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Abstract

Background: Cochlear implant users with residual hearing
often benefit greatly from simultaneous electric and acous-
tic stimulation. However, implantation can cause trauma to
theinnerear, resulting in poorer hearing postoperatively. We
investigated whether a single local injection of glucocorti-
coids can reduce hearing loss in long-term implanted guinea
pigs. Methods: Three groups of animals underwent bilateral
surgery. One ear was implanted with an electrode, and the
contralateral ear received a cochleostomy only. A single dose
of the glucocorticoids triamcinolone or dexamethasone, or
of artificial perilymph was infused into cochleae via cochleo-
stomy. Compound action potentials were measured before
and after application and for 3 months postoperatively.
Tissue growth was measured as the percentage of the total
area of the scala tympani that was obliterated. Results: Ears
subjected to cochleostomy only and treated with glucocor-
ticoids demonstrated a mild hearing loss. In the implanted
ears, both glucocorticoids preserved hearing at least tempo-
rarily. The volume of tissue growth within the scala tympani

was not reduced, and there was no relation between the
amount of tissue and hearing loss. Conclusions: Both gluco-
corticoids show a potential benefit for hearing preservation
in implanted ears. Glucocorticoid therapy may be useful to
protect residual hearing during cochlear implantation.
Copyright © 2011 S. Karger AG, Basel

Introduction

Cochlear implants have developed progressively over
the past 30 years and are now a well-established interven-
tion not only for profound hearing loss, but also for par-
tial deafness, in which direct electrical stimulation of the
auditory nerve is provided in combination with acoustic
amplification of low-frequency residual hearing. This is
called electric-acoustic stimulation (EAS) [1-6]. Atrau-
matic cochlear implantation typically preserves low-
frequency hearing [1], thereby yielding improved speech
understanding, especially in noise, and potentially im-
proving music appreciation possibly due to enhanced
perception of low-frequency speech formants and of the
lower harmonic frequencies in music [7, 8]. Several EAS
studies have presented clear evidence of substantial pa-
tient benefit [1, 2, 9, 10]. However, there is a potential risk
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of losing residual hearing immediately after surgery due
to insertion trauma or later as a result of delayed body
reactions.

Using thin and flexible electrode arrays with an inser-
tion depth not exceeding 20 mm has been shown to im-
prove hearing preservation by reducing mechanical
trauma in the cochlea [1-4, 9, 11, 12]. Recent studies have
also shown that hearing can be maintained with deeper
insertions of very flexible electrode arrays [13]. When
hearing is lost, it may be lost immediately, within days of
implantation or over subsequent months. The exact
mechanisms of hearing loss are not completely under-
stood. Among others, inflammatory and immunological
responses of the body to implantation with subsequent
connective and bone tissue growth have been suggested.
Therefore, inflammation-suppressing substances, such
as glucocorticoids, have been applied locally during im-
plantation [2-4, 14]. The impact of glucocorticoids on
hearing was first published in the late seventies [15]. That
publication demonstrated a therapeutic effect of chronic
administration of cortisone on autoimmune inner ear
disease.

In a previous study of ours, intracochlear application
of a crystalline suspension of the glucocorticoid triam-
cinolone (Tria) succeeded in alleviating hearing loss
caused by drilling a cochleostomy for 1 month [16]. Oth-
er studies showed that the corticosteroid dexamethasone
(Dex) applied locally with a micropump [17] or at the
round window (RW) [18] reduced hearing loss after in-
sertion trauma [17] and chronic implantation [18] for 1
month [17, 18] and 3 months, respectively [19]. Local drug
delivery has several advantages over systemic application,
including fewer side effects and the ability to deliver high-
er doses at the intended site.

We addressed 3 primary questions in our study: (1)
Does a locally applied glucocorticoid lead to hearing
preservation or threshold recovery after cochlear implan-
tation during a time span of 3 months? (2) What is the
pharmacological effect of locally applied glucocorticoids
in nonimplanted cochleae? (3) Does a locally applied glu-
cocorticoid influence postsurgical tissue growth within
the scala tympani?

Materials and Methods

Electrode Design

We implanted custom-made guinea pig electrodes consisting
of 2 platinum wires and 2 flat PT contacts in a medical grade sil-
icone carrier with a total diameter of 0.5 mm (MED-EL GmbH,
Innsbruck, Austria). A 5-pole connector was linked to the con-
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tacts. The remaining poles were later connected to 2 RW and 1
indifferent gold electrode placed in the neck muscle. The connec-
tor was permanently fixed to the skull to allow consecutive com-
pound action potential (CAP) measurements over 90 days.

Glucocorticoids and Control Suspension (Dose in Single 3-ul

Injection)

(1) 120 pg Tria (triamcinolone acetonide 21-dihydrogenphos-
phate disodium; Volon A solubile 40 mg/ml; Dermapharm AG,
Griinwald, Germany), (2) 24 pg Dex (dexamethasone 21-dihy-
drogenphosphate dipotassium; Fortecortin inject 8 mg/ml; Merck
KGaA, Darmstadt, Germany) and (3) artificial perilymph (cus-
tom made; AP) were used. The drug formulae were applied as
typically used by surgeons during cochlear implantation surgery
in human patients, i.e. as provided by manufacturers. Glucocor-
ticoids were sterile and noncrystalline (i.e. nondepot) prepara-
tions and were taken directly from sealed glass ampullae prior to
in vivo administration. AP was sterile filtered and frozen until in
vivo application.

Antibiotics

Two to 3 drops of enrofloxacin (Baytril; Bayer AG, Leverkusen,
Germany) were administered into the bulla after surgery followed
by daily subcutaneous injection of the same antibiotic (10 mg/kg)
on surgery day and the 3 consecutive days.

Anesthesia

During surgery and for subsequent electrophysiological mea-
surements, the animals received intraperitoneal injections of 85
mg/kg ketamine (Pharmacia & Upjohn GmbH) and 8.5 mg/kg
xylazine (Bayer AG). Prior to surgery, a single intraperitoneal dose
of 0.25 mg/kg atropine sulfate (B. Braun AG, Melsungen, Ger-
many) was administered to suppress secretion within the respira-
tory tract and to stabilize blood pressure.

Experimental Animals

Fifteen pigmented guinea pigs (BFA bunt; Charles River Wiga,
Sulzfeld, Germany) were used in this study. The experiment com-
plied with the ethical guidelines for the Land Hessen, Regie-
rungsprasidium Darmstadt (approval No. F40/21). Because each
animal had 1 implanted and 1 cochleostomized ear treated with
the same drug/AP, experimental groups consisted of ears per
group instead of animals per group. The 2 glucocorticoids were
delivered at different concentrations because Dex has a potency
4-5 times that of Tria when applied systemically [20]. The im-
planted and cochleostomized ears were divided into 3 experimen-
tal groups, Tria, Dex and AP, with each group consisting of 5 ears.

Surgery and Implantation

Before surgery normal hearing was probed roughly with Prey-
er’s reflex followed by more precise measurements of click audi-
tory brainstem response (ABR) thresholds. Guinea pigs were op-
erated on both ears consecutively using a retroauricular approach.
First, Teflon-coated gold wires (Goodfellow, Bad Nauheim, Ger-
many) for CAP measurements were placed bilaterally at the RW.
This was followed by the first measurement of click CAP thresh-
olds and audiograms that served as reference measurements for
all following measurements for each animal. ABR and CAP mea-
surement procedures will be described in more detail in the fol-
lowing section.
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A cochleostomy was carefully drilled into the basal turn of the
cochlea ventrally from the RW, through which a volume of 3 .l of
either Dex, Tria or AP was carefully (approx. 20 s) infused execut-
ing a small amount of pressure into the scala tympani by means
of a 10-pul Hamilton syringe (Hamilton, 26-gauge needle = 0.405
mm) that was inserted 1 mm into the cochlea. The implant was
then inserted so that both contacts were completely inside the
scala tympani, i.e. up to 3 mm deep. Insertion depth was therefore
very consistent. A small amount of backflow was observed due to
the fluid displacement, but because the procedure and the drug
infusion were performed in a similar fashion in all guinea pigs the
assumed fluid loss and intracochlear distribution of drug were
approximately the same for all ears. The contralateral ear was
treated similarly but without implantation. Each animal was
treated with the same drug in both ears to avoid artifacts from
crossover diffusion of the drug via the cochlear aqueduct. Co-
chleostomies were covered with a small muscle graft.

CAP and ABR Test Parameters and Measurements

All measurements were made in a soundproof chamber (IAC
400-A) with an inversely driven microphone (B&K 4134, 1/2 inch;
Bruél & Kjeer, Germany) that was inserted in the outer ear canal.

Auditory Brainstem Responses. For measurements thin silver
wires were pulled through the skin with a sterile cannula and
placed behind the pinnae and on the vertex, respectively. The
wires were soldered to plugs allowing the connection to the re-
cording device. Clicks (100 ms duration) were averaged over a rate
of 100 repetitions per intensity step (2 dB). The bandpass filter was
set between 10 Hz and 10 kHz.

Compound Action Potentials. Settings for click CAP measure-
ment and repetition rate were the same as for ABR recordings
except for the bandpass filter that was set between 0.1 and 3 kHz.
CAP audiograms were obtained by stimulating with gaussian-
curve-shaped tone pips (bandwidth: 2/3 octave) with a frequency
range of 0.1-64 kHz (2 steps/octave for a total of 19 frequencies)
and at intensities between 10 and 100 dB attenuation (0 dB = 120
dBSPL, 5-dB steps, 30 repetitions/intensity step). Stimuli were
generated by a PC system equipped with a multifunction I/O in-
terface card (National Instruments) and Audiolab software
(http://otoconsult.de, Germany). The software automatically cal-
culated the thresholds that were then shown color coded. Addi-
tionally, each threshold was confirmed visually on prints.

We tested hearing before and after drug/AP application and
implantation, followed by consecutive measurements on days 1,
3, 7, 14, 21, 28, 60 and 90. From day 3 on, additional click ABR
thresholds were measured to check CAP gold electrodes for prop-
er operation. The impedance of all electrodes was monitored con-
tinuously during measurements. Results were given in threshold
shift relative to the presurgery thresholds.

Histology

The amount of tissue growth was determined in percent of the
area of scala tympani in the basal turn and correlated with thresh-
old shift. After hearing testing, animals were deeply anesthetized
and perfused transcardially with 4% paraformaldehyde. Cochle-
ae were removed and processed for paraffin embedding. Sagit-
tal sections cut along the midmodiolar plane were stained with
hematoxylin-eosin and Azan. At least 5 sections of each cochlea
were submitted to quantitative area measurements (NIH Image,
Scion Image).

Glucocorticoids Provide Otoprotection
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Statistical Analyses

CAP data were analyzed with the nonparametric Wilcoxon-
Mann-Whitney U test at a = 0.05. Histological data were analyzed
with the Spearman correlation analysis (2-tailed, o = 0.05).

Results

Frequencies from 0.1 to 64 kHz were classified in
groups from 0.125 to 0.7 kHz (low frequencies), 1 to 8 kHz
(middle frequencies) and 11.3 to 64 kHz (high frequen-
cies). Mean threshold values were calculated for each fre-
quency group and individual ear, yielding 3 values per ear
and date. Threshold shifts immediately following the
surgery were observed in all groups with some recovery
occurring in some animals, irrespective of treatment.

Click CAP Threshold Shifts

For click CAP shifts in glucocorticoid/AP-treated co-
chleostomized ears (fig. 1a), no differences in threshold
shifts were observed between Dex and AP ears over the
course of 90 days. On the other hand, Tria-treated ears
revealed significantly greater shifts after 21 days (table 1).

Regarding click CAP shifts in glucocorticoid/AP-
treated implanted ears (fig. 1b), a comparison of figure la
and b reveals a clear increase in the extent and persistence
ofhearingloss after implantation for the ears treated with
AP as compared with cochleostomized AP ears. Dex and
Tria ears did not show such an effect. Also, hearing recov-
ery was smallest in AP ears (fig. 1b). Threshold shifts in
Dex ears were significantly smaller compared with AP
ears during the first 7 days but increased thereafter (ta-
ble 1). On the other hand, Tria ears started with large
shifts, as in the AP ears, that decreased after 1 week but
were then significantly smaller in comparison to AP ears
by day 90 (table 1).

Frequency-Specific CAP Threshold Shifts

In glucocorticoid/AP-treated cochleostomized ears
(fig. 1c, e, g), there was an initial threshold shift after sur-
gery in all frequency ranges. However, only the AP-treat-
ed ears exhibited a complete recovery that persisted for
90 days. Limited recovery took place in the 2 glucocorti-
coid-treated groups but this did not include the middle
and high frequencies (fig. le, g). In the low frequencies,
threshold shifts were generally small in all groups (fig. 1c).
No significant differences were seen between glucocorti-
coid-treated and AP-treated ears over the course of 90
days (table 1). In the middle frequencies, when comparing
the Dex and AP ears, the data revealed no differences be-
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Table 1. p values for threshold shifts

Clicks 0.1-0.7 kHz (low) 1-8 kHz (middle) 11.3-64 kHz (high)
Dex Tria Dex Tria Dex Tria Dex Tria

Threshold shift after cochleostomy

0 days 0.37 0.03* 0.37 0.19 0.8 0.06 0.15 0.016*

1 day 0.55 0.22 0.69 0.84 0.55 0.31 0.31 0.15

3 days 0.1 0.1 0.73 0.84 0.29 0.15 0.016* 0.03*

7 days 0.84 0.42 0.73 0.69 1 0.31 0.29 0.15
14 days 0.69 0.06 1 0.84 0.9 0.02* 0.29 0.008**
21 days 0.69 0.03* 0.9 0.55 0.55 0.06 0.29 0.008**
28 days 0.69 0.008** 0.41 0.84 0.55 0.22 0.41 0.03*
60 days 1 0.15 0.4 0.84 0.07 0.15 0.57 0.06
90 days 0.69 0.02* 0.69 0.55 0.31 0.02* 0.1 0.008**
Threshold shift after implantation

0 days 0.17 0.69 0.35 0.29 0.17 0.41 0.35 0.55

1 day 0.03* 0.42 0.22 0.55 0.03* 0.69 0.1 1

3 days 0.03* 0.84 0.1 0.55 0.03* 0.55 0.06 0.55

7 days 0.03* 0.15 0.15 0.55 0.1 0.15 0.1 0.84
14 days 0.15 0.1 1 0.55 0.42 0.095 0.03* 0.22
21 days 0.1 0.1 0.55 0.1 0.22 0.06 0.03* 0.22
28 days 0.42 0.15 0.22 0.1 0.42 0.06 0.1 0.31
60 days 0.31 0.11 0.69 0.03* 0.82 0.02* 0.22 0.11
90 days 0.22 0.02* 0.69 0.008* 0.42 0.008* 0.15 0.1

Statistical evaluation of threshold shift data: 2-tailed nonparametric Wilcoxon-Mann-Whitney U test at a = 0.05 (significance

levels: * p < 0.05, ** p < 0.01).

Fig. 1. Click-evoked (a, b) and frequency-specific (c-f) CAPs in
cochleostomized and implanted ears treated with Dex, Tria or AP.
Comparisons are made between treatments with glucocorticoids
and ears treated with AP. * p < 0.05, ** p < 0.01. a Click-evoked
CAP shifts after cochleostomy: initially large threshold shifts are
evident on days 0 and 1 after all treatments. In Tria ears, shifts on
day 0 are significantly larger compared to AP ears. Although a
decrease in threshold shift is observed in all groups, recovery is
most pronounced in AP ears. The difference is only significant
between Tria and AP ears but not between Dex and AP ears.
b Click-evoked CAP shifts after implantation: threshold shifts af-
ter AP administration are large throughout the whole measure-
ment time. This was also the case for Tria-treated ears on the
first 3 days; however, the shifts decrease towards the end of the
measurements. On day 90, the difference from AP ears is signifi-
cant. Dex ears, in contrast, reveal significantly smaller threshold
shifts compared with AP ears on days 1, 3 and 7. Threshold shifts
increased thereafter. ¢ CAP shifts of low frequencies (0.125-0.7
kHz) after cochleostomy: no differences among treatments were
seen at any time point. Average threshold shifts were between
0and 20 dB. d CAP shifts of low frequencies (0.125-0.7 kHz) after

Glucocorticoids Provide Otoprotection
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implantation: threshold shifts in Tria-treated ears are significant-
ly smaller on days 60 and 90. There is no difference between Dex
and AP ears. e CAP shifts of middle frequencies (1-8 kHz) after
cochleostomy: no difference was seen between Dex and AP ears.
Threshold shifts in Tria ears were significantly greater on days 14
and 90. f CAP shifts of middle frequencies (1-8 kHz) after implan-
tation: there is a difference in time course of efficacy between the
2 glucocorticoids; on days 1 and 3, significantly smaller threshold
shifts are present in Dex ears, whereas in Tria ears this was the
case on days 60 and 90. g CAP shifts of high frequencies (11.3-
64 kHz) after cochleostomy: in Dex ears, a significantly larger
threshold shift was present on day 3 only. Threshold shifts in Tria
ears were significantly greater on days 0, 3, 14, 21, 28 and 90.
h CAP shifts of high frequencies (11.3-64 kHz) after implanta-
tion: threshold shifts in Dex-treated ears are smaller over the
course of 28 days after implantation. This was significant on days
14 and 21. Shifts increased thereafter. Threshold shifts in Tria ears
were similar to those of AP ears during the first week after im-
plantation. They decreased towards the 3rd month compared
with the shifts in AP ears that remained large. The difference did
not reach significance.
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Fig. 2. Tissue growth after surgery (at 3 months): cochleostomy
versus implantation. There is a tendency for more tissue growth
in scalae tympani in implanted cochleae compared with cochle-
ostomized inner ears. Due to high variability between ears, this
was not statistically significant (Spearman correlation test,
2-tailed). There was no difference between the glucocorticoid
treatments and nontreated (AP) cochleae, not for glucocorticoid-
treated or for nontreated scalae tympani.

tween the 2 treatments (fig. le). Mean threshold shifts
were significantly greater in Tria ears than in AP ears
only on days 14 and 90 (table 1). In the high frequencies,
threshold shifts after glucocorticoid application were
consistently greater than those obtained by treatment
with AP (fig. 1g). When comparing Dex and AP ears,
threshold shifts were significantly greater only on day 3
in Dex ears (table 1). In contrast, the high-frequency
threshold shifts were significantly greater in Tria ears
than in AP ears over almost the whole course of the 90
days (table 1).

In glucocorticoid/AP-treated implanted ears (fig. 1b,
d, f, h), the audiograms demonstrate that the largest
threshold shifts were obtained for the highest frequen-
cies, nearest the site of cochleostomy, drug delivery and
electrode insertion. Compared with AP ears, Dex ears
revealed smaller threshold shifts during the month suc-
ceeding the implantation but deteriorated thereafter. In
contrast, after initially large threshold shifts, Tria ears
showed clear recovery of low- and mid-frequency hearing
by day 28, which was maintained through day 90 (fig. 1d,
f). In the low frequencies, when comparing all 3 groups,
no difference in threshold shifts was observed in the
course of the experimental time span except from days 60

224 ORL 2011;73:219-228

Fig. 3. CAP shifts of middle frequencies (1-8 kHz): efficacy of the
pharmacological treatment in implanted ears. This was deter-
mined by subtracting the threshold shifts of cochleostomized ears
from those of implanted ears. Only the results of middle frequen-
cies are shown here. The values are given in decibels on the y-
axis. Statistics: Mann-Whitney U test, 2-tailed, and Bonferroni
adjusted p < 0.025. From day 3 on, threshold shifts were signifi-
cantly larger in untreated (AP) implanted ears, whereas shifts in
implanted ears treated with glucocorticoids did not differ from
equally treated cochleostomized ears. * p < 0.05, ** p < 0.01.

and 90 (fig. 1d) when shifts where significantly smaller in
Tria ears than in AP ears (table 1). In the middle and high
frequencies, as seen for click threshold shifts, an anti-
dromic time course of threshold shifts was seen in Dex
and Tria ears in comparison with AP ears whose shifts
were overall greater over the course of the experiment
(fig. 1f, h). In comparison with AP ears, shifts in Dex-
treated ears were significantly smaller over the course of
28 days (table 1). In contrast, shifts in Tria ears were as
large as in AP ears at the beginning but decreased sig-
nificantly towards day 90 in the middle frequencies (ta-
ble 1).

Histological Evaluation

Cochleae showed great variability in terms of tissue
growth (fig. 2). A loose mesh of fibrous tissue could be
seen only in the first half of the basal turn of the scala
tympani in both implanted and cochleostomized cochle-
ae. In some cases ossification of various degrees was ap-
parent. Implants were always enclosed in a solid sheath of
connective tissue. Implanted cochleae tended to exhibit
more pronounced tissue growth than cochleostomized
cochleae (fig. 2). Cochleostomized ears showed less
growth than implanted ears but this difference was not
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significant. There was also no correlation between hear-
ing loss and tissue growth in cochleostomized (r = 0.145)
and implanted cochleae (r = -0.107) 90 days after surgery
or implantation, respectively.

Discussion

This study is the first to reveal a protective effect for
hearing after cochlear implantation from a single appli-
cation of 2 different glucocorticoids measured over a 90-
day follow-up period. Moreover, the results suggest a pos-
sible difference in the time-dependent behavior of the ef-
fects of the 2 drugs Tria and Dex with the dosing regimen
used. Although glucocorticoids have already been ap-
plied locally in EAS surgery [4] because of their assumed
benefit for hearing preservation, it has not yet been part
of the surgical routine. The results of our study and oth-
ers [17-19] strongly suggest their use as routine in cochle-
ar implantation in combination with atraumatic surgery
and the use of suitable EAS electrodes, especially in EAS
surgery to counteract or prevent mechanisms that other-
wise might lead to loss of residual hearing.

Study Design

This study aimed at investigating the efficacy of 2 glu-
cocorticoids that are commonly used in hospitals under
routine operating conditions. This included drugs in
their ready-to-use formula because surgeons rarely pre-
pare drugs especially for use in implantation. The com-
parison of 2 different glucocorticoids provided addition-
al information whether glucocorticoids perform equally
well or whether differences in efficacy between glucocor-
ticoids should be considered. We measured CAPs rather
than ABRs because of their more accurate frequency
specificity. In addition, we chose frequencies between
0.125 and 64 kHz in 2 steps/octave for a total of 19 fre-
quencies. The experimental time of 90 days allowed in-
vestigation of long-term efficacy, which is important in
hearing preservation implantation. The additional inves-
tigation of a pure pharmacological effect in cochleosto-
mized cochleae further enhanced the scope of our study.

Our electrode design suggested implantation through
a cochleostomy rather than through the RW. RW in-
sertion of the wired and thus relatively stiff electrode
requires heavy bending with an obtuse angle, which
enhances the risk of damaging the modiolus. The RW
approach has however an advantage over cochleosto-
my inasmuch as it makes drilling redundant and might
therefore abate noise trauma [21]. But as threshold shifts

Glucocorticoids Provide Otoprotection
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in cochleostomized cochleae treated with AP (fig. 1)
demonstrate, there is only a mild if any hearing loss,
which rather rules out a distinct influence of the drilling
on hearing. By the same token, it has been shown that
making a cochleostomy by means of a diamond drill
caused only minimal hearing loss in guinea pigs, even
less than using a laser [22].

Although we achieved significant results with only 5
ears/group, a lot of variability was seen. Some visible
trends did not reach significance that might have been
achieved with a larger number of ears. This is apparent
for instance in middle and high frequencies of implanted
ears. The beneficial effect of Dex treatment actually lasts
until day 28 (fig. 1f, h). Likewise, hearing improvement in
Tria-treated ears already starts on day 21 (fig. 1f) and day
14, respectively (fig. 1h).

The use of commercially available steroid preparations
might have implied a risk of uncontrolled effects on hear-
ing. Therefore, we chose alcohol-free formulas to avoid
potential neurotoxic effects. Nonetheless, a possible toxic
effect was seen for both preparations after direct injection
into cochleostomized ears, possibly filling a large portion
of the basal turn. In implanted ears the benefit of the 2
glucocorticoids for hearing preservation prevailed over
those potentially detrimental effects. It is also possible
that a simple cochleostomy does not cause enough trau-
ma for glucocorticoids to act against. James et al. [18]
demonstrated a greater hearing benefit after Dex treat-
ment in a group of guinea pigs implanted forcefully com-
pared with a group implanted less forcefully. Therefore,
had the ears in the present study suffered more trauma,
we might have seen larger effects.

Efficacy of Glucocorticoid Treatment

The crucial question is whether there is a benefit for
hearing when implanted ears are treated with glucocor-
ticoids or if they would do just as well without treatment.
To address this question, we further analyzed our data
by subtracting threshold shifts of cochleostomized ears
from those of implanted ears treated with the same sub-
stances, i.e. cochleostomized ears served as a control
group for implantation. The reason for this analysis was
that we wanted to see the net effect of glucocorticoid
treatment on implantation by also taking into account
their slightly deteriorative effect in cochleostomized ears.

Although cochleostomized ears might have received a
slightly higher dose than implanted ears because of a pos-
sible displacement of drugs by the insertion of the elec-
trode, a benefit for local glucocorticoid treatment in im-
planted ears was seen primarily in the region most af-
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fected by implantation, i.e. in the middle (fig. 3) and high
frequencies (not shown here). In contrast, hearing in im-
planted ears treated only with AP further deteriorated
towards the end of the 90-day experimental observation
time.

Comparison with Previous Research

Hearing loss after cochlear implantation occurred to
varying degrees in guinea pigs in all our experimental
groups. However, local application of the 2 glucocorti-
coids in a single injection succeeded in substantially de-
creasing threshold shifts in implanted ears, albeit for dif-
ferent time intervals. These results are supported by Esh-
raghi etal. [17], in which local application of a cumulative
dose of 20 wl Dex over 8 days after brief electrode inser-
tion resulted in a decrease in ABR threshold shifts after
1 month and a prevention of their further progression.
However, this method is not entirely comparable to ours
because the electrode was inserted and removed imme-
diately to investigate surgical trauma rather than chronic
implantation effects. Two studies using a model more
comparable to ours found similar results 1 month [18]
and 3 months [19] after implantation by acute RW appli-
cation of Dex before surgery in cochlea-implanted guinea
pigs.

Apart from our study, only 1 other animal study dem-
onstrated an effect of locally applied glucocorticoids on
chronically implanted ears for more than 1 month. In
agreement with our results, the study showed the benefit
of an RW application of Dex for hearing preservation in
a guinea pig model of cochlear implantation 3 months
after surgery [19]. However, in clinical use, the clinician
should take into account that human RW membranes are
thicker and maybe less permeable to drugs than those of
guinea pigs [23]. In addition, the transmitted amount has
been shown to vary significantly in humans [24].

The protective effects of the glucocorticoids we used
in our study differ in their time pattern with Dex being
more effective at the beginning and Tria more towards
the end of the experimental time. This might also apply
to other corticoids, even more so for those with a stronger
impact not only on glucocorticoid, but also on mineral-
ocorticoid receptors, as is the case with prednisolone,
which should, therefore, be taken into consideration in
clinical use. The results suggest that a treatment regimen
should include either a different dosage or mode of deliv-
ery of Dex or the sole use of Tria because of its longer-
term beneficial effects.

Because the preservation of low (0.12-1 kHz) and mid-
dle (1-8 kHz) frequencies is most important for speech
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recognition [25] and listening [7] in noisy environments,
drug administration in the more apical, i.e. the low-fre-
quency, region is an important goal. This could be
achieved with deeply inserted drug-delivering electrodes
[26]. However, as our study demonstrated, even a single
injection of both Dex and Tria was most effective in the
high and middle frequencies because those are the re-
gions with the greatest drug concentration.

Tissue growth was observed to various degrees in both
implanted and cochleostomized cochleae with a tenden-
cy for more pronounced growth in implanted ears. There
was no significant difference among treatments for the
doses used here. A recent study [27] revealed less fibrosis
in implanted ears treated with higher systemic doses of
Dex than in those with lower doses or controls. However,
as found in our study, the difference was not statistically
significant. We observed no correlation between hearing
loss and the amount of tissue within the cochlea.

Despite this finding, we cannot rule out that very pro-
nounced tissue growth, especially with bone tissue, might
lead to a worsening of residual hearing in patients due to
an alteration in the impedance across the cochlear parti-
tion. An increase in electrode impedance would addi-
tionally necessitate higher electrical currents for stimu-
lation, which consequently might diminish frequency
selectivity. A higher electrical current could also cause
unwanted nonauditory side effects such as costimulation
of the facial nerve.

Implications for Future Research

A single treatment with glucocorticoids was adequate
for a longer-term effect of 28 days with Dex and 90 days
with Tria, respectively. For clinical use, this benefit should
be strengthened or achieved more reliably, possibly to the
extent of even a permanent hearing improvement by re-
peated or sustained applications, as was shown by Esh-
raghi et al. [17] who applied Dex for 8 days using an os-
motic micropump system and achieved improved hear-
ing thresholds for 2 months.

Another method of prolonged application would be to
place a degradable substance at the RW membrane load-
ed with the drug and releasing it for a prolonged period.
Recent studies showed that using alginate beads as a
vector for acute Dex delivery [18, 19] was successful for
the protection of high frequencies after chronic (1- and
3-month) cochlear implantation. However, the presence
of high concentrations of a steroid in the vicinity of the
entry point to the cochlea may have the potential to in-
crease healing time around the entry point of the elec-
trode array. This would increase the time frame in which
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bacteria that reside in the middle ear could enter the in-
ner ear, thus causing infections or even increase the risk
for meningitis. Ideally, the electrode itself could release
drugs inside the cochlea by coating or by being embedded
in the material [28]. This could make additional steroid
application superfluous, thus eliminating the need for
high concentrations outside the cochlea.

Conclusions

Both Dex and Tria show a potential to protect hear-
ing after chronic cochlear implantation. Different time
courses were observed for the 2 drugs after a single injec-
tion, with Dex showing only a temporary benefit and Tria
showing maximum efficacy after 3 months. This differ-
ence warrants further investigation. Hearing preserva-
tion was seen in all frequency ranges but was most appar-
ent in the high and middle frequencies. Neither Tria nor
Dex suppressed tissue growth significantly, nor was there
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