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Abstract

Objective: To report current knowledge on the topic of intracochlear fibrosis and the
foreign body response following cochlear implantation (CI).

Methods: A literature search was performed in PubMed to identify peer-reviewed arti-
cles. Search components included “cochlear implant,” “Foreign body response (FBR),”
and “fibrosis.” Original studies and review articles relevant to the topic were included.
Results: Ninety peer-reviewed articles describing the foreign body response or intra-
cochlear fibrosis following Cl were included.

Conclusions: Intracochlear fibrosis following Cl represents a significant limiting factor
for the success of Cl users. Several strategies have been employed to mitigate the for-
eign body response within the cochlea including drug delivery systems and modifica-

tions in surgical technique and electrode design. A better understanding of the FBR has
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1 | INTRACOCHLEAR TISSUE RESPONSES
AFTER COCHLEAR IMPLANTATION

Cochlear implants (Cls) provide successful auditory rehabilitation to
patients with severe to profound sensorineural hearing loss. Conven-
tional Cls are indicated in patients with moderate-to-severe to
severe-to-profound hearing loss. With the shift in focus to preserva-
tion of native acoustic hearing and the advent of the hybrid ClI, the
population of patient candidates for Cl has expanded to include those
with mid-to-high frequency severe-to-profound hearing loss, yet
normal-to-moderate hearing loss in the low-frequencies. Cl recipients
with preserved hearing are thus able to combine low-frequency
acoustic hearing with high-frequency electrical stimulation, resulting
in significant enhancements in performance such as speech under-
standing in noise, music appreciation, and sound localization.2™ The
candidacy for both conventional and hearing preservation Cls is pro-

jected to continue to increase over the next 40 years with the aging

the potential to improve Cl outcomes and the next generation of cochlear prostheses.

biomaterials, cochlear implant, fibrosis, foreign body response, impedance

population and continued advancements in electrode design and opti-
mization of surgical techniques.®

While Cls are generally considered biocompatible with low compli-
cation rates, an inflammatory/fibrotic response occurs after implanta-
tion of an electrode array into the cochlea.®” This inflammatory
response involves formation of a densely organized fibrous sheath sur-
rounding the electrode track that can expand to include loose areolar
fibrotic tissue, granulomas, or new bone formation (neo-ossification).
Several histopathologic temporal bone studies from Cl recipients con-
firm this inflammatory response.21> For example, Seyyedi and Nadol
described a chronic inflammatory/fibrotic reaction involving inflamma-
tory cells, fibrosis, and neo-ossification in each temporal bone examined
(n = 28, 100%) from patients with Cls during life."? Similarly, Benatti
and Castiglione examined the severity and location of the inflammatory
response within the cochlea in 28 temporal bones. All electrodes in the
study were surrounded by a fibrous sheath.** Several studies confirm

that the fibrotic response is most pronounced in the basal turn of the
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cochlea, near the site of electrode insertion, and decreases in severity
with increasing distance from the cochleostomy site. In some cases,
fibrosis and neo-ossification extend apically beyond the distal end of
the electrode.®7111¢17 Several animal studies across multiple species
have likewise demonstrated a similar reaction involving intracochlear
fibrosis following C1.*82 The severity of the inflammatory response to
Cl varies amongst patients, from mild fibrosis and neo-ossification to
severe granulomatous processes.?? Several studies have demonstrated
that the fibrosis and new bone formation does not correlate with the
duration of implantation.>%4'72® However, electrical stimulation may
play a role in modulating the foreign body response, as demonstrated
by Shepherd et al.?#2>

The tissue response to Cl has both an immediate and a delayed
component. The acute response is attributed to insertion trauma,
which violates the normal cochlear anatomy. Insertion trauma may

include damage to the lateral wall with disruption of the intracochlear
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endosteum, fracture of the osseous spiral lamina, displacement of the
basilar membrane, damage to the stria vascularis, or disruption of
cochlear fluids.*4172% Studies have shown that damage to the lateral
wall of the cochlea correlates with augmented fibrosis and neo-ossifi-
cation, implicating lateral wall damage as an initiator of the inflamma-
tory response.®*® Additionally, some studies have shown an
association between fracture of the osseous spiral lamina or displace-
ment of the basilar membrane and increased fibrosis, while others do
not support this correlation.®2*

The delayed component of the inflammatory response is attrib-
uted to the host-mediated foreign body response (FBR) within the
cochlea (Figure 1). The FBR occurs in response to nearly all biomate-
rials. It begins with immediate plasma protein (eg, albumin, fibrinogen)
adsorption onto the biomaterial surface and formation of a provisional
matrix.2”2® An infiltration of neutrophils characterizes the acute phase

of the response. This develops into a chronic inflammatory reaction,

N

FIBROBLAST MIGRATION AND
FIBROUS CAPSULE FORMATION

MAGROPHAGE FUSION

FIGURE 1 A, Schematic of the foreign body response to cochlear implantation. Cochlear section from a CX3CR1/Thy1-YFP C57BL6 mouse
euthanized at day 8 post cochlear implantation, showing increased total cell and macrophage counts in the scala tympani. B, Cell nuclei are
labeled bleu (Hoechst stain), macrophages green (CX3CR1-GFP), and neurons yellow (Thy1-YFP). C, Richardson's stain demonstrating the FBR
after Cl in a mouse cochlear section. Inflammatory cells and fibrosis can be seen along the electrode tract in the scala tympani. Cl, cochlear
implantation; FBR, foreign body response
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as monocytes/macrophages and lymphocytes migrate to the site of
tissue injury in response to chemokines and chemoattractants. Fol-
lowing adhesion to the biomaterial surface, macrophages fuse to form
foreign body giant cells (FBGCs). Macrophages and FBGCs release
mediators of degradation including reactive oxygen species, enzymes,
and acids. In response to macrophage activation, fibroblasts migrate
to the site of the implant, proliferate, and lay down extracellular
matrix (ECM) proteins, including collagen. Macrophages and fibro-
blasts contribute to the formation of granulation tissue. In the pres-
ence of a foreign body, fibroblast proliferation and ECM deposition
becomes dysregulated, resulting in an irreversible fibrotic response,
which progresses to formation of a fibrous capsule surrounding the
implant.?”-2?

The FBR can lead to degradation of ClI biomaterials. Cls are com-
prised of platinum (Pt)-iridium (90/10) electrode arrays embedded in a
polydimethylsiloxane (PDMS, silicone) carrier. Both platinum and sili-
cone particles have been demonstrated both extracellularly and intra-
cellularly within macrophages from temporal bone sections of Cl
recipients.”®C It is presumed that these biomaterials are subject to
mediators of degradation released by macrophages and FBGCs and
undergo phagocytosis in an attempt to clear the debris. FBGCs are
typically seen at the interface between the electrode and the fibrous
capsule.”3! In the cochlea, an exaggerated FBR often progresses to

involve neo-ossification.

2 | IMPACTOFINTRACOCHLEAR
FIBROSIS/NEO-OSSIFICATION ON CLINICAL
OUTCOMES IN CI PATIENTS

Although Cls have been markedly successful in restoring hearing to
patients with profound hearing loss, the FBR and intracochlear fibrosis
could be a significant limiting factor to the success and outcomes of
Cl users. It is hypothesized that this fibro-osseous reaction could be a
contributing factor to delayed loss of residual acoustic hearing after
hearing preservation Cl. Although the goal is to preserve low fre-
quency hearing in hybrid CI recipients, there is a subpopulation of
these patients in which initially preserved low frequency hearing is
lost 3 months to 3 years after successful implant surgery.32-3* While
many hypotheses aim to explain this delayed loss of residual hearing,
the cause remains largely unknown. Some possible explanations

include inflammation,3>

36,37

oxidative stress and apoptosis within hair

excitotoxicity due to acoustic and electrical stimulation,®®
9

cells,
alterations in cochlear fluid homeostasis,3? vascular injury,3 or the
foreign body response. The FBR as a cause of delayed hearing loss is
implicated in a recent histopathologic report of a temporal bone from
a hybrid Cl recipient who experienced delayed loss of functional resid-
ual hearing 4 to 18 weeks after CI.13 The basal turn of the implanted
cochlea demonstrated fibrous tissue and neo-ossification of the scala
tympani and scala vestibuli, speculated to cause an “inner ear conduc-
tive” hearing loss.*®° Importantly, hair cell and spiral ganglion neuron
counts were comparable between the patient's implanted and

unimplanted ears. These observations imply that progressive fibrotic

tissue growth contributes to hearing loss following initial hearing
preservation Cl.

Intracochlear fibrosis, particularly of the basal turn of the cochlea, is
theorized to modify the vibrations of the basilar membrane apically,
which may impact native low-frequency hearing.*® Others theorize that
insertion of an electrode through a cochleostomy may lead to endosteal
damage to the scala vestibuli and resultant intracochlear fibrosis. The
trauma to the endosteum causes proliferation of spiral ligament cells
and impaired function of the ductus reuniens, leading to endolymphatic
hydrops as a cause of delayed loss of residual low-frequency hear-
ing.*1*2 Ishiyama et al demonstrated fibrosis of all three scala and resul-
tant endolymphatic hydrops in 17 of 29 temporal bones from patients
who underwent Cl using a cochleostomy approach.*!

Additionally, fibrosis within the cochlea is associated with ele-
vated electrical impedances.*®*** Electrode impedance reflects the
resistance between the stimulating electrode and the return elec-
trode. The presence of protein and cellular adhesion, fibrous tissue, or
new bone formation can be expected to increase electrode imped-
ance.22%5%7 Further, recent work suggests that fibrosis results in a
reduction and changes in composition of perilymph or extracellular
fluid adjacent to the electrodes leading to elevated impedance.*® As a
result of the increased impedance at the electrode-tissue interface,
higher voltages are required leading to decreased dynamic range of
stimulation and decreased Cl battery life.”*34? Further, hearing loss
after Cl has been associated with increased impedances, presumably
reflecting increased fibrosis.184>>°

It has been suggested that neo-ossification as a result of the FBR
following Cl may also be correlated with poorer word recognition
scores post-operatively. Takefumi et al demonstrated a negative cor-
relation between Consonant-Vowel Nucleus-Consonant Word Test
(CNC) word scores and the volume of new bone in the scala media/
vestibule in a study of 17 temporal bones.® However, this and other
studies'®?® have shown no correlation between word recognition
score and the volume of fibrous tissue in the cochlea.

Formation of granulomas and other granulomatous reactions have
also been reported following CI.11°%>2 One histopathologic study of a
revision Cl following “soft failure” of the device demonstrated a nec-
rotizing granulomatous process of the entire cochlea bilaterally,
consisting of FBGCs and lymphocytes.?%°% The reaction was attrib-
uted to a delayed hypersensitivity reaction.??> Another case report
described endosteal erosion of the upper basal turn of the cochlea
with an area of focal osteomyelitis.>* In more extreme cases (approxi-
mately 1%), device extrusion has been reported and is thought to be
associated with a severe soft tissue reaction. Device failure occurs
rarely, accounting for 1.53% of cases.*?

Along with the perceived unfavorable outcomes for current Cl
users, it is theorized that neo-ossification could also decrease the effi-
cacy of future surgeries (eg, explantation and reimplantation) and may
limit future therapies aimed at hair cell or neuron regeneration.24>>
Intracochlear tissue growth including fibrosis and neo-ossification
could dramatically hinder efforts to develop next generation cochlear
prostheses (eg, thin film arrays), optical “trodes,” and cell based thera-

pies that require bioscaffolding.
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3 | STRATEGIES TO MITIGATE THE TISSUE
RESPONSE IN THE COCHLEA FOLLOWING CI

Several strategies to mitigate the inflammatory/fibrotic response fol-
lowing Cl have been proposed and represent an area of ongoing
research. Pharmacological approaches include local or systemic

56,57 58-60

glucocorticoids, other immune/inflammatory modulating drugs,

6164 and anti-oxidants.%> Use of glucocorti-

anti-apoptotic compounds,
coids systemically, locally (intratympanic, intracochlear), as well as
glucocorticoid-emitting or glucocorticoid-coated electrodes have been
shown to decrease the inflammatory reaction and provide some degree
of otoprotection following C1.°%°7¢7° For example, in a guinea pig
model, a 7-day infusion of dexamethasone sodium phosphate through
the round window after Cl resulted in a significant decrease in the total
area of the tissue response and fibrosis when compared to the control
group.*> Dexamethasone (DEX) eluding Cls have also been shown to
reduce fibrosis surrounding the electrode array and decrease electrode
impedance levels in a guinea pig model.*””* Additionally, DEX eluding
Cls have been shown to decrease the volume of fibrosis surrounding
electrode arrays and show promise in hearing preservation in
humans. 475772

Surgical modifications, or “soft” electrode insertion techniques, can
also help minimize intraoperative trauma to the cochlea and mitigate the
inflammatory reaction to Cl and subsequent fibrosis within the
cochlea.”®”* Use of slow insertion of the electrode array, angled
superior-to-inferior, with minimal pressure applied can reduce surgical
trauma.”*”> Additionally, choice of surgical entry into the cochlea may
affect the degree of intracochlear fibrosis. Cl electrode arrays can be
inserted through the round window membrane or through a bony
cochleostomy anterior and inferior in the basal turn of the scala tympani.
The round window approach is thought to minimize damage to cochlear
structures thus decreasing secondary intracochlear fibrosis and neo-ossi-
fication.*#4+767? Additionally, studies have shown that insertion using
the round window approach may be associated with a higher likelihood
of successful placement of the electrode into the scala tympani and
higher hearing preservation rates.2®2 Surgical entry through a more tra-
ditional cochleostomy may prevent damage to the osseous spiral lam-
ina.1%7583 However, adverse outcomes associated with cochleostomy
may include perilymph loss, acoustic trauma from drilling, and the intro-
duction of bone dust into the perilymphatic space, which may promote
neo-ossification and further amplify the host response to the foreign
material.}*””7 Maintaining a clean surgical field with irrigation of bone dust
and pate is another way to minimize entry of foreign debris into the scala
tympani. Bone dust may promote new bone formation in the cochlea, as

|84

demonstrated in a study by McElveen et al.®* However, there is limited

direct evidence in support of this conclusion. Additionally, intracochlear
bleeding intraoperatively may increase fibrosis and ossification.8>¢
Another strategy involves development of new electrode arrays
that are short, thin, flexible, and/or directed to specific regions of the
scala tympani (lateral wall, mid-scala, perimodiolar) in an effort to limit
insertional trauma and consequent inflammation. While shorter elec-
trodes may minimize trauma to the cochlea, this must be balanced with

how effectively they can stimulate neurons more apically in the cochlea.

Of note, Ishai et al demonstrated that different electrode designs can
result in different patterns of fibrosis.?® Finally, modifications to Cl
biomaterials themselves, such as surface thin-film hydrogel coatings
that reduce biofouling and/or promote water retention around the elec-

trode array, have been suggested as methods to reduce the fibrosis and

increase in impedances that occur following C1.48%7

4 | CONCLUSIONS

The inflammatory FBR following Cl represents a significant limiting fac-
tor for the success of Cl users. Several strategies have been employed
in an attempt to mitigate the FBR within the cochlea including modifica-
tions in surgical technique and electrode design and pharmacotherapy.
A more detailed understanding of the FBR, including the effects of elec-
trical stimulation and the response to specific components of the Cl
(platinum and PDMS), has the potential to improve Cl outcomes and
impact the design of the next generation of cochlear prostheses.
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