 8 years of age and over 8 years of age, there was no
statistically significant difference in the values of the AP/Lateral parameter between
groups neither in the position with eyes open (p = 0.993532 for the age of up to
8 years, p = 0.733826 for age over 8 years) nor in the position with eyes closed
(p = 0.622120 for age up to 8 years, p = 0.764711 for age over 8 years).

2.6 Romberg Way

We did not obtain a statistically significant difference in the values of the Romberg
Way parameter in children of all ages in all study groups (p = 0.157695 for the age of
up to 8 years, p = 0.191010 for the age of over 8 years).

2.7 Romberg Area

We also did not obtain a statistically significant difference in the values of the
Romberg Area parameter in children of all ages in all study groups (p = 0.302631 for
the age of up to 8 years, p = 0.195556 for the aged over 8 years).

3. Discussion

In otology practice all over the world, there is no single consensus on the need to
assess vestibular function and balance before and after cochlear implantation, and on
the scope of necessary examinations. Most cochlear implant centers do not routinely
assess vestibular function in the pre- and postoperative period, some - only if there are
relevant complaints (dizziness, balance disorders, impaired development of motor
skills), in very few - all patients undergo preoperative and postoperative vestibular
testing.

Most often, the lack of vestibular testing is due to technical difficulties in examin-
ing young children and good postoperative results - children and parents rarely com-
plain of dizziness and balance disorders.

In the literature, there are a small number of publications devoted to the assess-
ment of postural balance in children after cochlear implantation. The results obtained
are ambiguous. For example, Nair et al. when performing static posturography in
children aged 2–7 years, a significant decrease in vestibular indices was revealed in the
examined children after CI [21]. Kelly et al. assessed postural balance using WBB and
Vestio software in 10 children aged 9–18 years after CI, revealing a significant differ-
ence in the parameters in children after CI and non-implanted children with normal
hearing [22]. No significant difference was found in the parameters of postural bal-
ance in the study by Buchman et al. [23]. Walter et al. [24] found a significant
improvement of postural balance parameters in bilaterally implanted patients.
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Our results complement the scientific knowledge about the state of postural bal-
ance in children after cochlear implantation. In our study, children under 8 years of
age after CI demonstrated a significant difference in the values of postural balance
parameters in comparison with children with normal hearing. At the same time,
children over eight years of age demonstrate balance indicators that do not differ
significantly from those of children in the control group.

4. Conclusions

1.The Wii Balance Board with Wii Posturigrafie Software is a convenient and
effective tool for assessing postural balance in children with both normal hearing
and children with sensorineural deafness and after cochlear implantation.

2. In children under 8 years of age after cochlear implantation, a statistically
significant increase in the values of the parameters Way, Area, AP, and Lateral in
the position with open and closed eyes was revealed in comparison with children
with normal hearing.

3. In children older than 8 years after cochlear implantation, there was no
statistically significant difference in the values of the parameters Way, Area, AP,
Lateral, AP/Lateral in the position with open and closed eyes in comparison with
children with normal hearing.

4.There were no statistically significant differences in the values of the
Romberg Way, and Romberg Area parameters in the children of the studied
groups.

5.The study showed no difference between the parameters of postural balance in
children after cochlear implantation and children with sensorineural deafness in
both age groups.

Appendix

Name of
parameter

Description Units

Way Describes the path of movement of the COP. Since the study time is set to a
constant number, this parameter is characterized as the speed of COP

cm/s

Area Marks the area and describes the variations in COP during the study cm2/s

Antero-
Posterior (AP)

The resulting anteroposterior center of gravity vector (the length of the
anteroposterior COP shifts during the study)

cm/s

Lateral The resulting amplitude vector of the lateral displacements of the center of
gravity (the length of the lateral displacements of the center of gravity during
the study)

cm/s

AP/Lateral The ratio of the anterior–posterior and lateral balance components of the subject.
It reflects the general dominance of the direction of the gravitational amplitude

—
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Name of
parameter

Description Units

Romberg Way The ratio of the Way values obtained in the study with the patient’s eyes open
and closed

—

Romberg Area The ratio of the Area values obtained in the study with the patient’s eyes open
and closed

—

Table A1.
Technical terms used in manuscript.
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Chapter 9

Auditory Neuropathy  
Spectrum Disorder: Genetic and 
Electrophysiological Testing for 
Predicting Rehabilitation Outcomes 
after Cochlear Implantation
Maria Lalayants

Abstract

Reviling the etiology or at least pathophysiology of auditory neuropathy spectrum 
disorder is crucial for choosing rehabilitation pathway and predicting rehabilitation 
outcomes. Some patients with auditory neuropathy spectrum disorder undergo cochlear 
implantation, but it is not always possible to foresee the results of rehabilitation. 
Genetic testing, especially in cases without obviously perinatal hearing loss risk factors, 
might help to understand etiology and pathophysiology, whether it is synaptopathy 
or neuropathy; therefore, it becomes possible to predict rehabilitation outcomes. 
More than 20 genes related to auditory neuropathy spectrum disorder phenotype are 
known already. Modern genetic approaches, such as whole genome and whole exome 
sequencing, reveal etiology of auditory neuropathy spectrum disorder in many cases. 
But there are still auditory neuropathy spectrum disorder cases with unknown etiology 
and site of the lesion. Electrophysiological methods (electrocochleography, electrically 
evoked brainstem potentials) might help to localize the site of lesion in hearing system 
and therefore help to predict rehabilitation outcomes. Electrically evoked brainstem 
potential testing after cochlear implantation seems to be applicable and useable tool to 
predict potential CI outcomes and to choose optimal rehabilitation trace.

Keywords: auditory neuropathy spectrum disorder, cochlear implantation, auditory 
synaptopathy, Otoferlin, genetic testing, electrically evoked brainstem potentials, 
eABR, ANSD

1. Introduction

Auditory neuropathy spectrum disorder (ANSD) is an electrophysiological label, 
that incorporates patients with hearing loss of different etiologies and pathogenesis 
but united based on the presence of pre-neural cochlear responses such as otoacoustic 
emission (OAE) and cochlear microphonics (CM) and absent or grossly abnormal 
auditory brain steam responses (ABRs). This electrophysiological picture might reflect 
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the presence of pathology of the auditory system of various etiologies in any site in the 
auditory system from the inter hair cells (IHC) to the brain stem (including synapses, 
dendrites of spiral ganglion neurons, spiral ganglion neurons themselves, the auditory 
nerve). Therefore, ANSD is characterized by a different course and results of reha-
bilitation, which in many cases are difficult to predict. Elucidating the etiology and/or 
patophysiology of hearing loss mechanisms in these children might help to choose an 
optimal rehabilitation approach and predict rehabilitation outcomes [1, 2].

2. Etiology of auditory neuropathy spectrum disorder

Despite of electrophysiological commonality of ANSD, there is a broad spectrum 
of audiological clinical features, which come from different possible pathophysiologi-
cal mechanisms due to different etiology of ANSD. About half of the cases of ANSD 
in children are diagnosed in those who were born premature. ANSD risk is higher 
among children that were born at 32 or earlier gestational week. The mechanism of 
ANSD among these children is due to incomplete myelinization and affected inner 
hair cells, as it was demonstrated in postmortem histology -inner hair cells were 
affected much more than outer hair cells. Also, risk factors for the development of 
ANSD include hyperbilirubinemia, congenital cytomegalovirus infection, asphyxia, 
and low birth weight. Genetic testing of patients with ANSD during the last two and 
half decades revealed more than 20 genes associated with that type of hearing loss. 
MRI testing reviled that the electrophysiological picture of congenital ANSD might be 
also due to the hypoplastic cochlear nerve (cochlear nerve deficiency). ANSD might 
be also acquired letter in life as a result of late-onset genetic-based mechanisms or due 
to an autoimmune reaction [3–6].

Despite of progress and availability of modern genetic tests and imaging technolo-
gies, the etiology of many cases of congenital or acquired ANSD is still unknown.

3.  Broad clinical and audiological phenotype of auditory neuropathy 
spectrum disorder

In addition to the two main electrophysiological features mentioned above, the 
clinical and audiological picture of ANSD is characterized by:

1. Thresholds of pure tone audiometry can vary from normal to profound, fluctu-
ate, and do not correspond to ABR data.

2. Violation, first of all, of speech recognition, especially in difficult acoustic situa-
tions, tone-speech dissociation (dissociation of the degree of speech recognition 
impairment with the thresholds of pure tone audiometry).

3. Auditory steady-state response (ASSR) are recordable in patients with ANSD, 
but they do not meet both the ABR thresholds (mostly absent) and the thresh-
olds of pure tone audiometry.

Thus, objective methods of audiological examination make it possible to establish 
the diagnosis of ANSD, but they do not allow to establish either the degree of hearing 
loss or the shape of the audiogram. As long as, in patients with ANSD, behavioral 
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thresholds for the perception of sounds can correspond to varying degrees of hearing 
loss from mild or even close to normal to profound, some patients with ANSD do not 
require even hearing aids, while others might require cochlear implants. At the same 
time, it is necessary to take into account that patients with ANSD with profound 
impairment of speech recognition, which does not correspond to the degree of hear-
ing loss might become a candidate for cochlear implantation despite the degree of 
hearing loss. Choosing the optimal rehabilitation method is also complicated by the 
fluctuation of hearing thresholds in some patients, as well as the possibility of hearing 
improvement in others, primarily those prematurely born, with ANSD during the 
first 1–2 years of age. Nevertheless, many patients with ANSD undergo cochlear 
implantation, but it is not always possible to foresee the results of rehabilitation 
without understanding the pathophysiological mechanism of hearing deficit [7–9].

Pathophysiological mechanisms of ANSD according to localization of pathology 
in auditory pathway might be divided into two groups – auditory synaptopathy and 
auditory neuropathy (Figure 1). In the case of auditory synaptopathy, pathology is 
localized in inner hair cells, synapses between inner hair cells and spiral ganglion neu-
rons (SNG) dendrites, or in dendrites itself. In these cases, we might predispose that 
SNG cells and cochlear nerve are preserved and electrical stimulation of the spiral 
ganglion through cochlear implant will compensate hearing deficit. While in the case 
of auditory neuropathy type of ANSD, which is due to myelinopathy or axonopathy, 
or hypoplastic cochlear nerve, the site of lesion is located more proximal than site 
of electrical stimulation through CI, therefore hearing impairment is difficult to be 
compensated by cochlear implant electrical stimulation [10–13].

Lack of data on the mechanism of development of ANSD in each case, with a 
variety of clinical and audiological manifestations of ANSD in general, is the main 
reason for the difficulties in classifying ANSD. At the moment there is no universally 
accepted, optimal classification of ANSD.

Several variants of the ANSD classification have been proposed: according to the 
clinical picture; localization of the pathology etcetera. For example, presynaptic and 

Figure 1. 
Auditory synaptopathy and auditory neuropathy: Genetic cause and site of lesion.
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postsynaptic. It was also proposed to highlight more detailed options: synaptopathy, 
ganglionopathy, myelinopathy, and axonopathy. However, classification according to 
such detailed morphological features, while the histological examination is impos-
sible, can mainly be done only when a genetic mechanism is identified.

Subdivision of ANSD into synaptopathies and neuropathies seems to be the most 
practical. Firstly, such classification makes it possible to predict the results of cochlear 
implantation, and secondly, genetically determined auditory synaptopathies usually lead 
to the development of an isolated (nonsyndromic) hearing impairment, while genetic 
disorders leading to the development of neuropathy type of ANSD are most often accom-
panied by damage to other nerves, which might lead to syndromic form of hearing loss.

When cochlear nerve deficiency is excluded by MRI, there are two main 
approaches two distinguish auditory synaptopathy and neuropathy: genetic testing 
and electrophysiological testing.

4. Genetic cause of ANSD

More than 20 genes related to ANSD phenotype are known already. Some of them 
cause isolated ANSD, others—syndromic ANSD. Inheritance of ANSD can be dominant, 
recessive, X-linked, or mitochondrial. According to the site of lesion—genetically related 
auditory synaptopathy or—genetically related auditory neuropathy. Synaptophaty cases 
might be also divided into presynaptic or postsynaptic synaptopathy.

Genetically related ANSD can be isolated or syndromic. Mutation in SLC17A8 and 
DIAPH3 might cause isolated ANSD, but most cases of isolated ANSD are related to 
the OTOF gene mutations. Syndromic ANSD is associated with peripheral neuropa-
thy, optic atrophy and has been linked with mutations in genes leading to Friedreich’s 
Ataxia, Charcot-Marie-Tooth Syndrome, Leber’s Optic Atrophy, Mohr Tranebjerg 
Syndrome, and others.

The synaptopathy type of ANSD is quite often nonsyndromic due to the 
unique structure of the synapses between the internal hair cells (IHCs) and the 
peripheral processes of the spiral ganglion neurons. They differ from synapses in 
the central nerve system, primarily because of synaptic bodies (ribbon synapses), 
resembling similar structures in retinal synapses, but which are characterized by 
the presence of molecules unique specifically for the auditory system. Synaptic 
ribbon at the presynaptic membrane holds many presynaptic vesicles with a 
neurotransmitter. With sound stimulation, displacement of the stereocilia of the 
IHCs—mechanosensitive cation channels open—cations, primarily K ions, enter 
the IHC, which leads to depolarization of the IHC and the opening of voltage-
dependent calcium channels. Molecules of Otoferlin, located near synaptic bodies, 
when interacting with calcium ions, maintain the rapid simultaneous exocytosis 
of many presynaptic vesicles with glutamate, which ensure the transmission of the 
temporal aspects of an acoustic stimulus. In addition to the mentioned Otoferlin, 
there are other unique components in the synaptic transmission in the IHC. For 
example, pinocytosis (reabsorption of glutamate from the synaptic cleft) in the 
IHC is provided by VGluT3, unlike synapses in other structures using VGluT1 or 
VGluT2. The calcium channel complex also contains structures that are unique 
only for IHC —Ca1.3 L. The uniqueness of VGluT3, Otoferlin, and other, but not 
all, components of synaptic transmission in the IHC, in case of corresponding 
gene mutation, underline isolated form of ANSD—other organs and systems are 
not affected.
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The proximal portion of the terminal dendrites of SGN, as well as axons in the 
area closer to the SG, are wrapped in Schwann cells. At the entrance to the brainstem, 
the axons of SGN are wrapped in oligodendrocytes. Genetic impairments in the 
functional consistency of these structures, primarily Schwann cells, can make it 
difficult to conduct a nerve impulse through SGN, especially temporal characteristics 
of a sound stimulus, which is primarily manifested by impaired speech recognition. 
Schwann cells and oligodendrocytes are also found in other parts of the nervous 
system, therefore in these cases, auditory neuropathy is usually not isolated, it is com-
bined with lesions in other organs and systems. Impaired myelination, for example, 
in various types of Charcot-Marie-Tooth syndrome, is accompanied by a slowdown 
in conduction along the auditory nerve, which can, in particular, lead to impaired 
localization of sounds, and speech recognition, especially in noise.

So, in the case of auditory synaptopathy, the uniqueness of the corresponding syn-
apses explains the non-syndromic nature of ANSD in most cases. Localization of the 
site of the lesion in the cochlear organ of Corti allows to predict satisfactory results of 
rehabilitation by cochlear implantation (with intact SG and overlying structures). In 
auditory neuropathy involving SGN, myelination may be impaired due to the pathol-
ogy of Schwann cells, common in the human nervous system, which, in most cases, is 
accompanied by the involvement of other structures of the nervous system. Violation 
of the myelination of the auditory nerve, dyssynchronization is often manifested by 
a violation of speech recognition. Localization of the pathology is such cases does not 
allow one to expect satisfactory results of rehabilitation after cochlear implantation.

Genetic testing especially in cases without obvious perinatal hearing loss risk factors 
might help to understand etiology, pathophysiology, whether it is synaptopathy or 
neuropathy, and therefore, it becomes possible to predict rehabilitation outcomes.

This list of ANSD-related genes in Figure 1 is not complete yet. A modern genetic 
approach, such as whole genome and whole exome sequencing, reveals new gene 
candidates for ANSD.

4.1 Auditory synaptopathies

Genes that lead to the development of synaptopathies, can be divided to two sub-
groups: presynaptic synaptopathy genes (impairment at the level of IHC, glutamate 
exocytosis) and postsynaptic synaptopathy genes (impairment of excitation of the 
dendrites of SGN). The genes for presynaptic synaptopathy include OTOF, SLC17A8, 
CACNA1D, and CABP2. Accordingly, these patients are promising candidates for 
rehabilitation by cochlear implantation. Postsynaptic synaptopathy genes include 
OPA1, DIAPH3, and ATP1A3. Despite that, these genes cause impairment at the level 
of dendrites of SGN, the body and axons of SGN and their myelinization seem to be 
preserved and electrical stimulation through cochlear implant might lead to good 
outcomes of rehabilitation.

4.1.1 OTOF gene, Otoferlin protein

According to the literature, the most common hereditary cause of ANSD is muta-
tions in the OTOF gene encoding the Otoferlin protein. The OTOF gene and Otoferlin 
protein were first described in 1999. Otoferlin is expressed in the inner ear and the 
brain of humans. This is a calcium-dependent protein, the main function of which is 
the exocytosis of presynaptic vesicles with the neurotransmitter glutamate into the 
synaptic cleft. More than 100 mutations have already been described in the OTOF 
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gene, 75% of which are inactivating, leading to the absence of Otoferlin and therefore 
impaired synaptic transmission in the inner ear. Patients with biallelic inactivating 
mutations in the OTOF gene are diagnosed with bilateral non-syndromic autosomal 
recessive severe hearing loss (DFNB9) with an electrophysiological pattern of ANSD. 
The rest of the mutations are non-inactivating and lead to the synthesis of a func-
tionally defective protein. In most cases, they lead to congenital severe hearing loss, 
however, cases of mild HL and even temperature-sensitive HL have been described 
in patients with some inactivating OTOF gene mutations—hearing thresholds are 
within or close to normal range, but there may be some impairment of speech rec-
ognition, especially in noise. With an increase in body temperature, sometimes even 
by 1°C, the patient’s hearing deteriorates, while when the temperature normalizes, 
the hearing threshold is restored. Mutations in the OTOF gene are responsible for the 
development of 1.4–5% of cases of congenital non-syndromic sensorineural hearing 
loss, according to studies in various countries [14–16].

In different countries, there is genetic heterogeneity in the prevalence of mutations 
in general and the mutation profile of the OTOF gene, in particular. Thus, in Spain, 
the Glu829Ter mutation of the OTOF gene is not only a common cause of ANSD but is 
also the third most common cause of non-syndromic prelingual SNHL in general—it 
was detected in almost 8% of cases. In a study of the contribution of OTOF muta-
tions to the incidence of SNHL in Japan biallelic mutations in the OTOF gene were 
found in 1.7% of cases, while not a single patient with the Glu829Ter mutation was 
found. OTOF variants, including a founder variant (p.Arg1939Gln) among Koreans, 
account for approximately 90% of Korean prelingual ANSD cases with anatomically 
intact cochlear nerves. In Russia, genetic testing of 50 children with ANSD without 
cochlear nerve aplasia revealed biallelic mutation of the OTOF in 12 children (24% of 
cases). Otoacoustic emission was recordable in all children until the last examination 
at the age of 12 years. In one case OAE was partly preserved even in the implanted ear 
10 years after CI. No improvement, or fluctuations in hearing thresholds were noted. 
Ten children with OTOF-related ANSD underwent cochlear implantation, including 
a child with mild hearing loss, but dramatically impaired speech recognition. After 
cochlear implantation, the action potential of the auditory nerve to electrical stimula-
tion and electrically evoked brainstem responses were recordable in all tested cases due 
to preserved cochlear nerve and the auditory pathway of the brain steam. Rehabilitation 
outcomes in these patients are comparable to other patients with cochlear hearing loss, 
like GJB2-related HL. These data are consistent with other literature describing good 
outcomes of CI in patients with OTOF-related ANSD [7, 13, 17, 18].

The prevalence of OTOF-related ANSD and good outcomes of CI make the search 
for mutations in the OTOF gene the essential component of the genetic examination of 
patients with ANSD, especially in early childhood hearing loss. Testing for the OTOF 
gene is included in many protocols for the management of children with ANSD, and 
the OTOF gene is included in most existing MPS gene panels for hearing loss.

The other genes that are associated with presynaptic synaptopathy, were described 
just in several cases now.

4.1.2 SLC17A8 gene, VGLUT3 protein: Vesicular glutamate transporter 3

Mutations in the SLC17A8 gene lead to postlingual progressive, predominantly 
high frequency, autosomal dominant nonsyndromic HL in humans. A study on 
mice showed that in mice knocked out by the slc17a8 gene synaptic transmission 
is impaired due to a lack of glutamate exocytosis. At the same time, eABR were 
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recordable, which reflected intact SGN and overlying structures and the prospects for 
CI as a method of rehabilitation [19].

4.1.3 CACNA1D, calcium voltage-gated channel subunit alpha1D (Cav1.3) protein

The CACNA1D gene encodes the α1 subunit involved in the formation of 
calcium channel pores Ca1.3. The gene is expressed in hair cells, cardiomyocytes, 
neurons, and neuroendocrine cells, therefore mutations in the CACNA1D gene 
develop a syndromic form of ANSD - prelingual hearing loss with sinoatrial node 
dysfunction (SANND) [20, 21].

4.1.4 CABP2, calcium-binding protein 2

CABP2, Calcium-binding protein 2, is involved in calcium entry through Ca1.3 
channels. Hearing impairment in patients with a mutation in the CABP2 gene is prelin-
gual, and moderately severe, combined with Marfan-like features in the patient [22].

4.1.5 OPA1 gene, mitochondrial dynamin-related GTPase protein

According to the literature, the most common hereditary cause of postsyn aptic syn-
aptopathy type of ANSD is mutations in OPA1 gene, which encodes the Mitochondrial 
dynamin-related GTPase protein. This protein is located in the inner membrane of 
mitochondria and is involved in many processes in the cell. Mutations in the OPA1 gene 
can lead to the development of non-syndromic dominant optic atrophy without hearing 
loss (DOA) or to dominant optic atrophy with hearing loss (DOA+). Most of the known 
mutations causing haploinsufficiency lead to the development of non-syndromic DOA. 
While, missense mutations, primarily Arg445His, probably through a dominant nega-
tive effect, lead to the formation of dominant optic atrophy with hearing loss (DOA+) 
Hearing impairment, in this case, is usually postlingval, after the manifestation of 
visual impairment. Hearing loss is progressive, of varying degrees, and audiogram 
profile, even within the same family. Electrocochleography in patients with DOA+, as 
well as studies in mice, suggested that the OHC and IHC were preserved, but the den-
drites of SGN were damaged. Electrically evoked cochlear nerve action potential and 
eABR after cochlear implantation are recordable in patients with OPA1-related ANSD, 
which proved that SGN and cochlear nerve were intact in these patients. The results of 
cochlear implantation in patients with DOA+ are satisfactory [23, 24].

4.1.6 DIAPH3, Diaphanousformin 3 protein

The function of Diaphanusformin 3, encoded by the DIAPH3 gene, is not com-
pletely clear. However, overexpression of this gene leads to damage to SGN dendrites. 
A study on mice also showed the possibility of involvement in the pathological 
process of IHC stereocilia. Hearing impairment was postlingual, and progressive, 
with an autosomal dominant mode of inheritance. Satisfactory results of CI have been 
described in several implanted patients [25].

4.1.7 ATP1A3, Alpha-3 protein

ATP1A3 encodes Alpha-3 protein catalytic subunit of the Na+/K + ATP transmem-
brane ion pump that provides the resting membrane potential. The ATP1A3 gene is 
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expressed in the peripheral processes of SGN, in the basal ganglia, the hypocampus, 
and the cerebellum, therefore mutations in the ATP1A3 gene can lead to the develop-
ment of the syndromic ANSD—CAPOS syndrome (hearing loss, cerebellar ataxia, are-
flexia, optic atrophy, cavus pes). Cases with non-syndromic HL were also described.CI 
in patients with mutations in the ATP1A3 gene, due to the localization of the lesion at 
the level of peripheral processes of SGN, led to good outcomes of rehabilitation [26].

4.2 Auditory neuropathies

Mutations in genes leading to the development of polyneuropathies cause “true” 
auditory neuropathies with damage to spiral ganglion neurons and/or demyelination 
of auditory nerve fibers. Auditory neuropathy-type hearing loss has been described in 
some patients with mutations in mitochondrial genes: MTND4 (Leber’s syndrome), 
TMEM126A. The largest group of patients with auditory neuropathy type of ANSD is 
Charcot-Marie-Tooth syndrome [10, 11, 13, 27, 28].

Charcot-Marie-Tooth syndrome (CMT), or hereditary motor sensory neuropa-
thies, is a clinically and genetically heterogeneous group of slowly progressive heredi-
tary neuropathies with wide phenotype variation. CMT syndrome can be inherited in 
an autosomal dominant, autosomal recessive, or X-linked manner. Mutations in more 
than 60 genes can cause CMT, but mutations in the PMP22, MPZ, GJB1, and MFN2 
genes are the most common.

The clinical picture is dominated by distal muscle wasting and weakness, decreased 
tendon reflexes, and distal, usually symmetrical, desensitization. Patients with CMT 
may also have signs of damage to other nerves, leading, respectively, the visual impair-
ments in the form of optical atrophy, atrophy of the tongue, dysfunction of the vocal 
cords, diaphragm, as well as hearing loss. Sensorineural hearing loss has been described 
in cases related to mutations in these genes: MPZ, PMP22, NEFL, SH3TC2, NDRG1, 
GJB1, AIFM1, PRPS1 and INF2. Considering the pathophysiology of disorders in CMT 
syndrome, myelinopathy and axonopathy, it can be assumed that in patients with CMT, 
hearing loss will be in form of auditory neuropathy. However, in most cases, the exami-
nation of patients with CMT is limited with PTA and does not include the recording of 
ABR, therefore, auditory neuropathy in these cases might be missed. Moreover, even 
in cases where the data of pure-tone audiometry are within the normal range, auditory 
neuropathy cannot be excluded in a patient without registration of ABR, especially since 
some patients have impaired speech recognition, especially in noise. Among above-listed 
genes associated with hearing loss in CMT the most frequent is the MPZ gene [28–30].

4.2.1 MPZ gene, Myelin protein-zero

MPZ gene encodes Myelin protein-zero and is expressed only in Schwann cells. 
The main type of mutation is the point. In a patient with a mutation in the MPZ 
gene and HL, a considerable lesion of ganglion cells and auditory nerve fibers with a 
preserved IHC and practically intact OHC were described. The MPZ protein plays an 
important but complex role in myelination. One of the functions of MPZ, which has 
been confirmed by many studies, is the mediation of the process of myelin compaction 
through the adhesion of opposing membrane structures. MPZ acts as a homophilic 
molecule, the extracellular portion of which, expressed on one membrane surface, 
can interact with a similar region of the same protein expressed on another membrane 
surface. Mice in which MPZ expression was inactivated had non-compacted myelin 
sheaths and severe peripheral neuropathy. Therefore, mutations in regions of the MPZ 
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responsible for protein-protein interaction cause a more severe clinical phenotype 
than mutations in other regions. MPZ also has a regulatory function in the myelination 
process. Mice in which MPZ expression has been inactivated have dysregulated myelin 
gene expression and malposition of several non-compacted myelin proteins.

Hearing impairment as well as pupillary abnormalities have been described in 
Asp75Val and Thr124Met mutations - CMT type 2 J. With Glu97Val mutation in 
patients with CMT 2 J. Seeman et al. (2004) noted that hearing loss may appear up to 
10 years before the onset of muscle weakness. Mild hearing loss has been noted with 
the Pro105Thr mutation. The disease usually manifests in the 2nd or 3rd decade of life 
and has a progressive course. Since, in most cases, registration of ABRs was not used 
to examine patients, the diagnosis of auditory neuropathy could not be detected [31].

A comprehensive survey of families with the Tyr145Ser mutation in MPZ was per-
formed by Starr A. et al. (2003). The audiological examination included registration 
of ABR, OAE, cortical potentials, and psychoacoustic tests, which made it possible 
to describe auditory neuropathy in family members with the mutation. Pathological 
and histological examinations revealed not only demyelination but also a decrease in 
the number of spiral ganglion neurons by more than 90%. At the same time, OHC 
and IHC were preserved (but in the apex of the cochlea, the number of OHC was 
reduced). In the described cases of cochlear implantation, despite the improvement 
in sound perception, CI does not lead to a significant improvement in speech percep-
tion, probably due to the death of SG neurons described by Arnold Starr [30].

4.2.2 PMP22

PMP22 gene encodes a 22-kD protein that comprises from 2 to 5% of peripheral 
nervous system myelin. It is produced primarily by Schwann cells and expressed in 
the compact portion of essentially all myelinated fibers in the peripheral nervous 
system. The main type of mutations in PMP22 are duplications (up to 3–4 copies) as a 
result of unequal crossing over.

Mild to moderate sensorineural hearing loss, with greater loss in the low and 
high frequencies, has been described in patients with various types of mutations in 
the PMP22 gene. In patients with a duplication, hearing loss is congenital and less 
prone to a progressive course. Hearing loss in patients with a deletion of the PMP22 
site, leading to hereditary neuropathy with a tendency to pressure palsies, occurred 
in the second decade of life and a tendency to a progressive course. However, speech 
recognition was not as impaired as with mutations in the MPZ gene. Thus, according 
to Verhagen W (2005), speech audiometry in examined patients with mutations in the 
PMP22 gene corresponded to tone threshold audiometry [32].

CI in a patient with PMP22-related ANSD demonstrated improvements in speech 
discrimination scores, however, they do not achieve the results in the typical subset of 
patients receiving CI [33].

In patients with CMT, cochlear implantation may reconstitute synchronous neural 
activity by way of supraphysiological electrical stimulation, so they can get some 
benefit from CI, although not at the same level as patients with cochlear hearing loss.

4.2.3 Other syndromes with ANSD

ANSD type of hearing loss can be diagnosed in patients with Friedreich’s syn-
drome (FXN gene) - mild hearing loss, mainly impaired speech intelligibility. In such 
patients, the effectiveness of the use of FM systems was noted [34].
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Some mutations in the WFS1 gene can lead to the development of Wolfram’s 
syndrome, with early childhood and congenital hearing loss, predominantly low-
frequency, with diabetes and visual impairment, with an autosomal recessive type of 
inheritance. Other mutations lead to low-frequency hearing loss, which is inherited in 
an autosomal dominant manner [35].

Mutations in the TIMM8A gene lead to the development of Mohr-Tranimerg 
syndrome with prelingual hearing loss. Optic neuropathy, atony and paranoia appear 
in the second decade of life, with progressive neurodegeneration [36].

Mutations in the AIFM1 gene lead to COWCK syndrome - prellingual hearing loss, 
progressive neuromuscular and cognitive impairments, and progressive hypoplasia of 
the auditory nerve [37].

Leigh’s syndrome with a progressive neurodegenerative lesion of the central 
nervous system and hearing loss develops due to mutations in the NARS2 gene [38].

Auditory neuropathy type ANSD and progressive neurodegenerotion do not allow to 
expect satisfactory results of cochlear implantation in patients with these syndromes.

Auditory neuropathy-type hearing loss has been described in some patients with 
mutations in mitochondrial genes: MTND4 (Leber’s syndrome), TMEM126A [39].

Modern massively parallel sequencing based methods allows to find more and 
more new ANSD causative genes, which previously were not associated with ANSD. 
For example, recently two mutations were found in TWNK gene of our 8-year-old 
patient with ANSD.

Mutations in TWNK gene were described in patients with Perrault syndrome - 
autosome-recessive disease, which includes sensorineural hearing loss, cerebellar 
ataxia, motor and sensory neuropathy, ovarian dysfunction, opftalmoplegiya. But 
previously HL was not described as ANSD in TWNK related disorders. After CI the 
EABRS were not recordable in our patients, speech recognition was poor. These data 
and patophisiology of TWNK related disorders, which is based on axonopathy, lead to 
conclusion, that TWNK-related ANSD cause auditory neuropathy type of ANSD [40].

Patients with auditory neuropathy type of ANSD due to mutations described 
above might get some benefit from CI, but in most cases they do not achieve the level 
of rehabilitation outcomes of patients with auditory synaptopathy and cochlear HL. 
The possibility of a poor outcomes of CI should be discussed with patient and patients 
caregiver before CI.

5. Methods of genetic testing

First of all, genetic testing is highly indicated for patients with a family history 
of hearing loss. The probability of identifying the genetic nature of ANSD is signifi-
cantly higher in the group of patients without perinatal risk factors for hearing loss 
and cochlear nerve deficiency on MRI.

Despite of prevalence of OTOF gene mutation among patients with ANSD, it 
does not as high as GJB2 gene mutation prevalence in congenital “cochlear” SNHL. 
Therefore, single gene testing is not rationale in case of ANSD.

Development of massively parallel sequencing (MPS) and creation of multigene 
panels, including panels on hearing loss, containing several dozens of “hearing loss 
genes”, as well as the development and availability of the whole genome and whole 
exome sequencing method, is a promising direction in the genetic examination of 
patients with auditory neuropathy spectrum disease, which makes it possible to 
identify rare forms of hereditary hearing loss.
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There are 4 main types of MPS based methods (Figure 2):
MPS panels (NGS gene panel).
Clinical exome sequencing.
Whole exome sequencing (WES).
Whole genome sequencing (WGS).
The complete genomic information within a sample or individual is known as the 

whole genome. Exons are the genome’s protein-coding regions and are collectively 
known as the exome. Despite the exome’s relatively small proportion of the whole 
genome (approximately 2%), exomes encode most known disease-related variants. 
Clinical Exome Sequencing is a test for identifying disease-causing DNA variants 
within the 1% of the genome which codes for proteins (exons) or flanks the regions 
which code for proteins (splice junctions). MPS gene panels are more targeted and 
analyze only known disease-associated genes for specific diseases. The advantages of 
panels over WES or WGS include lower cost, simpler analysis, and optimisation of 
variant detection in the included genes. Disadvantages include the inability to analyze 
or re-analyze genes not included on the MPS panel. Nevertheless, gene panels that 
include at least OTOF gene might be the first line genetic testing of patients with 
ANSD. Whereas WES or even better WGS may be second-line testing options.

WGS or at least WES are better options than clinical exome sequencing, because 
of genetic heterogeneity of ANSD and there are still a lot of genes and mutations to be 
reviled as a cause of ANSD.

The main advantages of Whole Genome Sequencing

• Analyze the whole genome, including coding, non-coding, and mitochondrial DNA

• Discover novel genomic variants (structural, single nucleotide, insertion-
deletion, copy number)

• Identify previously unknown variants for future targeted studies

• Possibility re-analyze data when there is new information on the genetic cause of 
disease

Figure 2. 
Massively parallel sequencing based methods and their relationship.
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The main disadvantage of WES and especially WGS is their cost and the complex-
ity of data interpretation. Nevertheless, these methods serve an as important tool for 
reviling ANSD etiology in tested children and for data collection for a better under-
standing of ANSD mechanism in patients to come.

5.1  What if genetic testing does not revile the etiology and patophysiology  
of ANSD?

Even all above-described methods do not give clues in many cases. Some elec-
trophysiological methods might help to localize the site of lesion in hearing system 
and therefore help to predict rehabilitation outcomes. First of all, it is electroco-
chleography. Presence, absence, or changes in different components of electro-
cochleography reflects the pathology in cochlea. Electrically evoked brainstem 
potentials (eABR) reflect the integrity of the hearing system up to brain steam 
when nerve impulse in cochlear nerve is derived by electrical stimulation. These 
data help to predict CI outcomes even if the etiology of hearing loss is unknown. 
When brainstem response to electrical stimuli is present—good CI outcomes might 
be expected. While eABR absence does not allow to expect good rehabilitation 
outcomes. Both of these methods require a stimulation electrode to be placed on 
the promontorium of the cochlea to achieve the clearest and reliable data. In the 
case of small children, these invasive procedures require sedation. If the test results 
indicate on electable eABR (probably synaptopathy type of ANSD), that would 
encourage audiologists and parents to provide cochlear implantation. But even if 
the test result is negative—it does not exclude cochlear implantation as an option 
for that child and the patient still might benefit from CI. Therefore these invasive, 
requiring sedation methods are not fully justified. On the other hand, EABR test-
ing after cochlear implantation seems to be useable tool to predict CI outcomes and 
chose optimal rehabilitation trace after CI [41].

6. Electrically evoked auditory brainsteam responses

Electrically evoked auditory brainstem responses are bioelectrical responses from 
auditory pathway up to the level of the brainstem to electrical stimuli. Stimulating 
electrode might be situated at the promontorium, in round window night, but the 
largest response can be achieved when the electrode is located as close as possible to 
the spiral ganglion and auditory nerve. Therefore, intracochlear electrodes of CI are 
the best. EABR testing after CI reflects retrocochlear development after initiation of 
CI-mediated electrical stimulation, integrity of neural response to CI stimulation, 
and functional status of auditory pathway up to the brainstem. EABRs after CI can be 
used for verifying devise and electrode function and can assist in sound processors 
fitting to some extent [42, 43].

6.1 EABRs testing and morphology

EABRs might be recorded using specific for certain CI system programming 
software and hardware to provide stimuli (Custom SoundEP for Cochlear, SCLIN for 
Advanced Bionics, Maestro for Med-El) and a clinical system for evoked potentials 
registration. These two systems should be connected by trigger cable to synchronize 
stimulation and ABRs registration (Figure 3).
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Stimulus that is used to elict the eABRs is usually a single biphasic current pulse 
delivered at a repetition rate as in acoustically evoked ABR. For stimulation bipolar 
or monopolar electrode coupling mode might be used. Monopolar – active electrode 
is one of the intracochlear electrodes and indeferent electrode is extracochlear. This 
mode allows getting more electrode and tonotopically-specific responses. While 
bipolar stimulation with both intracochlear active and indeferent electrode lead to a 
“click”-like stimulation, which helps to elict larger response [42–45].

EABRs just as acoustically evoked ABR consist of waves II-V and usually are 
marked as eII-eV. Waves VI-VII usually are not seen. Wave I and sometimes wave II are 
consiled by stimulus artifact. There are some specific parameters and morphology of 
EABRs:

EABR wave latencies are 1–2 ms earlier than in ABR (but interpeak intervals are 
the same).

Wave V latency is approximately 4.0 ms and does not change much with an inten-
sity of stimulation (about 0,4 ms shift between upper comfort and threshold level).

Wave V latency tends to be shorter for apical electrodes, than for basal electrodes [45].
Different parameters of eABRs were measured to asses neural response proper-

ties. First of all, eABRS thresholds. They are higher than the minimum level of 
electric stimulation that evokes sound sensation. This difference comes from a 
difference in the rate of stimulation: 25–50 stimulus per second for eABRs and 
900–3000 per second for speech processor stimulation map. Therefore, eABRs, 
unlike ABRs, cannot be used for setting stimulation threshold levels during sound 
processor fitting.

Other parameters might be also explored: peak and interpeak latencies, amplitude 
growth function (obtained by the response amplitude, usually eV, as a function of 
stimulation level); channel interaction (by simultaneous stimulation of two electrode 
pairs); electrode positioning (lower eABR thresholds for an electrode placed near to 
modiolus). Waves eV and eIII latencies degrees during the first year after CI, which 
reflects auditory nerve and brainstem development after CI. Interestingly, there was 
no effect of age of CI on latency change. But despite all those parameters, the main 
prognostic value has eABRs present itself. The presence of eABRs is a good prognostic 

Figure 3. 
EABRs recording setup.
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sign for CI outcomes, at least it might be concluded that peripheral hearing deficiency 
might be compensated. This is especially important in cases of CI-challenging patients 
such as patients with cochlear malformation and, of course, with ANSD [45–47].

6.2 EABR testing in patients with ANSD

Several research groups during the last twenty years have studied eABR features in 
patients with ANSD. Some studies had showed reduced suprathreshold eV and neural 
dyssynchrony in patients with ANSD. The most interesting area of these research was 
the relationship between eABRs and speech perception after CI.

Researches compared eABRs after CI in patients with ANSD and without. It was 
shown that the eABR threshold and suprathreshold amplitude measures were more 
variable in patients with ANSD. Nevertheless, eABRs were measurable in most cases 
and proved that CI can provide synchronous neural responses to auditory stimulation 
in ANSD. EABR measures indicated that subjects with ANSD have sufficient neural 
sensitivity to electrical stimulation, however, they may experience less robust neural 
responses at suprathreshold levels. Variability in eABR parameters was most probably 
related to different etiology and patophysiology of ANSD.

The outcome of cochlear implantation in those patients with ANSD with record-
able eABRs were not significantly different from that in other pediatric implant 
patients. But patients with absent eABR or with just even abnormal eABRs wave 
morphology had significantly worse speech outcomes. Physiologic data suggest that 
generally, the CI can overcome the desynchronization or whatsoever underlying 
ANSD and eABRs waveform are a predictor of postoperative outcomes [45–49].

EABRs were investigated in patients with ANSD with known etiology, mostly in 
genetically related cases.

Hosoya M. 2018 observed elongated eV wave in patients with OTOF-related 
ANSD. But this eV latency elongation did not affect negatively speech perception and 
CI outcomes. The same observation we had testing our 8 patients with OTOF-related 
ANSD - EABRs were recordable right after the sound processor first fitting, but even 
10 years later eV latency in OTOF-related child is larger than in his pears with for 
example prematurity related ANSD. These data indicate that Otoferlin might play 
role in neurotransmission in more central part of auditory pathway than just in IHC 
synapses. Although there is no evidence of OTOF expression in central neural system 
in humans, OTOF expression was reported in rats’ cerebellum [50].

EABR registration in OPA1-related ANSD revealed elongation of eV latencies. 
Interesting to notice that electrically evoked action potentials were absent in these 
patients. These finds are in concordance with the pathophysiological mechanism 
of OPA1-related ANSD, described above. Haploinsofiency of OPA1 protein lead to 
terminal dendrite dysfunction and pruning, probably therefore action potentials 
are absent, while spiral ganglion cells themselves are preserve, which is reflected in 
recordable eABRs. Patients had good speech perception after CI, as it was predicted 
by eABRs [24].

Despite variation in eABRs in patients with ANSD, there is no universal classifica-
tion of eABRs wave morphology in patients with ANSD. Kimitaka Kaga, who was one 
of the first people who described ANSD in a 1994 publication, has proposed to divide 
eABRs in ANSD into 4 groups. Group A – pre-synaptic ANSD with normal eABR. 
Group B – pre-synaptic ANSD with abnormal eABR, as in OTOF-related ANSD, 
elongated eV latency. This elongation is attributed to secondary neurotransmission 
disorders due to synaptic dysfunction. Group C – EABRs are detected in post-synaptic 
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cases because electric stimulation could bypass the site of lesion. In this group OPA1-
related ANSD and other cases of post-synaptic auditory synaptopathy cases eABRs 
might be included. Group D – absent eABRs in post-synaptic cases. Most demyelinat-
ing diseases and “true” auditory neuropathy cases would be included in this group.

When there is no data about the etiology of ANSD distinguishing between groups 
A, B, and C might be slightly difficult because eV latency might be elongated due to 
maturational delay in the early period after CI.

According to our experience, the main sign that electrical stimulation bypassed 
the site of lesion, therefore peripheral hearing deficit in ANSD patients is compen-
sated and good CI outcomes might be expected, is the presence of eABRs (even with 
slightly elongated wave latency) in monopolar mode stimulation from apical, middle 
and basal electrodes [51].

6.3 Our experience of eABR testing in children with ANSD

Registration of eABRs was carried out in 25 children with ANSD (CI at the age 
of 1,5 to 5 years) at different times after cochlear implantation. 8 children were with 
OTOF-related ANSD, 10 with perinatal risk factors (9 prematurity with or without 
hyperbilirubinemia and 1 with just hyperbilirubinemia), 2 children with cochlear 
nerve deficiency (hypoplasia), and 5 children with unknown etiology of ANSD.

EABRS were recorded ipsilaterally, but if stimulus artifacts conceal the response, 
we used contralateral recordings for eABR analysis. EABRS were measured in mono-
polar mode, biphasic pulse stimuli with pulse duration 25–100 ms for Cochlear and 
75 ms for Advanced Bionics, stimulation rate 25–26 Hz. Measurements were per-
formed at least for three intracochlear electrodes (in basal, middle, and apical turn). 
If there was no response or responses in monopolar mode were inconclusive, the 
bipolar mode of stimulation was performed.

The standard stimulation parameters (biphasic stimulus phase width, stimula-
tion rate) were sufficient for a clear registration of eABRs waves (eIII, eV) in all 8 
children with OTOF-related ANSD and in all 10 children with perinatal risk factors 
for ANSD. The presence of eABRs in OTOF-related cases (Figure 4) matches the 
pathophysiology described above, and the wave latencies were elongated just as was 
described by other researchers [50]. Presence of eABRs in all cases with perinatal 
risk factors indicates that the main disorders involve inner hair cells in the case of 
prematurity as it was seen in histological findings [52]. Even in the case of hyperbe-
lirubin-related ANSD, electrical stimulation bypassed the site of lesion. In children 
with hypoplastic cochlear nerve, EABRs were absent or partially recorded only from 
basal electrodes with elongated phase width up to 100 ms in monopolar mode and 
in case of bipolar mode of stimulation of high intensity in basal turn. In children 
with unknown etiology of ANSD in two cases eABRS were recordable from all 
stimulated electrodes in monopolar mode, in other three cases eABRs were absent 
or recordable only from basal electrodes at a high intensity of stimulation and/or 
in bipolar mode of stimulation in the basal turn of the cochlea. These patients with 
unknown etiology but recordable robust eABRs probably have auditory synaptopa-
thy type of ANSD, whereas patients with absent or partially recordable eABRs have 
auditory neuropathy type of ANSD.

Results of rehabilitation after cochlear implantation corresponded to the results 
of registration of eABRs. There were much better among children with robust eABRs 
from all tested electrodes in monopolar mode of stimulation. All 5 children with 
absent or partially recordable eABRs from the basal turn in monopolar or bipolar 
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mode end up with necessity of using sign language for communication. However, 
the selection of optimal parameters for recording eABRs made it possible to make 
appropriate changes to the speech processor stimulation map, which improved the 
perception and some discrimination of sounds. So, these 5 children had some benefit 
from CI, but not enough for hearing-based communication. The absence of eABRs 
might help to make a decision about including alternative methods of communication 
at an earlier stage of rehabilitation.

The thresholds of eABRs were much higher than the thresholds level of patients’ 
speech processor stimulation map and they were closer to the maximum comfortable 
level of stimulation. Determination of the eABRs thresholds may help to predict the 
maximum comfortable level of stimulation, which is especially important in small 
and non-contact patients. However, this statement requires further research.

According to our data, most valuable parameters of eABRs for predicting positive 
outcomes after CI is recordable eABRs from intracochlear electrodes in basal, middle, 
and apical turn electrodes in the monopolar mode of stimulation. Latencies of eABRs 
do not seem to be crucial for rehabilitation outcomes. While absent or partially 
recordable eABRs indicate that electrical stimulation even if it causes a sound sensa-
tion, does not fully bypass the site of the lesion and cannot fully compensate hearing 
deficit, so an alternative way of communication might be needed.

7. Conclusions

ANSD diagnosis is not a difficult task for modern audiology, but which rehabilita-
tion approach is optimal for the certain child and what rehabilitation outcomes we 
could hope for – are still quite tricky questions.

Revealing the genetic mechanism of ANSD allows understanding the lesion local-
ization in the auditory system, which in most cases cannot be done using only stan-
dard non-invasive audiological examination methods. Identification of the genetic 
etiology of ANSD is extremely important, as it can make it possible to predict the 
course of the disease, the appearance of other symptoms in case of syndromic forms, 
and also to choose the optimal method of rehabilitation based on the localization of 
the pathology and the pathophysiology of hearing loss.

Figure 4. 
EABRs from apical, middle, and basal electrodes from a child with OTOF-related ANSD, 1st day after speech 
processor switch-on.
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