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A B S T R A C T

Cochlear implantation (CI) is currently recognized as the most effective treatment for severe to profound 
sensorineural deafness and is considered one of the most successful neural prostheses. Since its inception in 1961, 
cochlear implantation has expanded its range of applications to encompass younger newborns, older people, and 
individuals with unilateral hearing loss. In addition, it has improved its surgical methods to minimize the 
occurrence of complications. Furthermore, notable advancements have been made in the design of electrodes, 
techniques for speech processing, and software for programming. Nevertheless, inflammation, fibrosis, and even 
ossification are observed in the cochlea of nearly all cochlear implant (CI) patients. These tissue responses might 
have a negative impact on the performance of the implants, residual hearing, and the results of post-operative CI 
rehabilitation. Animal models are significant translational tools that offer essential preclinical data for possible 
therapeutics. Thus, this study concentrates on the existing animal models used for cochlear implantation, 
highlights the advancements made in research, and offers insights into potential future research areas.

The World Health Organization (WHO) released a report on hearing 
in 2021, revealing that more than 1.5 billion individuals worldwide 
have different levels of hearing impairment, which represents 20% of 
the global population. Among them, approximately 30 million people 
have severe to profound hearing loss (World report on hearing, 2021). 
Individuals with this level of hearing loss generally necessitate cochlear 
implants due to the inadequacy of hearing aids (Carlson, 2020).

Cochlear implants have become the most effective treatment for 
severe to profound hearing loss after more than fifty years of develop-
ment (Glennon et al., 2023).In 1961, William House and John Doyle 
were the first to develop a functional cochlear implant. The U.S. Food 
and Drug Administration (FDA) approved the commercial use of the 
3M/House single-channel CI in 1984. In the same year, the first 
multi-channel CI system became available (Chen et al., 2019; Mudry, 
2013). As of 2022, more than one million individuals globally have 
received cochlear implant surgery (Zeng, 2022). In 1994, China debuted 
the multi-channel cochlear implant technology, which was approved for 
the treatment of adult patients with severe to profound bilateral 
sensorineural hearing loss. Since 1996, this technology has been utilized 

to assist children with hearing loss (Implementation plan of the hearing 
rehabilitation program for children with disabled children in poor, Persons’ 
Federation, 2011). China currently has a population of more than 100, 
000 CI users, with 85% of them being youngsters (Li et al., 2017; Liu, 
2023).

Cochlear implants are subject to increasingly stringent criteria as 
technology and society progress, aiming to enhance the quality of life. 
Despite ongoing advancements in electrode design, speech processing 
strategies, and programming software for cochlear implant devices, and 
the continuous effort to perform “soft surgery”, there are still challenges 
that negatively impact the outcomes of cochlear implants: Cochlear 
implants are commonly linked to an inflammatory/foreign body 
response (FBR), fibrosis, and even ossification of the cochlea. Further 
research and resolution are required to address the concerns of preser-
ving residual hearing, potential limitations of implanted electrodes due 
to long-term use, and managing the risks of reimplantation.

This work aims to establish a basis and reference for selecting suit-
able animal models for cochlear implantation research. To achieve this, 
we conduct a comprehensive evaluation of the current animal models 

Peer review under responsibility of PLA General Hospital Department of Otolaryngology Head and Neck Surgery.
* Corresponding author. Department of Otolaryngology-Head & Neck Surgery, the Sixth Medical Center of PLA General Hospital, Beijing, China.

E-mail address: shm_yang@163.com (S. Yang). 

Contents lists available at ScienceDirect

Journal of Otology

journal homepage: www.journals.elsevier.com/journal-of-otology/

https://doi.org/10.1016/j.joto.2024.05.002
Received 5 September 2023; Received in revised form 25 January 2024; Accepted 26 May 2024  

Journal of Otology 19 (2024) 173–177 

Available online 19 October 2024 
1672-2930/© [copyright 2024] PLA General Hospital Department of Otolaryngology Head and Neck Surgery. Production and hosting by Elsevier (Singapore) Pte 
Ltd. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

mailto:shm_yang@163.com
www.sciencedirect.com/science/journal/16722930
https://www.journals.elsevier.com/journal-of-otology/
https://doi.org/10.1016/j.joto.2024.05.002
https://doi.org/10.1016/j.joto.2024.05.002
http://creativecommons.org/licenses/by-nc-nd/4.0/


used in cochlear implantation research and present a summary of their 
characteristics and research advancements.

1. Available animal models

The existing animal models for cochlear implants can be categorized 
into two groups: rodents and non-rodents. Rodents encompass species 
such as mice, rats, guinea pigs, gerbils, and ferrets. On the other hand, 
non-rodents consist of cats, sheep, rabbits, pigs, and macaques. The 
auditory frequency distribution of different animal models is shown in 
Fig. 1. Table 1 presents a concise overview of the cochlear structural 
data for select species.

1.1. Rodent models

The three most often utilized rodent models are mice, rats, and 
guinea pigs. The benefits of applying these three cochlear implant ani-
mal models are: a. There is a lot of research available on rodents in the 
field of otology, and the experimental techniques used to study hearing 
function, electrophysiology, and histology are well-established and 
widely used. b. The structure of the temporal bone is highly precise, and 
it conveniently houses the cochlea, semicircular canal, and vestibular 
system within the auditory bulla. Detailed information regarding the 
volume and shape of the cochlea, the size of the scala tympani and 
vestibuli, and the morphology of delicate structures like hair cells and 
spiral ganglion cells is supported by empirical evidence. c. The surgical 
procedure for cochlear implantation is relatively simple and straight-
forward. To gain entry to the auditory bubble, create an opening to 
reveal the round window membrane, and then insert the cochlear 
implant through the round window (Adunka et al., 2010; O’Leary et al., 
2013; Soken et al., 2013).

However, the main constraint of the rodent model is the relatively 
diminutive size of the cochlea. Table 1 provides a summary of the 
cochlear turns in different species. In mice, the cochlear turns ranged 
from 1.75 to 2.2, in rats from 2.2 to 2.8, in guinea pigs from 4.0 to 4.5, 
and in humans from 2.5 to 3.0. The ratio between the quantities of 
cochlear lymphatic fluid in the three rodents and the human cochlea, 
based on earlier research, were 0.01:1, 0.04–0.05:1, and 0.17–0.2:1, 
respectively (Johnson et al., 2012; Reiss et al., 2022). Thus, the cochlea 
of the rodent model is incapable of accommodating a cochlear electrode 
array for clinical applications. In Austria, Australia, and other countries, 
various cochlear implant brands have developed different types of 
electrode arrays for experimental use in rodent models. These arrays are 
typically implanted at depths ranging from 1.6 mm to 3.0 mm (Claussen 
et al., 2019; Colesa et al., 2021; Dhanasingh and Hochmair, 2021; Irving 
et al., 2013), which is significantly shallower than the typical clinical 
implantation depths of 20 mm–25 mm or deeper (Dhanasingh and Jolly, 
2017). In certain procedures in the fields of molecular biology, 
biochemistry, and immunogenetics, such as cochlear lymphatic fluid 

extraction or western blotting, it may be necessary to use many samples 
in order to obtain conclusive results. In order to address this issue, sci-
entists must integrate several samples, hence augmenting the number of 
animals utilized in the experiment.

1.2. Non-rodent models

The most recent guidance from the FDA about animal studies spec-
ifies that the chosen animal model should effectively address the study 
objectives and offer the most accurate procedure that replicates the 
clinical scenario (General Considerations for Animal Studies Intended to 
Evaluate Medical Devices, U.S. Food and Drug Administration, 2023). 
Cochlear implant studies make use of large animal models to fulfill the 
requirements of translational and clinical research. In addition to their 
similar body size, anatomy, and physiological metabolism, which make 
them suitable for complete implantation of cochlear electrode arrays, 
they also exhibit greater similarities to humans in terms of immune 
response, biological characteristics, and gene expression (Lunney Jk 
et al., 2021; Sjostedt et al., 2020).

A comprehensive explanation has been provided regarding the na-
ture of the inner ear, the composition of the temporal bone, and the 
surgical techniques used for cochlear implantation in larger species such 
as rabbits, sheep, cats, pigs, and macaques. Cats have served as animal 
models for cochlear implantation since the 1970s (P, 1980) and were the 
main large animal model utilized during the early stages. The cochlear 
turns in cats have a range of 3.0–3.5, which is comparable to the 
cochlear turns in pigs. In contrast, the cochlear turns in sheep, rabbits, 
and macaques are 2.5, which is more akin to the cochlear turns in 
humans (Table 1). Previous research has shown that the ratio of cochlea 
volume to body size is estimated to be 0.3–0.5:1 in cats and macaques, 
0.5–1:1 in pigs, and 0.8–1.1:1 in sheep when compared to humans.

The surgical method used for the aforementioned big animal models 
is in line with the clinical cochlear implant procedure, namely using the 
round window approach. For illustrative purposes, the following are the 
procedural steps undertaken during the surgical intervention on the 
right side of the Bama miniature pig: Take the left lateral position and 
make a 5 cm incision parallel to the posterior auricular sulcus, 1 cm 
backward. Separate the subcutaneous tissue, parotid gland, and ster-
nocleidomastoid muscle to expose the mastoid bone. The root of the 
earlobe serves as the body surface projection of the cochlea; use it as 
positioning to remove the mastoid bone and expose the posterior wall of 
the external auditory canal. Position the horizontal segment of the facial 
nerve, expose the tympanic chamber and the round window niche, and 
remove the round window niche to gain access to the round window 
membrane; then, implant electrodes are feasible. (Ji et al., 2022).

In recent years, our research group has found that minipigs have a 
similar frequency distribution and hearing threshold as humans. The 
cochlea of minipigs is comparable to that of humans during embryonic 
development, and it is fully developed at birth. Additionally, the 

Fig. 1. Auditory frequency distribution in different animals.
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anatomical structures of the inner ear and middle ear in minipigs are 
compatible with those of humans. The minipig is a highly promising 
large animal model for otology, whether it be for teaching otology 
surgical anatomy or conducting research on deafness and hearing 
implantation.

2. Research advances

The primary focus of cochlear implant research has predominantly 
been on rodent models. Studies have broadened their scope by utilizing 
large animal models, such as sheep, pigs, and macaques, to further 
improve research. Prior investigations involved the collection of tem-
poral bone specimens from patients who underwent cochlear implan-
tation. These specimens were subjected to CT scans and histological 
processing to examine the changes in the cochlear microenvironment 
resulting from prolonged cochlear implant stimulation. The collected 
data was then correlated with the patients’ speech recognition outcomes 
during their lifetime. Nevertheless, the study’s conclusions were unclear 
as a result of the limited sample size and the presence of uncontrollable 
variables. In recent times, as a result of the development of numerous 
animal models, the possibility and quantity of pertinent research have 
progressively grown. Presently, research is mostly concentrated on two 
primary areas.

2.1. Inner ear histopathology studies

Studies of human temporal bone specimens have confirmed that 
cochlear implantation can cause inflammation and foreign body reac-
tion, which in turn leads to the development of granulomas. Subse-
quently, fibrosis and ossification occur as a result of this process (Benatti 
et al., 2013; Li Pm et al., 2007; Linthicum et al., 2017; Marsh Ma and 
Coker, 1992; Nadol et al., 2001; Noonan et al., 2020; Schindler RA, 
1979). Nadol (Nadol et al., 2001) observed a high occurrence of the 
formation of a fibrous sheath around the cochlear electrode array. Lin-
thicum (Linthicum et al., 2017) have documented similar pathological 
alterations in consecutive histological sections of 55 temporal bone 
samples. They found that the most substantial increase in fibrous tissue 
occurred in the basal turn of the cochlea following implantation, with 
minimal harm resulting from the round window method. Cochlear im-
plants offer the benefits of excellent biocompatibility and a minimal 
incidence of complications. Nevertheless, the insertion of electrode ar-
rays leads to unavoidable tissue responses. Hence, animal models are 
used to study the inflammation/foreign body response process and the 
mechanism of fibrosis and ossification. The objective is to discover novel 
approaches for conserving residual hearing and safeguarding the deli-
cate structures in the cochlea.

The majority of studies investigating the histopathology of the inner 
ear following cochlear implantation have utilized mice as experimental 
models. Based on O’Leary’s study (O’Leary et al., 2013), after four 
weeks of implantation in guinea pigs, fibrocytes expanded from the 
osseous spiral lamina and the lateral wall to envelop the electrodes. 
Furthermore, there was evidence of osteogenesis. The study conducted 
by Tanaka (Tanaka et al., 2014) found a significant association between 
hearing loss following CI and decreased vascular density as well as 
ossification in the area surrounding the round window niche. However, 
no significant correlation was observed between hearing loss and spiral 
ganglion neuron density, hair cell count, or fibrotic area within the 

cochlea. Research conducted on mice demonstrated that the occurrence 
of hearing loss following implantation was not correlated with the 
density of spiral ganglion neurons. However, the occurrence of hearing 
loss within two weeks after implantation was found to be associated 
with the severity of damage suffered by the organ of Corti (Kopelovich 
et al., 2015). Choong et al. used quantitative nanomechanical atomic 
force microscopy (QNM-AFM) to demonstrate that the basilar mem-
brane undergoes a gradual increase in stiffness over a period of three 
months following implantation (Choong et al., 2020). The basal turn 
exhibited the greatest prominence, but the apical turn demonstrated a 
similar occurrence. Claussen et al. (2022) observed substantial infiltra-
tion of macrophages during the second and third weeks after implan-
tation. They concluded that the primary cause of cochlear fibrosis was 
inflammation and the foreign body response, rather than electrical 
stimulation. Zhang et al. (2015) provided evidence at the molecular 
level that 14 days after implantation, there was an upregulation of 
cochlear inflammatory genes (TNFα, Cxcl1, IL-1b, and Tnfrsf1a/b) as 
well as tissue remodeling genes (MMP2, MMP9, TGF-β).

Additionally, foreign body and inflammatory responses have been 
documented in big animal models. In 1992, Ni et al. (Ni, et al., 1992) 
conducted an experiment where they inserted electrodes into the 
cochleae of five kittens. One month after the surgery, the cochlea 
showed a 100% occurrence of an inflammatory response, and the extent 
of hair cell loss was directly related to the intensity of the inflammatory 
reaction. Trinh (Trinh et al., 2022) and Kaufmann (Kaufmann et al., 
2020) found that sheep cochlea can fully accommodate cochlear implant 
electrode arrays. Histologic analysis conducted 30 days after the im-
plantation revealed the presence of fibrosis in the cochlea. Furthermore, 
cochlea electrography and auditory brainstem response (ABR) ampli-
tude were observed to be reduced, indicating the occurrence of insertion 
trauma in the cochlea. Yildiz (Yildiz et al., 2022) selected minipigs as 
subjects for cochlear implantation. After 56 days following the surgical 
procedure, histological analysis of the cochlea revealed the development 
of a fibrous sheath and the accumulation of lymphocytes around the 
cochlea. Scanning electron microscopy reveals substantial damage to 
the cilia of inner hair cells in the basal turn of the cochlea following 
cochlear implantation (Liu et al., 2021).

2.2. Novel electrodes development

Glucocorticoids are commonly administered in medical settings to 
diminish inflammation and protect against hearing loss following 
cochlear implant surgery. However, there is still a lack of uniformity in 
the approach to drug administration, the dosage, the frequency of 
administration, and the range of available pharmaceuticals. Moreover, 
the effectiveness of these interventions is not well-supported by 
comprehensive evidence that includes a sufficient sample size. Medi-
cations cannot sustain a consistent level of effectiveness in the cochlea 
for an extended duration. As a result, throughout the past ten years or 
more, scientists have commenced investigations into the creation of 
novel electrodes utilizing animal models.

The studies conducted by Liu (Liu et al., 2015), Wilk (Wilk et al., 
2016), Bas (Bas et al., 2016), Ahmadi (Ahmadi et al., 2019), and Simoni 
(Simoni et al., 2020) all involved the use of guinea pigs. They implanted 
electrodes with surface-modified dexamethasone into the cochlea. This 
method not only allowed for the continuous release of dexamethasone 
for at least one week, but also served as a protective agent for the hair 

Table 1 
Comparison of cochlear anatomical structures across different animal modelsa.

Species Mouse Rat Guinea pig Cat Sheep Rabbit Pig Macaque Human

Cochlear turns 1.75–2.2 2.2–2.8 4.0–4.5 3.0–3.5 2.5 2.5 3.5 2.5–2.75 2.75
Scala tympani length (mm) 4.6 7.2 16.2 23.0 20.7 15.0 27.5 27.0 28–36

a Data from multiple literatures (Hatsushika S et al., 1990; J, 1999, 2001; Johnson et al., 2012; Martin GK, 1983; Shinomori Y, 2001; Thorne M, 1999; Trinh et al., 
2022; Yi H, 2016; Yildiz et al., 2022).
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cells, spiral ganglion cells, and auditory nerves. Additionally, it effec-
tively reduced the foreign body response and the development of 
fibrosis. A study conducted by Ahmadi (Ahmadi et al., 2019) revealed 
that the impedance of electrodes changed with dexamethasone can 
remain stable for 120 days following implantation. Bas (Bas et al., 2016) 
conducted a study where they examined dexamethasone electrodes that 
had been modified with different concentrations of surface coating. 
They found that electrodes with a 10% concentration coating provided 
the most effective protection for residual hearing.

Liu (Liu et al., 2015) discovered that the electrodes modified with 
dexamethasone continued to provide protection for residual hearing for 
up to 12 weeks after the surgery. This resulted in a hearing threshold 
shift of 5.0 ± 3.4 dB SPL. On the other hand, Wilk (Wilk et al., 2016) 
identified that there was a positive correlation between the degree of 
fibrosis in the cochlea and impedance values. Regarding the innovative 
electrodes, surface-modified pharmaceuticals such as laminin (Bas et al., 
2019), Taurodeoxycholic acid (Shah et al., 2020), brain derived neu-
rotrophic factor (BDNF) (Rejali et al., 2007), and polymeric materials 
such hydrogels (Xu et al., 2018) are also included. In contrast, Matsui 
(Matsui et al., 2023) investigated the localization of glucocorticoid re-
ceptors (GCR) in the human inner ear using immunohistochemistry and 
found differences in the intensity of immunofluorescence at different 
locations in the cochlea. This differential expression may contribute to a 
deeper understanding of the mechanism of glucocorticoid in the inner 
ear and provide a basis for the development of more scientifically 
therapeutic regimens.

Eshraghi (Eshraghi et al., 2007, 2006), Vivero (Vivero et al., 2008), 
and Ihler (Ihler et al., 2014) researched the impact of drugs on hearing 
thresholds and hair cell function. They achieved this by inserting 
microcatheters into the cochlea through the round window and con-
necting them to a micro-osmotic pump. This system allowed for 
consistent and uninterrupted delivery of drugs to the inner ear. Eshraghi 
(Eshraghi et al., 2007, 2006) demonstrated that there was an initial 
increase in hearing thresholds at 1 kHz, 4 kHz, and 16 kHz after the 
surgery. However, no significant difference was observed compared to 
the control group at 30 days postoperatively. These results align with the 
findings of Vivero (Vivero et al., 2008). Ihler (Ihler et al., 2014) 
discovered that trauma from electrode implantation resulted in a hear-
ing threshold shift ranging from 50.3 dB SPL to 68.0 dB SPL across all 
frequencies. Additionally, the administration of drugs significantly 
improved hearing loss following the implantation.

3. Summary and prospects

Cochlear implants are effective neuroprostheses that restore hearing 
in individuals with hearing loss, leading to an enhanced quality of life 
and alleviating the societal impact. The exact mechanisms of fibrosis 
ossification in the cochlea, the process by which residual hearing loss 
occurs, and the methods used to evaluate the new electrodes prior to 
clinical testing remain ambiguous. Clinical investigations frequently 
encounter constraints arising from various influential factors, such as 
age, the duration of deafness, and prior hearing disorders. Hence, it is 
imperative to carefully choose a suitable animal model for cochlear 
implantation, not only to regulate variables in scientific investigation 
but also to ensure preliminary validation in clinical application. There is 
an ample selection of animal models available for a variety of research 
studies. In future research, cochlear implant animal models can be 
effectively utilized to elucidate several aspects, including the mecha-
nisms underlying pathological alterations following cochlear implanta-
tion, and offer novel strategies to enhance the long-term outcomes of 
cochlear implantation.
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