
Vol.:(0123456789)

Current Otorhinolaryngology Reports (2024) 12:61–65 
https://doi.org/10.1007/s40136-024-00507-3

REVIEW

Fully Implanted Cochlear Implants

Eric E. Babajanian1 · James R. Dornhoffer1 · Colin L. W. Driscoll1,2

Accepted: 22 April 2024 / Published online: 31 May 2024 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2024

Abstract
Purpose of Review To review the current state of development of fully implanted cochlear implants, including a summary 
of the current challenges and limitations in addition to breakthroughs in technology.
Recent Findings Recent developments towards the realization of a fully implanted cochlear implant draw from technologies 
that were originally developed for middle ear implants. Advances in the field of implantable microphone technologies and 
sustainable energy sources have led to the development of a new and novel fully implanted cochlear implant.
Summary Advances in fully implanted cochlear implant technology are heading towards the realization of commercially 
available devices. Middle ear microphone technologies provide adequate amplification of sound while avoiding some of the 
limitations of prior subcutaneous microphones. While a fully implantable sustainable energy source is not yet developed 
for implantation, several recent studies show promise for eventually eliminating the need for an external charging device.
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Introduction

A cochlear implant (CI) is the gold standard treatment for 
advanced sensorineural hearing loss. Through direct stimu-
lation of the auditory nerve, CIs can bypass the inner ear and 
provide input that is interpreted as sound by the brain. Since 
the first iteration of CIs were implanted in the early 1960s, 
significant developments have been made to improve both 
the internal and external components to optimize patient 
performance. Current commercially available CIs are semi-
implantable, utilizing an external sound processor that sends 
signals to the internal receiver and electrode. Despite the 
strong and long-standing desire of patients to have an “invis-
ible” hearing solution, there are no commercially available 
devices that achieve this.

Over the past decade, several advancements have been 
made to develop a fully implanted cochlear implant (FICI), 
eliminating the need for an externally worn sound proces-
sor. The need for a FICI stems from many of the constraints 

inherent to requiring external hardware. The risk of damag-
ing or losing the external processor precludes use under cer-
tain situations, such as sleeping, strenuous physical activity 
or water exposure. Discomfort can arise and even lead to 
skin breakdown because of the need for an internal magnet 
to affix the external hardware to the head. Additionally, given 
the need for an internal magnet, MRI scanning requires extra 
technical safety precautions and significant imaging artifact 
can arise with MR imaging, potentially limiting the ability 
to provide adequate diagnostic imaging. Various techniques 
may be employed to minimize the amount of artifact pro-
duced by the internal magnet, but constraints in visualiza-
tion of a lesion of interest still apply. Lastly, adverse events 
such as magnet displacement, demagnetization and tilt may 
result from MR imaging, leading to significant pain for the 
patient and potential loss of external hardware retention. 
These events occur at a relatively common rate of around 
11% of patients [1].

Fully implantable hearing rehabilitation devices have 
been an expanding area of research and development over 
the past several decades. Studies examining the rate of con-
ventional hearing aid utilization suggest that only one-third 
of patients who would benefit from them actually use them 
[2]. To address some of the barriers to the use of conven-
tional hearing aids, middle ear implant (MEI) devices have 
been developed to provide an alternative option for patients 
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with conductive, sensorineural or mixed hearing loss. Many 
of the advancements in this area have contributed to the 
development of a FICI, primarily with the development of 
various microphone technologies that bypass the need for a 
separate external microphone.

This review will detail the current status of FICIs, and 
will include an overview of the recent literature regarding 
the development of these devices. To understand the devel-
opment of fully implantable hearing rehabilitation devices, 
it is important to include a brief discussion on the develop-
ment of MEIs, as many of the advancements in this area have 
contributed to the development of FICIs.

Influence of Middle Ear Implants

MEIs have been available for use in patients with conductive 
and/or sensorineural hearing loss for the better part of the 
last 3 decades. The primary devices that have received FDA 
approval and are used in the United States include the Envoy 
Esteem, Med-El Vibrant SoundBridge, and the Ototronix 
MAXUM system [3•]. MEIs typically utilize an electro-
magnetic or piezoelectric transduction mechanism, and the 
coupling site differs by manufacturer. The Envoy Esteem 
utilizes a piezoelectric sensor that is coupled to the incus, 
an implanted amplifying sound processor, and a piezoelec-
tric driver that is coupled to the stapes head. The Med-El 
Vibrant SoundBridge utilizes a floating mass transducer to 
produce mechanical vibrations coupled to various middle ear 
structures. The Ototronix MAXUM system utilizes an elec-
tromagnetic system that transmits a mechanical signal via 
an implant magnet that is coupled to the stapes. The Envoy 
Esteem is the only fully implanted MEI currently available 
for commercial use. Previous studies have reported satisfac-
tory audiologic outcomes and patient satisfaction with all 
three MEI devices [4••, 5, 6]. Despite this, MEIs have not 
gained a substantial market presence due to various factors, 
including need for and cost of surgery, lack of insurance cov-
erage, and the potential need for additional procedures, par-
ticularly with the Envoy Esteem’s nonrechargeable battery.

One of the primary contributions from MEIs to FICIs 
is the power supply required for a fully implantable hear-
ing rehabilitation device. The Envoy Esteem utilizes a non-
chargeable lithium battery that is reported to last 4.9 years 
when utilized most of the day [7]. The Cochlear Carina was 
another MEI that stopped distribution in 2020. The device 
worked through transducer coupling to either the incus, sta-
pes, or round window. This device utilized a rechargeable 
lithium battery that reported a battery life of at least 10 years 
[8]. Lithium battery technology could be used an energy 
source for FICIs, though the finite battery lifetime intro-
duces the added costs and risks of additional operative pro-
cedures, including the potential for device infections. Future 

directions for the development of sustainable energy sources 
for FICIs will be discussed in more detail later in this review.

The development of implantable MEIs has resulted in 
advancements in technologies that are leveraged in the 
development of FICIs. The Envoy Acclaim is a novel FICI 
currently being evaluated in an early feasibility study that 
utilized pre-existing MEI components, namely an implanta-
ble, rechargeable battery and ossicle integrated microphone. 
To that end, we will next discuss developing microphone 
technologies for FICIs and the current developmental status 
of these devices.

Microphone Technologies

The primary challenge to developing FICIs is the need for an 
implantable microphone that will effectively transmit sound 
and speech to the receiver/stimulator. In traditional CIs, the 
microphone is housed in the external sound processor hard-
ware, transmitting digitized sound signal via the transmit-
ting coil across the skin to the internal receiver/stimulator 
for stimulation of the auditory nerve through the cochlear 
electrode. Various types of implantable microphones have 
been developed over the past several years to act as sen-
sors that are capable of capturing external sounds. Different 
types of transduction mechanisms exist for these implantable 
microphones, including electromagnetic, piezoelectric and 
capacitive, with potential implantation subcutaneously or 
within the middle ear.

Calero et al. reviewed these various mechanisms and 
proposed a classification system of the various types of 
implantable microphones [9•]. Implantable microphones 
were first categorized into site of placement of the micro-
phone (subcutaneous versus middle ear), then further clas-
sified based on transduction mechanism and sensor type. A 
comprehensive review analyzes each sensor type, with the 
authors’ final conclusion being that microelectromechanical 
systems (MEMS) technology with microphone coupling to 
the ossicular chain is likely to produce the best result for 
FICIs. Prochazka et al. have developed a packaging concept 
that shows promise for incorporating a MEMS microphone 
into a FICI, utilizing a surgically implantable titanium struc-
ture that houses the MEMS microphone [10].

The primary drawbacks for subcutaneous placement of 
implantable microphone technologies include microphone 
sensitivity due to skin thickness and implant positioning, 
responsiveness to physiologic noise and soft-tissue move-
ment, overlying skin necrosis with the potential for micro-
phone extrusion, and limitations to sound localization as 
a result of microphone implant location [11]. Middle ear 
microphone placement via coupling to ossicular chain, on 
the other hand, has several advantages. Placement in the 
middle ear allows for utilization of the ear’s natural ability 



63Current Otorhinolaryngology Reports (2024) 12:61–65 

amplify sounds via the pinna and ear canal, and to localize 
sound based on inherent directionality. Self-stimulation of 
the microphone by physiologic sounds would also be lim-
ited because of the middle ear reflex. Additionally, given 
the location of placement within the middle ear, the risks 
of skin necrosis and microphone extrusion would be elimi-
nated. Mitchell-Innes et al. published a review on implantable 
microphone systems in 2017, within which a summary of the 
benefits and drawbacks to location of microphone placement 
is provided based on foundational studies on the topic [11].

Expanding on the benefits of a middle ear microphone 
system for use in FICIs, Craddock et al. recently performed a 
pilot study comparing audiologic performance between a tra-
ditional external CI microphone to a middle ear microphone 
coupled to the incus body [12•]. The middle ear microphone 
system demonstrated comparable results to the external 
microphone in sound-field testing, loudness scales, and speech 
reception, particularly in the lower frequencies. Notably, the 
middle ear microphone system demonstrated poorer per-
formance in higher frequencies, but the authors found that 
study participants still found clinical benefits, highlighting 
the potentials of utilizing a middle ear microphone for FICIs.

More recently, a handful of studies have evaluated the 
use of piezoelectric middle ear microphone systems for use 
in FICIs. Xu et al. describe a floating piezoelectric micro-
phone that was coupled to the ossicular chain in both cats 
and humans [13•]. Intraoperative testing of this microphone 
confirmed effective conversion of acoustic vibrations of the 
ossicular chain to electrical signals. Zhang et al. describe a 
piezofilm microphone system referred to as DrumMic that is 
coupled to the umbo [14•]. In this cadaveric study, the Drum-
Mic system showed promising results with regards to sound 
amplification, but further development is needed towards a 
prototype that will be implantable in humans. Yeiser et al. 
describe another piezoelectric microphone that is coupled to 
the umbo, referred to as UmboMic, that demonstrated prom-
ising amplification results in their cadaveric study [15•].

The development of an implantable microphone system 
for use in FICIs is an active area of research, with most of 
the literature pointing towards the use of a middle ear micro-
phone system. Various transduction mechanisms and sensor 
types are being explored, with the most ideal configuration 
yet to be determined.

Status of Fully Implanted Cochlear Implants

FICIs have been in development for many years, but as of 
the time of this review, there is not a commercially avail-
able device ready for implantation. There are several ben-
efits to a FICI, as outlined earlier, that would make these 
devices superior to current semi-implantable CIs. In their 
recent review, Trudel and Morris outline the fundamental 

requirements to designing a FICI [16•]. The primary chal-
lenges include the development of an effective implantable 
microphone and a sustainable source of energy.

The status of implantable microphones was discussed in 
detail in the prior section. Regarding sustainable sources of 
energy, Trudel and Morris discuss the possibility of utiliz-
ing implantable energy harvesters as a potential source of 
energy. These devices would utilize sources of energy near 
the temporal bone to generate electrical signals delivered to 
the cochlear implant electrode array. Piezoelectric energy 
harvesters have previously been described as potential 
solutions, designed to convert vibrations via the tympanic 
membrane or basilar membrane into energy without the need 
for an external source [17–20]. Endocochlear potential has 
also been described as a potential source of energy, though 
current technologies do not allow for long-term, sustain-
able energy generation [21]. Advancements in implantable 
energy harvester technologies are necessary prior to the 
development of a self-powered FICI, but there appears to 
be promise in the area of piezoelectric energy harvesters.

As of today, little has been published on the design or use 
of an actual FICI in human recipients. The cochlear TIKI 
described by Briggs et al. represents the first such attempt 
at a commercially feasible device [22•]. Three adults with 
severe-profound sensorineural hearing loss were implanted 
with the device. The device offered the option of using a 
conventional external sound processor or an “invisible hear-
ing” mode, allowing the implant recipient to continue to use 
the device without any external hardware. Per the report, 
patients received expected benefits from the implant; how-
ever, the “invisible hearing” mode relied on a subcutaneous 
microphone that unfortunately attenuated external sounds 
while amplifying body sounds, limiting its use in the fully 
implanted mode.

The Envoy Acclaim is the most recent FICI to have been 
implanted in human subjects. Dornhoffer et al. describe 
implantation of the device in a recently published early 
feasibility study [23••]. The Envoy Acclaim utilizes a mid-
dle ear microphone system that has been used in the Envoy 
Esteem MEI. The device’s sensor converts vibrations of the 
ossicular chain to an electrical signal that is delivered via 
a standard cochlear electrode array. The device requires an 
external energy source, as it employs a rechargeable internal 
battery placed in the chest like a pacemaker. The battery is 
recharged with an external charger. The report by Dornhoffer 
et al. focuses primarily on implantation technique and chal-
lenges, and further studies are required to determine if the 
Envoy Acclaim’s performance is equivalent or superior to a 
traditional semi-implantable CI. Patients have not reported 
any bothersome body sounds related to the microphone, a 
finding that limited the use of the TIKI. This is not surprising 
as the Envoy Acclaim utilizes the same system as the Envoy 
Esteem that has been previously implanted in many patients.
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Conclusions

Several limitations to the traditional semi-implantable CI 
have driven the development of FICIs. MEIs have been 
commercially available for years, and lessons learned from 
the technologies incorporated into them can help drive the 
development of FICIs. The primary limitations to devel-
oping FICIs include 1) the need for an implantable micro-
phone that can compete with the external hardware currently 
being utilized by semi-implantable CIs, and 2) the need for 
an implantable power supply. Several configurations for 
implantable microphone technologies currently exist, with 
the most promising being those that are implanted in the 
middle ear with coupling to the ossicular chain. Developing 
technologies for a sustainable source of energy that does not 
require external charging seem to be heading in the direction 
of energy harvesters. The Envoy Acclaim is the most recently 
developed FICI to have published reports on the feasibility 
of implantation in adults. While further studies are needed 
to determine its full audiological benefit, initial experiences 
are reportedly favorable. While FICIs have been in develop-
ment for years, recent breakthroughs suggest that we are now 
close to having FICIs commercially available as a hearing 
rehabilitation option for patients with advanced sensorineural 
hearing loss, a solution long sought by patients.
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