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Background: Intratympanic injections of glucocorticoids have become

increasingly common in the treatment of idiopathic sudden sensorineural

hearing loss (ISSHL). However, due to their fast elimination, sustained

applications have been suggested for local drug delivery to the inner ear.

Materials and methods: The study is based on a retrospective chart

review of patients treated for ISSHL at a single tertiary (university) referral

center. We included patients who were treated with a solid, biodegradable,

poly(D,L-lactic-co-glycolic acid) (PLGA)-based drug delivery system providing

sustained delivery of dexamethasone extracochlear into the round window

niche (n = 15) or intracochlear into scala tympani (n = 2) for tertiary therapy

of ISSHL in patients without serviceable hearing after primary systemic and

secondary intratympanic glucocorticoid therapy. We evaluated the feasibility

and safety through clinical evaluation, histological examination, and functional

tests [pure-tone threshold (PTA), word recognition scores (WRS)].

Results: With adequate surgical preparation of the round window niche,

implantation was feasible in all patients. Histologic examination of the material

in the round window niche showed signs of resorption without relevant

inflammation or foreign body reaction to the implant. In patients where the

basal part of scala tympani was assessable during later cochlear implantation,

no pathological findings were found. In the patients with extracochlear

application, average preoperative PTA was 84.7 dB HL (SD: 20.0) and 76.7 dB

HL (SD: 16.7) at follow-up (p = 0.08). The preoperative average maximum

WRS was 14.6% (SD: 17.9) and 39.3% (SD: 30.7) at follow-up (p = 0.11). Six
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patients (40%), however, reached serviceable hearing. The two patients with

intracochlear application did not improve.

Conclusion: The extracochlear application of the controlled release system in

the round window niche and – based on limited observations - intracochlear

implantation into scala tympani appears feasible and safe. Due to the

uncontrolled study design, conclusions about the efficacy of the treatment

are limited. These observations, however, may encourage the initiation

of prospective controlled studies using biodegradable controlled release

implants as drug delivery systems for the treatment of inner ear diseases.

KEYWORDS

glucocorticoids, intracochlear, biodegradable polymer, intratympanic, human,
salvage therapy, round window, scala tympani

Introduction

There is no approved medical therapy for idiopathic
sudden sensorineural hearing loss (ISSHL) and presently
applied treatments are off-label therapies. Current national
clinical guidelines and an international consensus paper
state that clinicians may offer systemic or intratympanic
application of glucocorticoids for the initial treatment of
ISSHL and intratympanic application is recommend when
patients have incomplete recovery from sudden sensorineural
hearing loss (DGHNO-KHC AWMF, 2014; Marx et al., 2018;
Chandrasekhar et al., 2019). Intratympanic glucocorticoids
may be applied as injections of solutions, with additives like
hyaluronic acid gel, drug placed on pieces of absorbable gelatin
sponge, applied via a Silverstein MicroWickTM or via an
implanted catheter (Salt and Plontke, 2018). From several local
application strategies, the most commonly used are single or
repeated injections through the tympanic membrane. Based on
available uncontrolled and controlled randomized and non-
randomized studies, however, no clear recommendation can
be made for specific application protocols (Liebau et al.,
2017, 2018) and the evidence for the efficacy of intratympanic
glucocorticoids for secondary (salvage) therapy of ISSHL
through intratympanic injections is low (Plontke et al., 2022).
Several aspects need to be considered for intratympanic therapy
of inner ear disorders. (1) The round window membrane
(RWM), shows various degrees of obstruction in one-fifth to
one-third of the cases (Alzamil and Linthicum, 2000) with
“blind” intratympanic injections involving the risk of the drug
not reaching the RWM. (2) The time, the drug is in contact
with the RWM is essential for the drug concentration in
the inner ear perilymph (Hahn et al., 2006). Sustained drug
delivery to the RWM can be realized through implantation of
a catheter into the middle ear connected to an external pump
(Kopke et al., 2001; Schwab et al., 2004; Plontke et al., 2009)

or by polymers with controlled drug release properties, of
which, a variety is currently being preclinically investigated
for inner ear drug applications (Mäder et al., 2018; Salt and
Plontke, 2018; Rathnam et al., 2019; Lehner et al., 2021). (3)
The drugs that are mostly used for intratympanic therapies in
humans - water-soluble forms like dexamethasone-phosphate –
have pharmacokinetic properties that make them unsuitable
for the therapy of some inner ear disorders. They are lost
rapidly from the middle ear, enter perilymph slowly through the
RWM, and in the inner ear, they are quickly dephosphorylated
to the active drug form, but due to higher lipophilicity are
then rapidly eliminated to the bloodstream (Salt and Plontke,
2018). (4) After a surgical tympanoscopy for exploration and
removal of possible obstructions of the round window (RW)
niche involving the risk of some blood in the middle ear and
with a tympanomeatal flap requiring an ear canal dressing,
repeated transtympanic injections are often not feasible for
some time, suggesting the application of a drug depot or
controlled release system in the RW niche at the time of
surgery (Plontke, 2018). We previously reported on five patients
with ISSHL, who were treated with an approved intravitreal
implant for continuous dexamethasone application to the inner
ear by implantation into the RW niche (Plontke et al., 2014).
The rational for using such a drug delivery system was based
on increasing knowledge on inner ear pharmacokinetics after
local drug application and was thereafter individually offered
to patients only for higher degrees of hearing loss (“non-
serviceable hearing” or complete hearing loss on the affected
ear) and planned tympanoscopy for inspection of the round and
oval window niches.

We here report our experiences with this biodegradable drug
delivery implant for controlled release of dexamethasone to the
inner ear in a special therapeutic situation, i.e., tertiary therapy
after failure of primary systemic application and secondary
intratympanic injections of glucocorticoids.
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Materials and methods

Study design, setting, and participants

The study is based on a retrospective chart review of patients
treated for ISSHL at a single tertiary (university) referral center.

Inclusion criteria
Patients were included in this analysis if they received a

tertiary (salvage) treatment of ISSHL with a solid, biodegradable,
poly(D,L-lactic-co-glycolic acid) (PLGA)-based controlled
release drug delivery system. Patients were offered this therapy
as an individual treatment attempt for moderately severe, severe,
or profound hearing loss (“non-serviceable hearing”) after
unsuccessful primary systemic and secondary intratympanic
(“blind” intratympanic injections) glucocorticoid therapy of
ISSHL. The treatment was offered along with a tympanoscopy
for inspection of the round and oval window niches for removal
of possible RW obstructions and simultaneous tertiary local
drug therapy through a “drug depot.”

Exclusion criteria
Patients with a known cause of the sudden sensorineural

hearing loss [non-idiopathic hearing loss, e.g., Menière’s disease,
suspected barotrauma, or vestibular schwannoma on magnetic
resonance imaging (MRI)] were not offered such a treatment.

The various therapeutic options for salvage therapy of
ISSHL through local delivery to the inner ear (see introduction)
were discussed with the patient, and informed consent was
obtained for this individual treatment regimen from each

patient. The biodegradable drug delivery system was implanted
in the RW niche. Due to increasing evidence of limited drug
entry through the RWM, the last two patients in this case series
received an intracochlear application of the drug delivery system
through the RWM into the base of scala tympani. The implant
(Ozurdex

R©

, Allergan Inc., Irvine, CA, United States) is approved
for intravitreal use and contains 0.7 mg dexamethasone in
a PLGA polymer matrix containing a mixture of polymer
chains with free and esterified carboxylic end groups without
a preservative. It consists of the PLGA polymers RG502 und
RG502H (RESOMER R©, Evonik, Essen, Germany). RESOMER
Evonik Healthcare (2022) the PLGA matrix slowly degrades
to lactic acid and glycolic acid. The implant is 0.46 mm in
diameter and 6 mm in length. For intravitreal application, the
rod-shaped implant is injected from a pen-like device consisting
of a hollow stainless-steel needle in a disposable applicator. For
the adopted local controlled release drug delivery to the inner
ear, the implant was removed from its applicator and cut into
pieces of approximately 0.8–1.5 mm length, according to the
size of the human RW niche (1.55 mm [range: 0.8–1.6 mm] or
1.65 mm [range: 0.96–2.28 mm] by 1.2 mm [range: 0.8–1.6 mm]
(Su et al., 1982; Lang and Kothe, 1987; Figures 1D–F) and for
implantation into scala tympani according to a recent study
investigating feasible implant dimensions for intracochlear drug
delivery in the human (Lehner et al., 2022).

Surgery

Informed consent for surgery was obtained from all
participants including off-label use of the controlled release

FIGURE 1

Surgical procedure: (A–C) tympanoscopy and removal of "false RWM” (patient No. 9, right ear). The black arrows show a mucosal membrane
(“false RWM”) covering the RW niche. The white arrow shows the RWM after removal of a mucosal membrane. (D–F) Preparation of implant.
The drug delivery system (0.46 × 6 mm) was unloaded (E) from the injection device for intravitreal delivery (D) and cut into approximately equal
pieces of 1.5 mm each (F). See also Supplementary video material. I: long process of incus (distal end); P: promontory; PCW: posterior canal
wall; TMF: tympanomeatal flap. (A,C–F) Microscopic images; (B) endoscopic image, 1.7 mm, 30◦). Figures (A–C) after Plontke (2018) with
permission.
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implant (i.e., non-approved for this indication but for
intravitreal use only) as an individual treatment attempt. The
surgical procedure consisted of four steps: (1) tympanoscopy
and removal of possible obstructions, (2) preparation and
placement of the implant, (3) sealing with soft tissue and fibrin
glue, and (4) ear canal dressing and wound closure. After raising
a tympanomeatal flap, the middle ear and especially the oval
and RW niches were inspected with the surgical microscope
and an endoscope (1.7 mm, 30◦). A possible partial or complete
covering of the round niche by mucosal folds or membranes
(often referred to as “false RWM”) was gently removed with a
0.4 mm 90◦ otosurgical hook (Figures 1A–C). After no signs of
an oval or RW fistula were found, the controlled release implant
pieces were transported into the RW niche with a 0.7 mm
suction tip and placed onto the RWM (Figures 2A,B, 3A,B).
Since RW niches are configured differently and the RWM is
often only partially visible (Su et al., 1982; Tóth et al., 2006),
it was necessary in some cases to drill away the bony rim of
the RW niche (i.e., the tegmen, the anterior postis and partially
also the posterior postis) to adequately inspect the entire RWM
(black arrow in Figures 3A,B, 4B). In the first patients of
this cases series, the implants were held in place with drops
of fibrin glue. In later patients, we covered the implants with
soft tissue, aiming at decreased loss of drug to the middle ear
(Figures 2C, 3C). This was followed by application of fibrin glue
(Figures 2D, 3D).

In the two patients with intracochlear application, the
bony rim of the RW niche was drilled away to get access
to the RWM. A slit-like opening was made in the RWM
using an otologic 90◦hook. This instrument was also used to
gently push the rod-shaped implant into the base of scala
tympani. The RW was sealed with soft tissue and fibrin glue
(Figures 4A–F). For an illustration of the techniques see also
Supplementary video material.

The tympanomeatal flap was then replaced, and a standard
ear canal dressing was inserted. Dressing and sutures were
removed 8–10 days after the procedure. The surgery can
be performed under local anesthesia. In the presented cases,
however, the patients requested general anesthesia. Some of the
patients later received a cochlear implant (CI). In these cases,
the RW niche and the basal part of scala tympani were inspected
and material from the RW niche was recovered for histological
examination before inserting the CI electrode array.

Audiologic measurements

Audiological function was assessed preoperatively, 8–
12 weeks postoperatively (follow-up 1), and 9–12 months
after surgery (follow-up 2). Pure-tone and speech audiometry
(German Freiburger monosyllables) were performed with an
AT900 clinical audiometer (Auritec, Hamburg, Germany)
and DT48A calibrated headphones (Bayer Dynamic, Berlin,

FIGURE 2

Surgical procedure (same patient as in Figure 1): Placement of
the solid, biodegradable drug delivery system onto the RWM.
(A,B) Implant pieces (open triangle) in situ. The implants were
then covered with soft tissue (*) (C), which was secured in
places with fibrin glue (D). See also Supplementary video
material. Ch.t.: Chorda tympani; I: long process of incus; P:
promontory; PCW: posterior canal wall; S: stapes head; TMF:
tympanomeatal flap; VII: facial nerve. (A) Endoscopic view: 30◦,
1.7 mm. Figure (A) after Plontke (2018) with permission.

FIGURE 3

Surgical procedure (patient No. 14, right ear). (A,B) The bony rim
of the RW niche was drilled away (small arrow) to allow a better
view onto the entire RWM. The implants (open triangle) were
then covered with soft tissue (∗) (C), which was secured in place
with fibrin glue (D). See also Supplementary video material.
Ch.t.: Chorda tympani; I: long process of incus; PCW: posterior
canal wall; VII: facial nerve.

Germany) in a sound-attenuated booth (Industrial Acoustics
Company, Niederkrüchten, Germany). Ipsilateral pure-tone
thresholds for air conduction were measured and reported
as average across 0.5, 1, 2, and 4 kHz (4PTA). Word
recognition score at 65 dB SPL (WRS65) and maximum speech
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discrimination (WRSmax) were measured using lists of the
Freiburger monosyllables test. The sound pressure level at
WRSmax was reported as well.

According to the “research needs” stated in the “Clinical
Practice Guideline: Sudden Hearing Loss” we also determined
the percentage of patients who gained serviceable hearing after
treatment. As emphasized there, we used “WRS percentages,
acknowledging that even a severe pure-tone loss but with
good or better word recognition ability is a good outcome”
(Chandrasekhar et al., 2019).

Neurotologic measurements

Due to the more invasive therapy, the two patients
with intracochlear Ozurdex

R©

implantation received a detailed
neurotological assessment including vestibular-ocular reflex
(vHIT, ICS Impulse, Natus Medical Inc., San Carlos, CA,
United States), cervical and ocular vestibular evoked myogenic
potentials (c/oVEMPs, Eclipse, Interacoustics, Middelfart,
Danmark) and response to caloric stimulation (Hortmann
Vestlab 100, Natus Medical Inc., San Carlos, CA, United States).

Histology

Material for histological examination was gained from the
RW area in patients later receiving a cochlear implant. Tissue
sections from formalin-fixed, paraffin-embedded tissue were
stained with standard hematoxylin-eosin (H&E, Carl Roth,
Karlsruhe, Germany). In addition, an iron stain (“Prussian
blue,” pretreatment with hydrochloric acid 5%, Carl Roth,
Karlsruhe, Germany) followed by potassium-hexacyanoferrate
(II) trihydrate, 1:100, Sigma-Aldrich) was performed to visualize
blood residua. To perform immunohistochemistry, the slides
were pretreated with enzyme (BOND Enzyme Pretreatment Kit,
Leica Biosystems, Nussloch, Germany) for 10 min for antigen
retrieval. CD68 immunohistochemistry (clone KP1 1:100, Dako,
Agilent Technologies, Santa Clara, CA, United States) was
utilized to label macrophages of patients No. 11 and 13.
Cytokeratin Pan Plus (PanCKplus) immunohistochemistry (pH
9 for 10 min, BMS057, Zytomed Systems, Berlin, Germany) was
used to label the epithelial surface.

Statistics

Averaged pure-tone thresholds (4PTA) and speech
perception scores (WRS65, WRSmax) were descriptively
analyzed and compared between the initial and follow-up
visits by paired one-tailed t-tests using SPSS software (IBM,
Armonk, NW, United States). Alpha was set to 5%. Influence
of treatment delay on hearing gain and final 4PTA at follow-up

was descriptively analyzed by spearman regression using SPSS.
Alpha was set to 5%.

Mathematical simulations of drug
distribution

All simulations of glucocorticoid distribution in the
perilymph of scala tympani were performed with FluidSim
V4.051 over a period of 14 and 35 days, respectively. For
intratympanic injection, 0.3 ml of a 4 mg/ml dexamethasone
sodium phosphate solution was chosen (injected once every
2 days, with a pause of 3 days [e.g., on the weekend] and
five injections in total), while 20 min after each application we
assumed an almost total drug loss from the middle ear due
to the clearance over the Eustachian tube. For extracochlear
application of Ozurdex

R©

(total dexamethasone: 700 µg), the
applied volume to the middle ear was set to 10 µl with zero
volume clearance because of covering of Ozurdex

R©

with soft
tissue. For simulations of intracochlear delivery, 1/2 Ozurdex

R©

implant (i.e., 350 µg dexamethasone) was assumed to be placed
1 mm behind the RWM in the basal region of scala tympani.
The simulations were based on Ozurdex

R©

in vitro drug release
kinetics (Bhagat et al., 2014; Lehner et al., 2019). All other
parameters remained at the program’s default values.

Ethical approval

Data collection from patient charts, data analysis, and
reporting of outcome after therapies for sudden hearing loss
were approved by the ethics committee of the Martin-Luther
University of Halle-Wittenberg (approval number 2019-109,
extended in 2022).

Results

Participants

Between 2011 and 2021, 17 patients were implanted
with the biodegradable drug delivery system for controlled
dexamethasone release in a tertiary salvage therapy setting
(extracochlear into the RW niche: n = 15; intracochlear into
scala tympani: n = 2). All patients were initially treated
according to the German AWMF (working group of medical
scientific societies) guideline with high-dose intravenous
prednisolone (250 mg/d over 3 days with subsequent dose
reduction) starting within 2 days after ISSHL followed by
“blind” intratympanic injections of dexamethasone phosphate

1 https://alecsalt.com
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(Fortecortin 4 mg/mL, Merck Darmstadt, Germany; daily over
5 days) as secondary (salvage) therapy. Demographic and
patient characteristics are described in detail in Table 1. One
patient (patient No. 2) received hyperbaric oxygen therapy
parallel to intratympanic injections before tertiary therapy.

Surgical aspects

Implantation of the Ozurdex
R©

rods was feasible in all
patients. While extracochlear placement of the implants onto
the RWM was possible with a small rim of the RW niche
remaining, it was necessary to drill away the tegmen, the anterior
postis and partially the posterior postis of the RW niche to
the level of the RWM in the two cases, where the implant
was inserted in to scala tympani (Figures 4A,B). To insert the
implant, however, it was not necessary to remove the crest of
the RW (the thin vertical bony plate about 0.5 mm in height at

the anterior border of the round window extending into scala
tympani [Tóth, 2019)].

On tympanoscopy, partial or complete (total) obstructions
of the RW niche were found in the majority of patients (11/16;
69%, data not available in one patient). In detail: a partial
obstruction of the RW niche was found in two; a subtotal
obstruction in two, a total obstruction by mucosal tissue was
found in seven patients and five patients showed no obstruction
of the RW niche.

In patients, who later received a cochlear implant, small
amounts of fibrous tissue were found in the RW niche
(Figure 5). In one patient, we found scarring between
the promontory and the tympanic membrane (Figure 5A).
However, the fibrous tissue could be removed without
complications revealing a completely inconspicuous RWM
(Figures 5B,D). There were no other abnormalities seen in the
RW area, at the promontory or the other bony structures of
the middle ear. In five patients (29%), the tympanic membrane
appeared thin in the lower inferior quadrant, likely due to

TABLE 1 Summary of demographic data, medical conditions, and intraoperative findings at tympanoscopy.

No. Sex Age Side Days after ISSHL RWM
obstruction

Secondary diagnoses

Start secondary
therapy

Start tertiary
therapy

(implantation)

1 M 64 R 9 13 Partial CHD with St. p., CABG, hypertension, IDDM,
hyperlipoproteinemia

2 F 47 R 11 16 na None known

3 M 74 R 7 18 None St.p. vertebrobasilar brain infarct some years ago;
aHTN, fat metabolism disorder, CHD, Glaucoma

4 M 68 R 21 29 None Newly diagnosed IDDM; sever congenital amblyopia

5 M 79 R 26 27 Total CHD with St.p. MI some years ago, aHTN,
hyperuricemia, mild pulmonary and aortic valve

disease

6 M 54 R 15 23 Subtotal CHF with St.p. MI some years ago, aHTN, OSAS,
metabolic syndrome, hypertriglyceridemia

7 M 75 R 11 33 Partial aHTN

8 M 61 L 19 26 Total aHTN, hypothyreosis after thyroidectomy, migraine
headache

9 M 61 R 90 130 Total None known

10 M 51 L 12 17 None None known

11 F 47 L 30 42 Total None known

12 M 64 L 8 20 Total None known

13 F 47 R >15 >30 Subtotal Cochlear Hydrops in MRI without vertigo

14 F 50 R 27 45 Total Recurrent sudden hearing loss; hypothyreosis

15 F 51 L 8 11 None None known

16 M 49 L 6 33 Total None known

17 F 75 R 8 36 None Rheumatoid arthritis

Mean (±SD) 6F/11M 60 (±20) 11R/6L 19 (±19) 32 (±26)

No. indicates patient number; M, male; F, female; aHTN: arterial hypertension; CABG: coronary artery bypass graft; CHD: coronary heart disease; ICA: internal carotid artery; IDDM:
insulin dependent diabetes mellitus; MI: myocardial infarction. na: not available; OSAS: obstructive sleep apnea; St. p.: status post. Patient No. 1 from Plontke et al. (2014).
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FIGURE 4

Intracochlear application of a solid biodegradable drug delivery
system through the RW into scala tympani. (A,B) The RWM is
usually hidden in the depth of the RW niche [black arrow in A;
mean depth: 1.34 mm, range: 0.69–2.28 mm, (Su et al., 1982)].
To insert the drug delivery devise into scala tympani, the RWM
(white arrow) was exposed by removing the bony rim of the RW
niche [small black arrows in panel (B)], i.e., the tegmen (T), the
anterior postis (AP) and partially also the posterior postis (PP).
The RWM was opened, and the drug delivery system [open
triangle in panels (C,D)] was gently pushed into the scala
tympani with an otologic needle or hook. It was not necessary,
to remove the crest of the RW, a thin vertical bony plate about
0.5 mm in height at the anterior border of the RW extending into
scala tympani [dashed arrow in panels (B,C)]. The RW defect was
sealed by covering the RW niche with soft tissue [∗ in panel (E)]
and fibrin glue (F). See also Supplementary video material.
Ch.t.: Chorda tympani; I: long process of incus; MH: malleus
handle; PCW: posterior canal wall.

the prior intratympanic injections for the secondary therapy
of ISSHL. The tympanic membrane was therefore reinforced
in underlay technique with some soft tissue from the endaural
incision site. Apart from expected mild postoperative pain
at the incision side, no adverse events like persistent pain,
middle ear inflammation, vertigo, eardrum perforation or facial
paralysis were observed.

Histologic assessment and magnetic
resonance imaging

Specimens from the RW area were taken 6–18 months
after implantation of the biodegradable drug delivery system

during cochlear implantation in five patients (n = 4 after
extracochlear, n = 1 after intracochlear application of the
drug delivery system). Histomorphology showed comparable
features in all patients. We saw particles of collagenous fibers
with a moderate cellularity, covered on the surface with one
layer of a monomorphic flat to cuboid epithelium. The stroma
contained predominantly areas of resting and proliferating
fibroblasts. There was no substantial inflammation or foreign
body reaction. Depending on the duration of time after
surgery, the stroma contained a variable amount of scattered
CD68-positive macrophages as a sign of chronic resorptive
inflammation. As time after surgery increased, the number
of macrophages decreased. Furthermore, the tissue showed
reactivity to Prussian blue as a sign of blood residua. In a part
of the specimen, we saw scattered, medium sized amorphous
calcifications within the stroma that did not react to polarized
light (Figures 6, 7).

Magnetic resonance imaging was performed in six patients
(n = 4 after extracochlear, n = 2 after intracochlear application
of the drug delivery system) as preoperative diagnostic before
cochlear implantation to ensure scalar patency for CI array
insertion. In these patients, regular fluid signals were found in
the entire inner ear without pathologic contrast enhancement.
No signs of residuals of the implant were detected in the
cochleae for the two patients with intracochlear application
(Figure 8). In all patients with later cochlear implantation,
the CI array could be inserted without problems, i.e.,
without any resistance.

Neurotologic assessment

In patient No. 16 with intracochlear application of the drug
delivery system and with preoperative vertigo, neurotologic
assessment preoperatively showed a regular caloric response
but reduced gain in the vHIT test of the lateral and posterior
canals with overt saccades and absent oVEMPs and cVEMPs in
the ear affected by ISSHL. Postoperatively, the gain improved
to normal values in the lateral and remained reduced in the
posterior canal with few scattered overt saccades, but absent
caloric response. Symmetrical, low amplitude cVEMP and
oVEMP responses were recorded postoperatively. In patient No.
17 with intracochlear application of the drug delivery system
and without preoperative vertigo, postoperative measurements
showed normal vHIT gain without covert or overt saccades in all
semicircular canals, a regular caloric response, and symmetrical,
low amplitude cVEMP and oVEMP responses.

Audiologic assessment

Audiological assessments are shown in Figures 9, 10 and
Table 2. The average pure-tone threshold was 84.7 dB HL
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FIGURE 5

Round window niche area as seen through a posterior tympanotomy at the time of cochlear implantation 18 months (A,B) and 16 months (C,D)
after implantation of the biodegradable drug delivery system and sealing with soft tissue. Mild scarring (∗) between the promontory and the
tympanic membrane was found (A) and cut. Some fibrous tissue was found in the RW niches [black arrows in panels (A,C)] that could be
removed without damaging the RWM [white arrows in panels (B,D)]. The white material in panel (A) corresponds to calcifications. No residuals
of the drug delivery implants were found (see also histology of these patients in Figures 6B,D, and immunohistochemistry in Figures 7A–C). MH:
malleus handle; PCW: posterior canal wall; S: stapes head; SPI: short process of incus. (A,B) endoscopic images, 0◦, 4 mm; (C,D) microscopic
images.

(SD: 20.0) preoperatively, 78.2 dB HL (SD: 14.1) 8–12 weeks,
and 76.7 dB HL (SD: 16.7) 9–12 months post implantation.
The average word recognition score at 65 dB SPL (WRS65)
was 2.5% (SD: 5.3) preoperatively, 1.2% (SD: 4.0) 8–12 weeks,
and 5.7% (SD: 12.2) 9–12 months post implantation. Average
maximum speech discrimination (WRSmax) was 14.6% (SD:
17.9) preoperatively, 27.3% (SD: 22.5) 8–12 weeks, and 39.9%
(SD: 30.7) 9–12 months after implantation. None of the
differences was statistically significant. At 9–12 months after
start of tertiary therapy of ISSHL with the biodegradable
implant, 6 of 15 (40%) of the patients with extracochlear
(RWM) application reached “serviceable hearing” (>50% word
recognition score), i.e., the ear would be a candidate for
traditional hearing amplification according to the criteria of
the American clinical practice guideline (CPG) (Chandrasekhar
et al., 2019). This improvement may thus be rated as partial,
but clinically relevant improvement (for maximum WRS
versus WRS at 40 dB Sensation level [SL] see the section
“Discussion”). According to the German cochlear implant
guideline, only two patients (13%) reached a word recognition
score better than the indication criteria for a CI (>60%
monosyllables at best aided condition or WRSmax, respectively)
(DGHNO-KHC AWMF, 2020). One of these patients (No.

13) deteriorated later and received a cochlear implant. None
of the two patients with intracochlear implantation of the
drug delivery system reached serviceable hearing. One of these
two patients (No. 17) deteriorated slightly with respect to
4PTA (−13 dB) and WRSmax (−10%), while the WRS at
normal speech level of 65 dB SPL improved from 15 to 35%.
None of the patients of the entire group (n = 17) showed
a WRS65 of ≥65% at normal speech level (65 dB SPL),
i.e., useful hearing without a hearing aid at 9–12 months
post implantation.

A correlation between higher hearing gain with earlier start
of treatment after onset of ISSHL was found (R2 = 0.615,
p = 0.015, Figure 10A). When final 4PTA at follow-up was
chosen as outcome parameter, this correlation was not present
(Figure 10B). No hearing improvement of >10 dB was noticed
in patients who received a tertiary therapy after 30 days
of onset of ISSHL.

Mathematical simulations

Mathematical simulations of intracochlear drug
concentrations showed that – in comparison to intratympanic
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FIGURE 6

Histology examination of specimens taken from the RW area of different patients at the time of cochlear implantation. (A,B) 16 months; (C)
6 months, and (D) 18 months after implantation of the biodegradable drug delivery system and sealing with soft tissue. Hematoxylin-eosin
(H&E), 100x. Histomorphology was comparable between patients. Particles of collagenous fibers with a moderate cellularity were covered on
the surface with one layer of a monomorphic flat to cuboid epithelium (∗). The stroma contained areas of resting, as well as of proliferating
fibroblasts (#) and some macrophages (∗∗). There was no substantial inflammation. In some specimen, we found scattered, medium sized
amorphous calcifications (+) within the stroma that did not react to polarized light.

injections – the administration of the biodegradable Ozurdex
R©

implant in the RW niche leads to constant and sustained
dexamethasone concentrations in the cochlear perilymph over
several weeks (Figures 11A–D). Despite a long residence time
of the drug in the RW niche, however, only very limited drug
concentration is expected in the apical region (Figures 11C,D).
Simulations of drug concentrations using the biodegradable
Ozurdex

R©

as an intracochlear implant showed higher maximum
concentrations and a more apical spread of dexamethasone
(Figures 11E,F).

Discussion

Rationale and challenges of different
types of intratympanic drug application

The rationale behind intratympanic drug delivery to the
inner is that drug can diffuse through the RWM (and likely the
oval window) into the inner ear and from there spread to the

different parts of the inner ear tissues. Advantages include (1)
bypassing the blood perilymph barrier (Glueckert et al., 2018;
Salt and Hirose, 2018; Nyberg et al., 2019), (2) higher drug
levels in the inner ear than with systemic application (e.g., for
dexamethasone demonstrated in both, animals, and humans:
Bird et al., 2011; Lee et al., 2018), (3) lower total amount of drug
given, (4) avoiding “first pass effects,” (5) reduced risks from
possible systemic side effects, and (6) specific targeting of the
inner ear organ.

Intratympanic injections are widely used in clinical practice.
Although this procedure is of rather low invasiveness, it has
some drawbacks. One disadvantage is the rapid clearance
of the injected drug solution from the middle ear via the
Eustachian tube. Secondly, only small amounts of drug reach
the inner ear by diffusing through the RWM, which exhibits
a relevant diffusion barrier. Additional obstructions of the
RW niche can impede the entry of drugs into the cochlea
(Alzamil and Linthicum, 2000). Substances that have passed the
RWM are distributed in the perilymph by diffusing toward the
apical regions of the cochlea but are simultaneously absorbed

Frontiers in Neuroscience 09 frontiersin.org

https://doi.org/10.3389/fnins.2022.892777
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-16-892777 September 15, 2022 Time: 6:40 # 10

Plontke et al. 10.3389/fnins.2022.892777

FIGURE 7

Immunohistochemistry of specimens taken from the RW area at the time cochlear implantation. (A–C) 16 months and (D) 6 months after
implantation of the biodegradable drug delivery system and sealing with soft tissue. (A) hematoxylin-eosin (H&E), 100x; (B) PanCKplus, 100x;
(C) CD68, 100x; (D) Prussian blue, 100x. (Immuno-)histochemistry confirmed that the surface cover (∗) was a true epithelium (PanCKplus
positive), (A,B). Within the stroma, we found scattered CD68-positive macrophages (+) as a sign of chronic resorptive inflammation (C) and/or
tissue reactivity to Prussian blue (#) as a sign of blood residua (D). (A–C) Same patient as in Figure 6B; (D) same patient as in Figure 6C.

FIGURE 8

Magnetic resonance imaging (T2-weighted 3D-SPACE, axial, 0.4 mm) showing the basal cochlear turn of patient No. 17 (A) 6 months and of
patient No. 16 (B) 9 months after intracochlear implantation of Ozurdex

R©
into the basal part of scala tympani. Regular fluid signals were found

in the scala tympani of the basal turn (→) and in the entire inner ear without pathologic contrast enhancement and without signs of implant
residuals (Department of Radiology, University Medicine Halle, Sabrina Kösling with permission). On cochlear implantation of patient No. 16, no
signs of inflammation, foreign body reaction or residuals of the implant were found in the basal part of scala tympani (dashed arrow) (C). H:
hypotympanon; P: promontory.
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FIGURE 9

Audiological results: Pure-tone thresholds (A), word recognition scores at 65 dB SPL (B) and maximum word recognition scores (C)
preoperatively, 8–12 weeks, and 9–12 months after implantation of the drug delivery system with controlled release of dexamethasone into the
RW niche as individual values and means (preoperative and follow-up 2). Error bars show the 95% confidence interval. Numbers indicate the
amount of superposed data points.

FIGURE 10

Change in pure-tone average (4PTA hearing gain, A) and final hearing threshold at follow-up 2 (final 4PTA, B) as a function of time of
implantation (days after onset of ISSHL). Triangles: intracochlear application of the drug delivery system. Open symbols: non-measurable
threshold (out-of-limits) at time of implantation.

by the surrounding tissue of the scala tympani. Depending
on the physicochemical properties of the drug used (diffusion
characteristic, lipophilicity), a basal to apical concentration
gradient results in the cochlear fluids (Figures 11A,B; Salt and
Plontke, 2018). To maximize the concentration reaching the
apical regions of the inner ear, the initial drug concentration at
the base of the cochlear should be as high as possible.

By extending the time the drug is in contact with the
RWM, higher drug concentrations can be achieved over a
longer period, which is especially beneficial for drugs with
fast clearance in the perilymph, such as glucocorticoids
[elimination half-time of 22.5 min for dexamethasone (Salt
et al., 2012)]. To increase the residence time on the RWM,
hydrogels have been suggested as drug carriers, in particular,
the thermosensitive Poloxamer 407 (Piu et al., 2011) and
hyaluronic acid (El Kechai et al., 2016). Another strategy
to prolong drug release to the inner ear is the invasive
implantation of drug depots directly in front of the RWM
in the RW niche. Microcatheters such as the Silverstein

MicroWickTM or the Round Window µ-CathTM are intended
to ensure a higher and more even distribution of drugs in
the inner ear, but must be surgically removed after the end
of therapy (Silverstein et al., 2004). Biodegradable drug depots
show advantages in avoiding invasive (surgical) procedures for
removal (Plontke et al., 2014; Lehner et al., 2021). Mathematical
simulations suggested constant and sustained dexamethasone
concentrations in the cochlear perilymph over several weeks
after administration of the biodegradable implant in the RW
niche (Figures 11C,D).

In addition, possible obstructions of the RW (e.g., “false
RWMs”) can be removed at the time of implantation. In our case
series, partial or complete obstructions of the RW niche were
found in 11 of 16 patients, which is larger than thus reported
by others (Alzamil and Linthicum, 2000). While the high rate of
obstructions might be biased due to a small sample size it may
also be explained by a “negative selection” of patients, with the
obstructions having potentially contributed to an unsuccessful
secondary therapy (“blind” intratympanic injections).
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FIGURE 11

Calculated glucocorticoid distribution in the perilymph of scala tympani (ST) over 14 and 35 days, respectively. (A,B) Intratympanic injection of
0.3 ml of a 4 mg/ml dexamethasone phosphate solution (once every 2 days, with an assumed pause of 3 days on the weekend, 5 injections in
total). (C,D) Extracochlear application of the Ozurdex

R©
implant (total dexamethasone: 700 µg) on the RWM. (E,F) Intracochlear application of

1/2 Ozurdex
R©

implant (350 µg dexamethasone) in the basal region of scala tympani. The red dot on the black line in panels (B,D,F) and the
corresponding red number on y-axis indicate the farthest apical spread when assuming a minimal therapeutic concentration of 50 ng/ml
dexamethasone for inflammatory suppression (horizontal black lines on surface plots) (Liu et al., 2015, 2016; Bas et al., 2016; Liebau et al., 2020).
The “dip” in the intracochlear concentration-time-distance curves [* in panels (C–F)] can be explained by the plateau in the in vitro
dexamethasone release kinetics of the drug delivery system (see Figure 12). When comparing the concentration time curves, it needs to be
considered that dexamethasone phosphate (A,B) and dexamethasone (C–F) differ in their different molecular properties (Salt and Plontke, 2018).
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TABLE 2 Summary of audiologic outcome data.

No. 4PTA (dB HL) WRS65 (%) WRSmax (%) (at dB SPL) Recovery

pre f/u1 f/u2 pre f/u1 f/u2 pre f/u1 f/u2

Extracochlear application (RW niche)

1 61 69 48 na 0 40 na 45 (100) 100 (95) partial

2 116 78 69 0 na 0 0 (110) na 55 (100) partial

3 93 71 71 5 15 15 15 (80) 55 (95) 55 (95) partial

4 75 76 76 0 0 0 20 (95) 15 (95) 15 (95) no

5 89 93 93 0 0 0 0 (80) 0 (100) 0 (100) no

6 90 90 91 0 0 0 0 (80) 0 (100) 0 (110) no

7 54 55 50 15 na 30 40 (80) na 55 (80) partial

8 98 74 76 0 0 0 0 (80) 15 (95) 30 (95) partial

9 70 78 79 0 0 0 0 (80) 0 (80) 20 (100) partial

10 83 89 85 0 0 0 25 (95) 30 (110) 30 (100) no

11 116 118 118 0 0 0 0 (100) 0 (95) 0 (95) no

12 60 66 66 15 0 0 50 (95) 55 (95) 55 (95) no

13 70 69 69 0 0 0 45 (95) 60 (95) 100 (95) partial*

14 79 76 88 0 0 0 10 (80) 45 (95) 40 (95) partial

15 118 73 73 0 0 0 0 (100) 35 (95) 35 (95) partial

Mean 84.7 78.2 76.7 2.5 1.2 5.7 14.6 27.3 39.3

SD 20.0 14.1 16.7 5.3 4.0 12.2 17.9 22.5 30.7

Intracochlear application (scala tympani)

16 120 120 120 0 0 0 0 (110) 0 (110) 0 (110) no

17 60 74 73* 15 0 35* 45 (110) 15 (110) 35 (110) no

f/u1 and f/u2: follow-up 8–12 weeks and 9–12 months after implantation, na: not available; : last value (f/u1) carried forward. 4PTA: (pure-tone average from 0.5 to 4 kHz, WRS65 : (%)
of monosyllables correctly understood at 65 dB SPL in quiet, WRSmax (%) at (dB): maximum number of monosyllables understood in quiet (in%) at dB SPL value in parenthesis. *Patient
No. 13 deteriorated again later and then received a cochlear implant. Patient No. 1 from Plontke et al. (2014). *Patient o. 17: f/u2 measurement 6 months after ISSHL.

Safety aspects and audiologic outcome

A tympanoscopy (middle ear exploration) is a standard
otological procedure and has been applied for many years in
combination with “sealing” of the RW niche in patients with
ISSHL (Loader et al., 2013; Kampfner et al., 2014) and for
removal of possible RWM obstructions in patients with ISSHL
(Plontke, 2018) or with Meniere’s disease (Crane et al., 2009)
who have failed therapy with (“blind”) intratympanic injections.
All patients in our institution, who this individual treatment
attempt was offered to, had quasi lost a sensory organ (complete
hearing loss or non-serviceable hearing in the affected ear) and
failed other guideline-conform therapies. A successful therapy
(“serviceable hearing”) avoids cochlear implantation for hearing
rehabilitation which would involve many more costs and more
extensive surgery. Thus, we consider the benefit-risk ratio for the
surgical intervention in general to be favorable.

The drug delivery system used in the present study is
completely biodegradable by ester cleavage through hydrolysis
upon contact with water (Park, 1994; Li and Vert, 2002). Lactic
and glycolic acid are incorporated into the tricarboxylic acid
cycle and subsequently excreted (Athanasiou et al., 1996).
Clinical observation, audiological evaluation, histological

examination, MRI and neurotologic assessment (where
available) showed no signs of adverse events. No threshold
deterioration was observed apart from one patient (No. 17
with 14PTA = −13 dB but improvement in speech audiometry
with 1WRS65 of +20%). In the small number of patients,
where inspection of the RW niche was later possible during
cochlear implantation, the Ozurdex

R©

implant was no longer
visually detectable, confirming the theoretical degradation
time of 3 months for this kind of polymer (RESOMER Evonik
Healthcare, 2022). Histologic examination of the material in
the RW niche showed signs of resorption and healing without
relevant inflammation and without foreign body reaction. Thus,
the procedure appeared to be safe.

Our case series showed mixed results with respect to
audiological outcome. We observed a significant improvement
in 4PTA and WRSmax in patients with an early intervention and
40% of the patients with extracochlear Ozurdex

R©

implantation
into the RW niche reached serviceable hearing according to
the American CPG, and 13% according to the German CI
guideline, respectively (Chandrasekhar et al., 2019; DGHNO-
KHC AWMF, 2020). However, some uncertainties in this
respect must be considered, since German monosyllabic words
from the Freiburger test list are somewhat more difficult than
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two-syllabic spondaic words and word recognition score at
40 dB SL, which is regularly used in the United States, is not
equal to the maximum word recognitions WRSmax as typically
used in Germany (Plontke et al., 2009; Gurgel et al., 2012; Müller
et al., 2017; Hoppe et al., 2019).

Mean hearing improvement was in the range also observed
in other studies with patients showing similar degrees of hearing
loss before intratympanic salvage treatment of ISSHL (Liebau
et al., 2018). However, in two of three patients with profound
hearing loss of 4PTA > 100 dB HL, hearing improvements
of more than 40 dB were observed. In a clinical pilot study
by Plontke et al., with a secondary (salvage) treatment of
ISSHL using another type of continuous drug application to
the RW [a RW µ-Cath delivering dexamethasone phosphate
over 14 days (Plontke et al., 2005)], seven patients with hearing
loss > 100 dB HL were included with two patients showing a
hearing improvement of more than 40 dB. In a randomized
controlled clinical trial, dexamethasone phosphate was also
applied by a RW µ-Cath over 14 days as a secondary (salvage)
treatment (Plontke et al., 2009). Among the included patients in
the intervention arm, five had hearing loss > 100 dB HL and in
two of them, hearing improved more than 40 dB. The percentage
of patients with profound hearing loss in the present study
showing a hearing gain > 40 dB was therefore slightly higher
than seen in these previous RW catheter studies. However,
compared to the reported hearing recovery in the literature
(Liebau et al., 2018) there is no apparent increase in treatment
success with RW implantation of Ozurdex

R©

.
Patients, who received an earlier start of treatment after

onset of ISSHL showed a correlation toward a greater hearing
gain (Figure 10A). This trend has also been reported using
intratympanic glucocorticoid injections (Liebau et al., 2017).
However, in the meta-analysis of Liebau et al. the tendency
toward a positive effect of early treatment on hearing gain was
interpreted as a “sham effect.”

Rationale and challenges of
intracochlear drug application

Several strategies are under investigation to enhance drug
entry into the inner ear through the RWM using magnetic
fields (Du et al., 2013; Shapiro et al., 2014), ultrasound (Lin
et al., 2021), RWM microperforations (Aksit et al., 2021), or
nanocarriers (Jaudoin et al., 2021). Approaches to overcome
or at least decrease intracochlear basal-apical concentration
gradients involve the application of RWM low-frequency micro
vibrations (Flaherty et al., 2021) or direct intracochlear drug
application (Chen et al., 2005; Hahn et al., 2012; Ayoob
and Borenstein, 2015; Plontke et al., 2017; Prenzler et al.,
2018). In a clinical pilot study, an intracochlear catheter was
inserted into the cochlea during CI surgery before insertion
of the electrode array to deliver triamcinolone acetonide

FIGURE 12

Dexamethasone release kinetics of the drug delivery system
Ozurdex

R©
[in vitro relative cumulative release according to

Bhagat et al. (2014)] which was used for the simulations in
Figure 11. The plateau phase (*), i.e., zero release, explains the
“dip” in the intracochlear concentration-time-distance curves in
Figures 11C–F.

(Prenzler et al., 2018, 2020). Patients who received high dose
triamcinolone acetonide (20 mg/ml) showed lower impedances
compared to a control group (with no steroid application) or
to a low dose group (4 mg/ml), however, the effect only lasted
4 weeks after application.

The electrode arrays CI632D (Cochlear, Sydney, Australia)
and CIDEXEL (MED-EL, Innsbruck, Austria) are loaded with
dexamethasone to suppress insertion trauma after cochlea
implantation, and are used in clinical trials (Briggs et al., 2020;
ClinicalTrials, 2022). Briggs et al. described lower impedance
values lasting over the whole observation period of 2 years
for the dexamethasone-eluting device in contrast to drug-free
electrode arrays (Briggs et al., 2020). The fixed combination
of the electrode array with an incorporated drug, however,
limits possibilities for personalized treatment. A drug delivery
system separated from the electrode array is desirable because
both systems can be optimized independently. This creates
new opportunities to personalized medicines as suggested
previously (Plontke et al., 2017; Lehner et al., 2022). Although
the intracochlear application of drugs is likely associated with
higher risks than intratympanic application (Salt and Plontke,
2009) the above studies on intracochlear glucocorticoid drug
application did not report relevant side effects.

When using Ozurdex
R©

as an intracochlear implant,
mathematical simulations showed higher maximum
concentrations and a more apical spread of dexamethasone
compared to RW application (Figures 11B–D). The material
characteristics of the Ozurdex

R©

implant, do not meet the
desired requirements for implantation into the inner ear in
a perfect way, and its drug release profile shows suboptimal
drug levels over several weeks (Figure 12; Bhagat et al., 2014;
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Lehner et al., 2019). Drug delivery systems for intracochlear
drug application are the focus of preclinical research. Pierstorff
et al. (2018) developed polyvinyl alcohol-coated fluticasone
propionate particles that can be injected through the RWM
into the scala tympani. In contrast to larger solid implants,
the intracochlear application of these particles may be less
traumatic. However, polyvinyl alcohol is not biodegradable, and
it is unclear how the polymer is eliminated from the inner ear.
Another idea to deliver glucocorticoids directly into the cochlea
are sharpened dexamethasone-loaded PLGA implants, which
can puncture the RWM and be positioned in the scala tympani
(Pawley et al., 2021). In vivo data showed the general feasibility
of its administration and geometrical properties, however,
they approach seems improvable with regard to damage to
the RWM. Like in the Ozurdex

R©

implant, release kinetics of
these sharpened PLGA implants are suboptimal showing no
homogenous release and an initial lag-phase without drug
release. In addition, information is missing if residual solvents
are remaining in the implants due to the manufacturing
process. Lehner et al. developed a PLGA based drug depot
with an improved, homogenous drug release profile over more
than 5 weeks and smoother material characteristic which has
already been tested in human temporal bones (Lehner et al.,
2019, 2022). In PLGA-based implants, including Ozurdex

R©

,
the free acids emerging during degradation can change the pH
microclimate inside and around the implant (Siepmann et al.,
2005; Schädlich et al., 2014). Although endogenous bicarbonates
buffer the perilymph, toxic effects on the hair cells cannot be
ruled out. Further studies are therefore required to consider
possible pH change of perilymph in the development of such
drug depots. Since experience with biodegradable drug delivery
systems for the controlled release of substances to the inner ear
after extracochlear or intracochlear application in the human
are very rare, our observations may be helpful for the use of
such systems in clinical trials for therapy of inner ear disorders
and for the development of future drug delivery systems.

Limitations of the study

Although we did not observe any signs of adverse events
or even toxicity in our patients, the number of patients where
we were able to inspect the RW niche after a longer follow-up
period, is small. Due to the lack of a control group, the study
design is not suited to adequately answer the question of efficacy
with respect to hearing outcome. Prospective, controlled studies
are necessary to address this question. In our study, patients
with a degree of sudden hearing loss, that is associated with a
poor prognosis, were offered this treatment in a special therapy
situation, i.e., after insufficient recovery after both, systemic
primary therapy and secondary intratympanic injections on
an individual basis due to their non-serviceable hearing.
This special clinical situation also explains the variability in

the delay between ISSHL and tertiary salvage therapy. It is
unclear, however, whether there exists a critical therapy window
after onset of sudden hearing loss. Since patients received
the intervention as a tertiary salvage treatment, the critical
therapy window may already have elapsed in some or most
of the included patients. In addition, there is still uncertainty,
which types of (idiopathic) sudden sensorineural hearing loss
can be effectively treated with glucocorticoids. Patients to
whom our therapy was offered after failure of primary and
secondary glucocorticoid therapy might have been a selection
of “glucocorticoid non- or poor-responders.” Lastly, a round
window rupture or fistula as a cause of sudden hearing loss
was only excluded visually. It cannot not be excluded, however,
that patients with a non-visible fistula were part of the cohort,
since objective measures, like Cochlin-tomoprotein (Ikezono
et al., 2010) in middle ear lavage samples were not available
in our department.

Conclusion

Based on the observation in this case series, the
extracochlear application of a PLGA-based biodegradable drug
delivery system for the controlled release of dexamethasone
in the RW niche of the human inner ear appears feasible and
safe. Due to the uncontrolled study design and the tertiary
therapy setting after failure of primary systemic and secondary
intratympanic glucocorticoid therapy with a rather long
period between ISSHL and start of this tertiary treatment,
conclusions about the efficacy are limited. First observations
on intracochlear application of the drug delivery system
also demonstrated feasibility but did not show beneficial
audiological outcome. However, since to date, clinical data
on the use of biodegradable drug delivery systems for local
inner ear therapy in humans is very limited, these findings
are of importance for the development of such systems. Our
observations may encourage the use of biodegradable implants
as controlled release drug delivery systems earlier after ISSHL
or in the therapy of inner ear disorders in general in the context
of prospective controlled clinical trials.
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SUPPLEMENTARY VIDEO MATERIAL

The video illustrates examples for the implantation of a solid
biodegradable drug delivery system into the round window (RW) niche
(part 1) and into scala tympani (part 2). Part 1: After raising a
tympanomeatal flap, the middle ear and especially the oval and RW
niches were inspected. The bony rim of the RW niche, i.e., the tegmen,
the anterior postis and partially also the posterior postis were drilled
away to adequately inspect the entire RW membrane. The implant was
transferred into the RW with a 0.7 mm suction tip. The implant pieces
were than covered with soft tissue. This was followed by application of
fibrin glue. The tympanomeatal flap was then replaced, and a standard
ear canal dressing was inserted. Part 2: After drilling the bony rim of the
RW niche and placing the implant into the RW niche pointing toward
the RW membrane a slit-like opening was made in the RW membrane
using an otologic 90◦hook. This instrument was also used to gently
push the rod-shaped implant into the base of scala tympani. The RW
was sealed with soft tissue and fibrin glue.

References

Aksit, A., Rastogi, S., Nadal, M. L., Parker, A. M., Lalwani, A. K., West, A. C.,
et al. (2021). Drug delivery device for the inner ear: Ultra-sharp fully metallic
microneedles. Drug Deliv. Transl. Res. 11, 214–226.

Alzamil, K. S., and Linthicum, F. H. (2000). Extraneous round window
membranes and plugs: Possible effect on intratympanic therapy. Ann. Otol. Rhinol.
Laryngol. 109, 30–32. doi: 10.1177/000348940010900105

Athanasiou, K. A., Niederauer, G. G., and Agrawal, C. M. (1996). Sterilization,
toxicity, biocompatibility and clinical applications of polylactic acid/polyglycolic
acid copolymers. Biomaterials 17, 93–102. doi: 10.1016/0142-9612(96)85754-1

Ayoob, A. M., and Borenstein, J. T. (2015). The role of intracochlear drug
delivery devices in the management of inner ear disease. Expert Opin. Drug Deliv.
12, 465–479. doi: 10.1517/17425247.2015.974548

Bas, E., Bohorquez, J., Goncalves, S., Perez, E., Dinh, C. T., Garnham, C., et al.
(2016). Electrode array-eluted dexamethasone protects against electrode insertion
trauma induced hearing and hair cell losses, damage to neural elements, increases
in impedance and fibrosis: A dose response study. Hear. Res. 337, 12–24. doi:
10.1016/j.heares.2016.02.003

Bhagat, R., Zhang, J., Farooq, S., and Li, X.-Y. (2014). Comparison of the release
profile and pharmacokinetics of intact and fragmented dexamethasone intravitreal
implants in rabbit eyes. J. Ocul. Pharmacol. Ther. 30, 854–858. doi: 10.1089/jop.
2014.0082

Bird, P. A., Murray, D. P., Zhang, M., and Begg, E. J. (2011). Intratympanic
versus intravenous delivery of dexamethasone and dexamethasone sodium
phosphate to cochlear perilymph. Otol. Neurotol. 32, 933–936. doi: 10.1097/MAO.
0B013E3182255933

Briggs, R., O ’Leary, S., Birman, C., Plant, K., English, R., Dawson, P., et al.
(2020). Comparison of electrode impedance measures between a dexamethasone-
eluting and standard cochlearTM contour advance§electrode in adult cochlear
implant recipients. Hear. Res. 390:107924. doi: 10.1016/j.heares.2020.1
07924

Chandrasekhar, S. S., Tsai Do, B. S., Schwartz, S. R., Bontempo, L. J., Faucett,
E. A., Finestone, S. A., et al. (2019). Clinical practice guideline: sudden hearing
loss (Update) executive summary. Otolaryngol. Head. Neck Surg. 161, 195–210.
doi: 10.1177/0194599819859883

Chen, Z., Kujawa, S. G., McKenna, M. J., Fiering, J. O., Mescher, M. J.,
Borenstein, J. T., et al. (2005). Inner ear drug delivery via a reciprocating perfusion
system in the guinea pig. J. Control. Release 110, 1–19. doi: 10.1016/J.JCONREL.
2005.09.003

ClinicalTrials (2022). Dexamethasone-eluting cochlear implant electrode - full
text view - clinicaltrials.gov. Available online at: https://clinicaltrials.gov/ct2/show/
NCT04450290 (accessed on Feb 10, 2022).

Crane, B. T., Minor, L. B., Della Santina, C. C., and Carey, J. P. (2009). Middle
ear exploration in patients with Ménière’s disease who have failed outpatient
intratympanic gentamicin therapy. Otol. Neurotol. 30, 619–624. doi: 10.1097/
MAO.0B013E3181A66D2B

DGHNO-KHC AWMF (2014). S1-leitlinie hörsturz (akuter idiopathischer
sensorineuraler hörverlust). Dtsch. Gesellschaft für hals-nasen-ohren-heilkunde,
kopf- und hals-chirurgie e. v. Available online at: https://www.awmf.org/uploads/
tx_szleitlinien/017-010l_S1_Hoersturz_2014-02-verlaengert.pdf (accessed
August 27, 2022).

Frontiers in Neuroscience 16 frontiersin.org

https://doi.org/10.3389/fnins.2022.892777
https://figshare.com/search?q=10.6084%2Fm9.figshare.20777482
https://figshare.com/search?q=10.6084%2Fm9.figshare.20777482
https://doi.org/10.1177/000348940010900105
https://doi.org/10.1016/0142-9612(96)85754-1
https://doi.org/10.1517/17425247.2015.974548
https://doi.org/10.1016/j.heares.2016.02.003
https://doi.org/10.1016/j.heares.2016.02.003
https://doi.org/10.1089/jop.2014.0082
https://doi.org/10.1089/jop.2014.0082
https://doi.org/10.1097/MAO.0B013E3182255933
https://doi.org/10.1097/MAO.0B013E3182255933
https://doi.org/10.1016/j.heares.2020.107924
https://doi.org/10.1016/j.heares.2020.107924
https://doi.org/10.1177/0194599819859883
https://doi.org/10.1016/J.JCONREL.2005.09.003
https://doi.org/10.1016/J.JCONREL.2005.09.003
https://clinicaltrials.gov/ct2/show/NCT04450290
https://clinicaltrials.gov/ct2/show/NCT04450290
https://doi.org/10.1097/MAO.0B013E3181A66D2B
https://doi.org/10.1097/MAO.0B013E3181A66D2B
https://www.awmf.org/uploads/tx_szleitlinien/017-010l_S1_Hoersturz_2014-02-verlaengert.pdf
https://www.awmf.org/uploads/tx_szleitlinien/017-010l_S1_Hoersturz_2014-02-verlaengert.pdf
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-16-892777 September 15, 2022 Time: 6:40 # 17

Plontke et al. 10.3389/fnins.2022.892777

DGHNO-KHC AWMF (2020). S2k-leitlinie cochlea-implantat versorgung.
Dtsch. Gesellschaft für hals-nasen-ohren-heilkunde, kopf- und hals-chirurgie e. v.
Available online at: https://www.awmf.org/uploads/tx_szleitlinien/017-071l_S2k_
Cochlea-Implantat-Versorgung-zentral-auditorische-Implantate_2020-12.pdf
(accessed August 27, 2022).

Du, X., Chen, K., Kuriyavar, S., Kopke, R. D., Grady, B. P., Bourne, D. H., et al.
(2013). Magnetic targeted delivery of dexamethasone acetate across the round
window membrane in guinea pigs. Otol. Neurotol. 34, 41–47. doi: 10.1097/MAO.
0B013E318277A40E

El Kechai, N., Mamelle, E., Nguyen, Y., Huang, N., Nicolas, V., Chaminade, P.,
et al. (2016). Hyaluronic acid liposomal gel sustains delivery of a corticoid to the
inner ear. J. Control. Release 226, 248–257. doi: 10.1016/J.JCONREL.2016.02.013

Flaherty, S. M., Russell, I. J., and Lukashkin, A. N. (2021). Drug distribution
along the cochlea is strongly enhanced by low-frequency round window micro
vibrations. Drug Deliv. 28, 1312–1320. doi: 10.1080/10717544.2021.1943059

Glueckert, R., Johnson Chacko, L., Rask-Andersen, H., Liu, W., Handschuh, S.,
and Schrott-Fischer, A. (2018). Anatomical basis of drug delivery to the inner ear.
Hear. Res. 368, 10–27. doi: 10.1016/J.HEARES.2018.06.017

Gurgel, R. K., Jackler, R. K., Dobie, R. A., and Popelka, G. R. (2012). A new
standardized format for reporting hearing outcome in clinical trials. Otolaryngol.
Head. Neck Surg. 147, 803–807. doi: 10.1177/0194599812458401

Hahn, H., Kammerer, B., DiMauro, A., Salt, A. N., and Plontke, S. K. (2006).
Cochlear microdialysis for quantification of dexamethasone and fluorescein entry
into scala tympani during round window administration. Hear. Res. 212, 236–244.
doi: 10.1016/J.HEARES.2005.12.001

Hahn, H., Salt, A. N., Biegner, T., Kammerer, B., Delabar, U., Hartsock, J. J.,
et al. (2012). Dexamethasone levels and base to apex concentration gradients in
scala tympani perilymph following intracochlear delivery in the guinea pig. Otol.
Neurotol. 33, 660–665. doi: 10.1097/MAO.0B013E318254501B

Hoppe, U., Hocke, T., Hast, A., and Iro, H. (2019). Maximum preimplantation
monosyllabic score as predictor of cochlear implant outcome. HNO 67, 62–68.
doi: 10.1007/S00106-019-0648-0

Ikezono, T., Shindo, S., Sekiguchi, S., Morizane, T., Pawankar, R., Watanabe,
A., et al. (2010). The performance of cochlin-tomoprotein detection test in the
diagnosis of perilymphatic fistula. Audiol. Neurootol. 15, 168–174. doi: 10.1159/
000241097

Jaudoin, C., Agnely, F., Nguyen, Y., Ferrary, E., and Bochot, A. (2021).
Nanocarriers for drug delivery to the inner ear: Physicochemical key parameters,
biodistribution, safety and efficacy. Int. J. Pharm. 592:120038. doi: 10.1016/J.
IJPHARM.2020.120038

Kampfner, D., Anagiotos, A., Luers, J. C., Hüttenbrink, K. B., and Preuss, S. F.
(2014). Analysis of 101 patients with severe to profound sudden unilateral hearing
loss treated with explorative tympanotomy and sealing of the round window
membrane. Eur. Arch. Otorhinolaryngol. 271, 2145–2152. doi: 10.1007/S00405-
013-2703-X

Kopke, R. D., Hoffer, M. E., Wester, D., O’Leary, M. J., and Jackson, R. L.
(2001). Targeted topical steroid therapy in sudden sensorineural hearing loss. Otol.
Neurotol. 22, 475–479. doi: 10.1097/00129492-200107000-00011

Lang, J., and Kothe, W. (1987). [Measurements of the tympanic cavity].
Gegenbaurs Morphol. Jahrb. 133, 469–505.

Lee, J. J., Jang, J. H., Choo, O. S., Lim, H. J., and Choung, Y. H. (2018).
Steroid intracochlear distribution differs by administration method: Systemic
versus intratympanic injection. Laryngoscope 128, 189–194. doi: 10.1002/LARY.
26562

Lehner, E., Gündel, D., Liebau, A., Plontke, S. K., and Mäder, K. (2019).
Intracochlear PLGA based implants for dexamethasone release: Challenges and
solutions. Int. J. Pharm. X 1:100015. doi: 10.1016/j.ijpx.2019.100015

Lehner, E., Liebau, A., Syrowatka, F., Knolle, W., Plontke, S. K., and Mäder,
K. (2021). Novel biodegradable round window disks for inner ear delivery of
dexamethasone. Int. J. Pharm. 594:120180. doi: 10.1016/J.IJPHARM.2020.120180

Lehner, E., Menzel, M., Gündel, D., Plontke, S. K., Mäder, K., Klehm, J., et al.
(2022). Microimaging of a novel intracochlear drug delivery device in combination
with cochlear implants in the human inner ear. Drug Deliv. Transl. Res. 12,
257–266. doi: 10.1007/s13346-021-00914-9

Li, S., and Vert, M. (2002). “Biodegradation of Aliphatic Polyesters,” in
Degradable polymers, ed. G. Scott (Dordrecht: Springer Netherlands), 71–131.
doi: 10.1007/978-94-017-1217-0_5

Liebau, A., Pogorzelski, O., Salt, A. N., and Plontke, S. K. (2017). Hearing
changes after intratympanically applied steroids for primary therapy of sudden
hearing loss: A meta-analysis using mathematical simulations of drug delivery
protocols. Otol. Neurotol. 38, 19–30. doi: 10.1097/MAO.0000000000001254

Liebau, A., Pogorzelski, O., Salt, A. N., and Plontke, S. K. (2018). Hearing
changes after intratympanic steroids for secondary (salvage) therapy of sudden
hearing loss: A meta-analysis using mathematical simulations of drug delivery
protocols. Otol. Neurotol. 39, 803–815. doi: 10.1097/MAO.0000000000001872

Liebau, A., Schilp, S., Mugridge, K., Schön, I., Kather, M., Kammerer, B., et al.
(2020). Long-term in vivo release profile of dexamethasone-loaded silicone rods
implanted into the cochlea of guinea pigs. Front. Neurol. 10:1377. doi: 10.3389/
fneur.2019.01377

Lin, Y. C., Shih, C. P., Chen, H. C., Chou, Y. L., Sytwu, H. K., Fang, M. C.,
et al. (2021). Ultrasound microbubble–facilitated inner ear delivery of gold
nanoparticles involves transient disruption of the tight junction barrier in the
round window membrane. Front. Pharmacol. 12:689032. doi: 10.3389/fphar.2021.
689032

Liu, Y., Jolly, C., Braun, S., Janssen, T., Scherer, E., Steinhoff, J., et al.
(2015). Effects of a dexamethasone-releasing implant on cochleae: A functional,
morphological and pharmacokinetic study. Hear. Res. 327, 89–101. doi: 10.1016/j.
heares.2015.04.019

Liu, Y., Jolly, C., Braun, S., Stark, T., Scherer, E., Plontke, S. K., et al. (2016).
In vitro and in vivo pharmacokinetic study of a dexamethasone-releasing silicone
for cochlear implants. Eur. Arch. Otorhinolaryngol. 273, 1745–1753. doi: 10.1007/
S00405-015-3760-0

Loader, B., Atteneder, C., Kaider, A., and Franz, P. (2013). Tympanotomy with
sealing of the round window as surgical salvage option in sudden idiopathic
sensorineural hearing loss. Acta Otolaryngol. 133, 1285–1291. doi: 10.3109/
00016489.2013.829921

Mäder, K., Lehner, E., Liebau, A., and Plontke, S. K. (2018). Controlled drug
release to the inner ear: Concepts, materials, mechanisms, and performance. Hear.
Res. 368, 49–66. doi: 10.1016/J.HEARES.2018.03.006

Marx, M., Younes, E., Chandrasekhar, S. S., Ito, J., Plontke, S., O’Leary, S., et al.
(2018). International consensus (ICON) on treatment of sudden sensorineural
hearing loss. Eur. Ann. Otorhinolaryngol. Head Neck Dis. 135, S23–S28. doi: 10.
1016/J.ANORL.2017.12.011

Müller, J., Plontke, S. K., and Rahne, T. (2017). [Speech audiometric outcome
parameters in clinical trials on hearing improvement]. HNO 65, 211–218. doi:
10.1007/S00106-016-0298-4

Nyberg, S., Joan Abbott, N., Shi, X., Steyger, P. S., and Dabdoub, A. (2019).
Delivery of therapeutics to the inner ear: The challenge of the blood-labyrinth
barrier. Sci. Transl. Med. 11:eaao0935. doi: 10.1126/SCITRANSLMED.AAO0935

Park, T. G. (1994). Degradation of poly(d,l-lactic acid) microspheres: Effect
of molecular weight. J. Control. Release 30, 161–173. doi: 10.1016/0168-3659(94)
90263-1

Pawley, D. C., Goncalves, S., Bas, E., Dikici, E., Deo, S. K., Daunert, S.,
et al. (2021). Dexamethasone (DXM)-Coated Poly(lactic-co-glycolic acid) (PLGA)
microneedles as an improved drug delivery system for intracochlear biodegradable
devices. Adv. Ther. 4:2100155. doi: 10.1002/ADTP.202100155

Pierstorff, E., Chen, S., Chaparro, M. P., Cortez, J. M., Chen, Y. J., Ryu, S. Y.,
et al. (2018). A polymer-based extended release system for stable, long-term
intracochlear drug delivery. Otol. Neurotol. 39, 1195–1202. doi: 10.1097/MAO.
0000000000001977

Piu, F., Wang, X., Fernandez, R., Dellamary, L., Harrop, A., Ye, Q., et al. (2011).
OTO-104: A sustained-release dexamethasone hydrogel for the treatment of otic
disorders. Otol. Neurotol. 32, 171–179. doi: 10.1097/MAO.0B013E3182009D29

Plontke, S., Löwenheim, H., Preyer, S., Leins, P., Dietz, K., Koitschev, A., et al.
(2005). Outcomes research analysis of continuous intratympanic glucocorticoid
delivery in patients with acute severe to profound hearing loss: Basis for planning
randomized controlled trials. Acta Otolaryngol. 125, 830–839. doi: 10.1080/
00016480510037898

Plontke, S. K. (2018). Diagnostics and therapy of sudden hearing loss. GMS
Curr. Top. Otorhinolaryngol. Head Neck Surg. 16:Doc05. doi: 10.3205/CTO000144

Plontke, S. K., Glien, A., Rahne, T., Mäder, K., and Salt, A. N. (2014). Controlled
release dexamethasone implants in the round window niche for salvage treatment
of idiopathic sudden sensorineural hearing loss. Otol. Neurotol. 35, 1168–1171.
doi: 10.1097/MAO.0000000000000434

Plontke, S. K., Götze, G., Rahne, T., and Liebau, A. (2017). Intracochlear drug
delivery in combination with cochlear implants: Current aspects. HNO 65, 19–28.
doi: 10.1007/S00106-016-0285-9

Plontke, S. K., Löwenheim, H., Mertens, J., Engel, C., Meisner, C., Weidner,
A., et al. (2009). Randomized, double blind, placebo controlled trial on the safety
and efficacy of continuous intratympanic dexamethasone delivered via a round
window catheter for severe To profound sudden idiopathic sensorineural hearing
loss after failure of systemic therapy. Laryngoscope 119, 359–369. doi: 10.1002/
LARY.20074

Frontiers in Neuroscience 17 frontiersin.org

https://doi.org/10.3389/fnins.2022.892777
https://www.awmf.org/uploads/tx_szleitlinien/017-071l_S2k_Cochlea-Implantat-Versorgung-zentral-auditorische-Implantate_2020-12.pdf
https://www.awmf.org/uploads/tx_szleitlinien/017-071l_S2k_Cochlea-Implantat-Versorgung-zentral-auditorische-Implantate_2020-12.pdf
https://doi.org/10.1097/MAO.0B013E318277A40E
https://doi.org/10.1097/MAO.0B013E318277A40E
https://doi.org/10.1016/J.JCONREL.2016.02.013
https://doi.org/10.1080/10717544.2021.1943059
https://doi.org/10.1016/J.HEARES.2018.06.017
https://doi.org/10.1177/0194599812458401
https://doi.org/10.1016/J.HEARES.2005.12.001
https://doi.org/10.1097/MAO.0B013E318254501B
https://doi.org/10.1007/S00106-019-0648-0
https://doi.org/10.1159/000241097
https://doi.org/10.1159/000241097
https://doi.org/10.1016/J.IJPHARM.2020.120038
https://doi.org/10.1016/J.IJPHARM.2020.120038
https://doi.org/10.1007/S00405-013-2703-X
https://doi.org/10.1007/S00405-013-2703-X
https://doi.org/10.1097/00129492-200107000-00011
https://doi.org/10.1002/LARY.26562
https://doi.org/10.1002/LARY.26562
https://doi.org/10.1016/j.ijpx.2019.100015
https://doi.org/10.1016/J.IJPHARM.2020.120180
https://doi.org/10.1007/s13346-021-00914-9
https://doi.org/10.1007/978-94-017-1217-0_5
https://doi.org/10.1097/MAO.0000000000001254
https://doi.org/10.1097/MAO.0000000000001872
https://doi.org/10.3389/fneur.2019.01377
https://doi.org/10.3389/fneur.2019.01377
https://doi.org/10.3389/fphar.2021.689032
https://doi.org/10.3389/fphar.2021.689032
https://doi.org/10.1016/j.heares.2015.04.019
https://doi.org/10.1016/j.heares.2015.04.019
https://doi.org/10.1007/S00405-015-3760-0
https://doi.org/10.1007/S00405-015-3760-0
https://doi.org/10.3109/00016489.2013.829921
https://doi.org/10.3109/00016489.2013.829921
https://doi.org/10.1016/J.HEARES.2018.03.006
https://doi.org/10.1016/J.ANORL.2017.12.011
https://doi.org/10.1016/J.ANORL.2017.12.011
https://doi.org/10.1007/S00106-016-0298-4
https://doi.org/10.1007/S00106-016-0298-4
https://doi.org/10.1126/SCITRANSLMED.AAO0935
https://doi.org/10.1016/0168-3659(94)90263-1
https://doi.org/10.1016/0168-3659(94)90263-1
https://doi.org/10.1002/ADTP.202100155
https://doi.org/10.1097/MAO.0000000000001977
https://doi.org/10.1097/MAO.0000000000001977
https://doi.org/10.1097/MAO.0B013E3182009D29
https://doi.org/10.1080/00016480510037898
https://doi.org/10.1080/00016480510037898
https://doi.org/10.3205/CTO000144
https://doi.org/10.1097/MAO.0000000000000434
https://doi.org/10.1007/S00106-016-0285-9
https://doi.org/10.1002/LARY.20074
https://doi.org/10.1002/LARY.20074
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-16-892777 September 15, 2022 Time: 6:40 # 18

Plontke et al. 10.3389/fnins.2022.892777

Plontke, S. K., Meisner, C., Agrawal, S., Cayé-Thomasen, P., Galbraith,
K., Mikulec, A. A., et al. (2022). Intratympanic corticosteroids for sudden
sensorineural hearing loss. Cochrane Database Syst. Rev. CD008080. doi: 10.1002/
14651858.CD008080.pub2

Prenzler, N. K., Salcher, R., Lenarz, T., Gaertner, L., and Warnecke, A. (2020).
Dose-dependent transient decrease of impedances by deep intracochlear injection
of triamcinolone with a cochlear catheter prior to cochlear implantation–1 year
data. Front. Neurol. 11:258. doi: 10.3389/fneur.2020.00258

Prenzler, N. K., Salcher, R., Timm, M., Gaertner, L., Lenarz, T., and Warnecke,
A. (2018). Intracochlear administration of steroids with a catheter during human
cochlear implantation: A safety and feasibility study. Drug Deliv. Transl. Res. 8,
1191–1199. doi: 10.1007/s13346-018-0539-z

Rathnam, C., Chueng, S. T. D., Ying, Y. L. M., Lee, K. B., and Kwan, K.
(2019). Developments in bio-inspired nanomaterials for therapeutic delivery
to treat hearing loss. Front. Cell. Neurosci. 13:493. doi: 10.3389/fncel.2019.0
0493

RESOMER Evonik Healthcare (2022). Available online at: https:
//healthcare.evonik.com/en/drugdelivery/parenteral-drug-delivery/parenteral-
excipients/bioresorbable-polymers/standard-polymers (accessed August 28,
2022).

Salt, A. N., Hartsock, J. J., Gill, R. M., Piu, F., and Plontke, S. K. (2012).
Perilymph pharmacokinetics of markers and dexamethasone applied and sampled
at the lateral semi-circular canal. J. Assoc. Res. Otolaryngol. 13, 771–783. doi:
10.1016/j.clinbiochem.2015.06.023.Gut-Liver

Salt, A. N., and Hirose, K. (2018). Communication pathways to and from the
inner ear and their contributions to drug delivery. Hear. Res. 362, 25–37. doi:
10.1016/J.HEARES.2017.12.010

Salt, A. N., and Plontke, S. K. (2009). Principles of local drug delivery to the
inner ear. Audiol. Neurootol. 14, 350–360. doi: 10.1159/000241892

Salt, A. N., and Plontke, S. K. (2018). Pharmacokinetic principles in the inner
ear: Influence of drug properties on intratympanic applications. Hear. Res. 368,
28–40. doi: 10.1016/j.heares.2018.03.002

Schädlich, A., Kempe, S., and Mäder, K. (2014). Non-invasive in vivo
characterization of microclimate pH inside in situ forming PLGA implants using
multispectral fluorescence imaging. J. Control. Release 179, 52–62. doi: 10.1016/j.
jconrel.2014.01.024

Schwab, B., Lenarz, T., and Heermann, R. (2004). [Use of the round window
micro cath for inner ear therapy - results of a placebo-controlled, prospective
study on chronic tinnitus]. Laryngorhinootologie 83, 164–172. doi: 10.1055/S-
2004-814278

Shapiro, B., Kulkarni, S., Nacev, A., Sarwar, A., Preciado, D., and Depireux, D. A.
(2014). Shaping magnetic fields to direct therapy to ears and eyes. Annu. Rev.
Biomed. Eng. 16, 455–481. doi: 10.1146/ANNUREV-BIOENG-071813-105206

Siepmann, J., Elkharraz, K., Siepmann, F., and Klose, D. (2005). How
autocatalysis accelerates drug release from PLGA-based microparticles: A
quantitative treatment. Biomacromolecules 6, 2312–2319. doi: 10.1021/bm050228k

Silverstein, H., Thompson, J., Rosenberg, S. I., Brown, N., and Light, J. (2004).
Silverstein microWick. Otolaryngol. Clin. North Am. 37, 1019–1034. doi: 10.1016/
j.otc.2004.04.002

Su, W. Y., Marion, M. S., Hinojosa, R., and Matz, G. J. (1982). Anatomical
measurements of the cochlear aqueduct, round window membrane, round
window niche, and facial recess. Laryngoscope 92, 483–486. doi: 10.1288/
00005537-198205000-00003

Tóth, M. (2019). Anatomical guidelines for temporal bone surgery, Second Edn.
Budapest: Appaloosa Communications Group Ltd.

Tóth, M., Alpár, A., Patonay, L., and Oláh, I. (2006). Development and surgical
anatomy of the round window niche. Ann. Anat. 188, 93–101.

Frontiers in Neuroscience 18 frontiersin.org

https://doi.org/10.3389/fnins.2022.892777
https://doi.org/10.1002/14651858.CD008080.pub2
https://doi.org/10.1002/14651858.CD008080.pub2
https://doi.org/10.3389/fneur.2020.00258
https://doi.org/10.1007/s13346-018-0539-z
https://doi.org/10.3389/fncel.2019.00493
https://doi.org/10.3389/fncel.2019.00493
https://healthcare.evonik.com/en/drugdelivery/parenteral-drug-delivery/parenteral-excipients/bioresorbable-polymers/standard-polymers
https://healthcare.evonik.com/en/drugdelivery/parenteral-drug-delivery/parenteral-excipients/bioresorbable-polymers/standard-polymers
https://healthcare.evonik.com/en/drugdelivery/parenteral-drug-delivery/parenteral-excipients/bioresorbable-polymers/standard-polymers
https://doi.org/10.1016/j.clinbiochem.2015.06.023.Gut-Liver
https://doi.org/10.1016/j.clinbiochem.2015.06.023.Gut-Liver
https://doi.org/10.1016/J.HEARES.2017.12.010
https://doi.org/10.1016/J.HEARES.2017.12.010
https://doi.org/10.1159/000241892
https://doi.org/10.1016/j.heares.2018.03.002
https://doi.org/10.1016/j.jconrel.2014.01.024
https://doi.org/10.1016/j.jconrel.2014.01.024
https://doi.org/10.1055/S-2004-814278
https://doi.org/10.1055/S-2004-814278
https://doi.org/10.1146/ANNUREV-BIOENG-071813-105206
https://doi.org/10.1021/bm050228k
https://doi.org/10.1016/j.otc.2004.04.002
https://doi.org/10.1016/j.otc.2004.04.002
https://doi.org/10.1288/00005537-198205000-00003
https://doi.org/10.1288/00005537-198205000-00003
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

	Safety and audiological outcome in a case series of tertiary therapy ofsudden hearing loss with a biodegradable drug delivery implant for controlled release of dexamethasone to the inner ear
	Introduction
	Materials and methods
	Study design, setting, and participants
	Inclusion criteria
	Exclusion criteria

	Surgery
	Audiologic measurements
	Neurotologic measurements
	Histology
	Statistics
	Mathematical simulations of drug distribution
	Ethical approval

	Results
	Participants
	Surgical aspects
	Histologic assessment and magnetic resonance imaging
	Neurotologic assessment
	Audiologic assessment
	Mathematical simulations

	Discussion
	Rationale and challenges of different types of intratympanic drug application
	Safety aspects and audiologic outcome
	Rationale and challenges of intracochlear drug application
	Limitations of the study

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References




