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ABSTRACT

The success of middle ear reconstructive surgery
depends on stable coupling between the prosthesis
and residual ossicles. To establish a stable fixed point
on the stapes footplate for subsequent prosthesis
reconstruction, a titanium footplate anchor was
coated with osteoinductive substances to induce a
controlled osseointegration on the footplate. Various
studies have shown that collagen-based matrices with
and without bone growth and differentiation factors
can induce and enhance bone formation and con-
sequently increase implant stability. The ears of 23 one-
year-old Merino sheep (n=46) were divided into five
groups and implanted with a specially designed foot-
plate anchor. The surface of each implant was modified
by applying a collagenous matrix (collagen I or II)
either with immobilized bone morphogenic protein
(BMP-4) or transforming growth factor-ß, respectively,
to stimulate osteoblastic activation and differentiation
on the stapes footplate with subsequent osseointegra-
tion. Polychrome labeling was used to assess new bone
formation and remodeling during the study. After study
termination on day 84, synchrotron radiation-based
computed microtomography and histomorphometry
were used to identify bone implant contact. Eight
implants showed radiographical and/or histological

evidence of integration by newly formed bone. An
osseointegration could histologically be proven in two
of these eight specimens, and additional ectopic bone
formations were seen in another 21 specimens. In all
animals, bone turnover on the footplate was proven by
polychrome labeling. This study proves the general
ability to induce a controlled osseointegration of
titanium implants biologically activated with artificial
extracellular matrices on their surfaces on the stapes
footplate in a mammalian organism.

Keywords: tympanoplasty, reconstruction, animal
study, growth factors, implant coating

Abbreviations: TORP – Total ossicular replacement
prosthesis; Coll – Collagen; CS – Condroitin sulfate;
DC –Decorin; BMP – Bone morphogenic protein;
TGF-ß – Transforming growth factor-ß; ABR –
Auditory brainstem response; FSL – Fluorochrome
sequential labeling; SRµCT – Synchrotron radiation-
based computed microtomography

INTRODUCTION

Dislocation of prostheses and/or interposition of
connective tissue can impede a direct prosthesis bone
contact and are important reasons for poor post-
operative sound transmission after ossiculoplasty
(Hüttenbrink 1994; Katzke et al. 1982; Smyth 1983).
Therefore, stable coupling between prostheses and
the remaining ossicular rudiments is a precondition
for satisfactory hearing results (Eiber et al. 2000). In
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the case of a destroyed stapes superstructure with only
an intact footplate remaining in the oval niche, the
interposition of a total ossicular replacement prosthesis
(TORP) represents the current clinical practice. Sound
transmission from the tympanic membrane to the inner
ear is thereby enabled by a collumella prosthesis whose
position on the stapes footplate is secured by pieces of
connective tissue or cartilage (Fisch and May 1994;
Jahnke 1987; Plester et al. 1989). However, an appa-
rently reliably positioned TORP imminently runs the
risk of dislocation at the end of surgery. Changes in
atmospheric pressure, middle ear effusion, or scar tissue
development can destroy the prosthesis fit on the
footplate. Additionally, any interposition of elastic con-
nective tissue in the prosthesis footplate interface
decreases an effective sound transmission. For both of
these reasons, an osseointegration of the prosthesis
material on the footplate would be preferable.

Osseointegration has been used to define a direct
structural and functional connection between
ordered living bone and the surface of an implant
(Branemark et al. 1977). Even though success rates of
up to 95% for certain implants have been reported, in
reconstructive middle ear surgery, the moving implant
bed causes poor preconditions for a successful bony
integration. Since primary implant stability is funda-
mental for developing implant osseointegration, a
compound prosthesis concept is necessary to maintain
implant stability in the first phases of integration. A
two-step approach could secure primary implant
stability by establishing a firm and stable titanium
anchor on the footplate followed by surgically mount-
ing the proper prosthesis for sound transmission.

However, the stapes footplate represents an unfavor-
able environment for successful osseointegration. The
thin bony footplate layer holds only a small number of
osteocytes, cells that are crucial for osseointegration.
Additionally, in contrast to any other site of implant
osseointegration, an iatrogenic bone defect for new
bone formation as the starting stimulus is missing.

Like in other cases of a reduced implant take rate,
e.g., in bone of poor tissue quality, metabolic bone
disease or after radiotherapy, it is of considerable
interest to enhance the quality and rate of new bone
formation around implants. This can be achieved by
modification of the implant surface, which in turn
stimulates the active process of osseointegration. Types
I and II collagen (coll), both major components of the
extracellularmatrix (ECM), are known for their binding
properties for osteoblastic cells (Becker et al. 2002).
Collagen-coated implants can additionally be modified
by association with non-collagenous ECM components
(Douglas et al. 2007a, b). The glycosaminoglycan
chondroitin sulfate (CS) and the proteoglycan decorin
(DC) enable such complex coll/ECM matrices to store
and stabilize growth factors (Rosso et al. 2004) and

thereby enhance the induction of osteogenic cell
proliferation, differentiation, and growth.

Coll-I/CS- and coll-II/DC-coated implants can
further be augmented by recombinant growth factors.
The influence of bone morphogenetic proteins
(BMP) and tissue growth factors (rhTGF-ß) on
induction of osteoblastic proliferation, differentiation,
and bone formation in general and on peri-implant
bone formation was shown in different studies
(Bessho et al. 1999; Wong et al. 1995). These implant
surface modifications were therefore used to induce
and improve the bone integration of titanium implants
on the stapes footplate by both the pre-integration of
osteoinductive recombinant growth factors (rhBMP-4,
rhTGF-ß) and the possible interaction of ECM compo-
nents with endogenous growth factors.

MATERIAL AND METHODS

Animals

Twenty-four 12-month-old female Merino sheep were
obtained from and kept under standard conditions at
a local breeder (Theinert, Canitz, Germany). All
animals had free access to water and were fed ad
libitum with a commercial standard chow containing
1.1 g calcium and 0.8 g phosphorus per 100 g dry
weight (Schkade Landhandel GmbH, Belgern, Ger-
many). For all experimental procedures (operation,
brainstem-evoked response audiometry (BERA), and
killing), except the polychrome labeling, animals were
transported to the local center for animal experi-
ments (MTZ, Dresden, Germany).

After adaptation to laboratory conditions for 2 days,
the animals entered the study. Twelve hours prior to the
operation, they were kept in double cages for fasting. At
study termination, animals were killed at the end of an
auditory brainstem response (ABR)measurement while
under general anesthesia. Embutramide (6 mg/50 kg
body weight) was administered as a single injection in
combination with tetracainhydrochloride and mebezo-
niumiodide (T61®, Intervet Co, Unterschleißheim,
Germany). All experiments were approved by the
governmental Animals Ethic Committee (Regierungsp-
räs, Dresden, Germany).

Implants/footplate anchor

A titanium implant (titanium medical grade II),
hereafter called footplate anchor, was designed as an
oval stamp with three bumps at the undersurface to
improve the contact area on the individually varying
footplate surface. These bumps were intended to act
as starting zones for the tissue integration. The size of
the oval base area was 0.55×0.35 mm, with a total
height of 0.54 mm. Including the three bumps

162 NEUDERT ET AL.: Osseointegration in Otosurgery



(diameter = 0.13 mm; area = 0.023 mm2 each), the
whole undersurface of the implant, which was sub-
sequently coated as mentioned below, accounts for
0.425 mm2. The strut of the footplate anchor, to
which the main prosthesis will be coupled, is simpli-
fied as a bar for handling during coating and
operation. The implant mass was calculated for
185 µg. Geometrical data of the sheep’s stapes and
its footplate were obtained from micro-CT scans of an
extracted stapes specimen (Müller et al. 2007).
Titanium implants were manufactured by Fraunhofer
Institute for Machine Tools and Forming Technology
(Chemnitz, Germany). Footplate anchor geometry
and its intended use in the human middle ear are
shown in Figure 1.

Coating of footplate anchor

The following five surface conditions were used in the
following experimental groups:

Group 1 (n=8): titanium (Ti), no coating
Group 2 (n=9): Ti+collagen I+chondroitine sulfate
(coll-I/CS)
Group 3 (n=10): Ti+collagen I+chondroitine
sulfate+rhBMP-4 (coll-I/CS/BMP-4)
Group 4 (n=10): Ti+collagen II+decorin (coll-II/DC)
Group 5 (n=9): Ti+collagen II+decorin+rhTGF-β1
(coll-II/DC/TGF)

For preparation of coatings, collagen was dissolved
at 5 mg/ml in 10 mM acetic acid overnight at 4°C.
The collagen solution was then mixed on ice with
equal volumes of twofold concentrated fibrillogenesis
buffer (60 mM sodium phosphate, 270 mM NaCl, pH
7.0). CS and decorin were added with 30 µg/mg
collagen. Fibrillogenesis was allowed to take place
overnight at 37°C. The resulting gel was homogen-
ized. Fibrils were collected by centrifugation at
5,000×g for 15 min, washed with fibrillogenesis buffer
diluted to working concentration, and centrifuged
again. The pellet was resuspended in the same buffer
to a concentration of about 5 mg/ml collagen. The
implants were incubated in the suspension at 25°C for
5 min and air-dried. This process was repeated two
times. The footplate anchor was kept in position by
specially designed fixtures with the footplate anchor
undersurface upside down. The footplate anchor strut
was completely embedded in a silicone fitting to
provide a stable fixation during coating. However,
this only allowed the undersurface to be coated. The
implants were then washed with distilled water and
sterilized with ethylene oxide at 42°C for 12 h (Wolf et
al. 1999). Growth factors were allowed to adsorb to
the surfaces over night at 4°C with 100 ng/ml rhTGF-
β1 and 2 µg/ml rhBMP-4 before implantation.

Implantation of prostheses

After incubation with growth factors, the footplate
anchor was placed on the stapes footplate using a
transmeatal approach. After identifying the incus with
the incudostapedial joint, the footplate anchor was
inserted into the stapedial foramen which is formed
by the crura. Before the footplate anchor was placed,
a preparation needle was used to partly remove the
middle ear mucosa by scratching on the bony foot-
plate surface. The ossicular chain and/or the stapes
suprastructure were removed if a correct placement
of the implant was not secured. To prevent disloca-
tion, the footplate anchor was covered with connec-
tive tissue. All procedures were performed under
general anesthesia using 50 mg/kg body weight
ketaminhydrochlorid s.c. (Parker-Davis, Berlin, Ger-
many) and 15 mg/kg body weight of 2% xylazinhy-
drochlorid s.c. (Bayer, Leverkusen, Germany).

Experimental protocol

A total of 23 animals (equals 46 ears) divided into five
groups of eight to ten ears were studied following the
same experimental protocol. In each animal, both
ears were operated and studied separately.

Assessments

Timing of analyses. Measures of body weight and ABR
were obtained in all groups on days−1, 1, 7, 14, 28, 56,
and 84 p.i. Injections of fluorochromes for labeling of
bone formation were performed on days 1, 7, 14, and
28 p.i. (Fig. 2). All further analyses were performed
after killing at day 84.

Fluorochrome sequential labeling. Polychrome labeling
with four calcium-binding fluorescent dyes was used
to assess new bone formation and remodeling after
implantation (Rahn and Perren 1971). Tetracycline
(20 mg/kg), alizarin complexon (30 mg/kg), calcein
green (20 mg/kg), and xylenol orange (90 mg/kg;
footplate anchor, Sigma-Aldrich, Munich, Germany)
were administered in the mentioned postoperative
intervals (Fig. 2) to allow evaluation of four sequential
periods of bone growth. In brief, dyes were adjusted
to pH, sterilized, and administered subcutaneously in
5-ml depots bilaterally at the spine to minimize local
toxic or inflammatory skin reactions.

To avoid cardiovascular side effects of an additional
general anesthesia for intravenous polychrome appli-
cation, we choose the subcutaneous application as
described by another group (Pautke et al. 2005).

Auditory brainstem responses. BERA was used to detect
the ABR performed under ketamine/xylazine
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sedation and timed according to the experimental
protocol as mentioned above (Fig. 2). Testing was
performed using monaural stimuli presented at a rate
of ten times per second, and a total of 1,024 trials
were averaged at each intensity level. A computer-
based signal averaging system was used to collect ABR
data. Sound was presented though an Etymotic ER-2
earphone which was placed directly in the investigated
ear canal and the contralateral ear for masking. Bone

conduction was excited using a KH 70/5 vibrator placed
on the sheep’s forehead. The tympanic membrane was
examined with an otoscope prior to earphone
placement. Needle electrodes were used to record
brain potentials differentially. The active lead was
positioned at the vertex and referred to the second
electrode at the tip of the mastoid. Stimulus intensities
were expressed in decibels sound pressure level (SPL),
peak equivalent. Animals were presented with a stimulus
(clicks) intensity series that was initiated at 70 dB SPL
for air conduction and 50 dB for bone conduction.
Stimulus intensity was progressively decreased in 10 dB
increments and reached a minimum of 10 dB SPL.
Threshold was defined as the lowest intensity at which a
reproducible response was seen that contained at least
two peaks and had amplitudes of at least 0.5 μV.
Pretreatment ABR thresholds were used as baselines
for comparison of post-treatment ABR.

Histological examinations

After killing, both temporal bones along with the
medial scull base were removed and fixed in 4%
neutral buffered formalin until further preparation.
To target the implant, the tympanic cavity was opened
and the stapes footplate along with the footplate
anchor was marked by placing a destination cylinder
on the oval niche. After conventional embedding in
methylmetacrylate (Technovit 7200, Kulzer, Wehr-
heim, Germany), the excrescent material was ground
until a cylindrical shape (7 mm in diameter) of the
probe was achieved. Thirty specimens, six per exper-
imental group, were applied for micro-CT scans
before being used for histological preparation.

Due to the small implant size, a modified ground-
ing technique according to Donath was used (Donath
and Breuner 1982). Undecalcified specimens were
then grounded sagittally along the x-axis of the
footplate on a roll grinder containing sandpaper
(Exakt-Apparatebau, Norderstedt, Germany) until
the footplate and footplate anchor appeared at the
specimens’ grounding surface. The specimens were

FIG. 1. The second surgical step of the compound prosthesis
concept. The intraoperative situation shows the stapes footplate (FP)
with the titanium footplate anchor (footplate anchor) in the oval
niche (ON). The proper prosthesis is coupled to the footplate anchor
and placed under the malleus’ handle and the reconstructed
tympanic membrane (CA). Mounting of the proper prosthesis is
planned after the osseointegration of the surface coated footplate
anchor which was placed in the first surgical step (not shown). CA
cartilage slices, FN facial nerve, PR promontory.

OP 

-1 1 7 14 28 56 84

BERA:        1   2              3         4  5              6 

FSL:       tetracycline         alizarin       calcein   xylenol 

days postoperative 

FIG. 2. Experimental protocol of the study. Animals’ hearing was assessed by objective audiometry (BERA) during the study. After the footplate
anchor implantation on day 0 (OP), fluorescence sequence labeling (FSL) was performed by subcutaneous administration of fluorescent dyes. All
animals were killed on day 84.
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then analyzed using a fluorescence microscope (BX 61,
Olympus, Hamburg, Germany) with a BH2 RFL T3
halogen lamp (Olympus). An appropriate fluorescence
filter (U-MNB2, Olympus) was used to excite fluoro-
chromes. Fluorescence microscopic images were
acquired using a conventional digital camera with a
fluorescence mode as control (Color view II, Olympus).

As a next step, the histological sections were stained
according to Masson–Goldner, and the reflected light
microscopic image was taken again using the digital
camera set at the identical localization (BX 61,
Olympus) connected to a computerized digital image
scanning system of histomorphometry (Cell F,
Olympus). Thereafter, the specimen was sequentially
processed starting with a new reduction of 100 µm by
grounding and reentering the aforementioned
workup. By this technique, three to four images per
specimen showing the footplate anchor bone interface
were obtained.

For each section, the bone implant contact and the
tissue quality (connective tissue/bone) were assessed.
In case of a direct bone implant contact with new
bone formation, the implant surface length that was
in contact with the footplate surface was measured.

Synchrotron radiation-based computed
microtomography

Synchrotron radiation enables quantitative microto-
mographic analyses that do not suffer from beam-
hardening artifacts. Synchrotron radiation-based
computed microtomography (SRµCT) scans were
obtained from 30 specimens, six per experimental
group. The measurements were performed at HASY-
LAB BW2 (DESY, Hamburg, Germany). With a
photon energy of 28 keV and an image size of 512×

512 pixels, 295 projections per implant were
recorded. A filtered backprojection algorithm was
used to obtain the three-dimensional data of X-ray
absorption for the samples. The visualization of the
reconstructed data was done with AMIRA (Mercury
Computer Systems, Chelmsford, MA, USA).

The implant positions with respect to the stapes
footplate and the bone implant contact areas were
quantitatively determined.

Statistical analyses

Statistical analyses were performed using the SAS
software package. Descriptive data are expressed as
mean ± SD. Between-group comparisons were per-
formed using the Student’s t test after testing for
normal distribution of values. A p value of G0.05 was
considered significant.

RESULTS

Effects of coated implants on inner ear function

The ossicular chain and/or the stapedial suprastruc-
ture had to be removed in 13 of 46 (28%) operated
ears. Therefore, a postoperative follow-up of air
conduction thresholds was not possible in all individ-
uals and was consequently not used to assess the
animal’s hearing. Nevertheless, the mean air conduc-
tion threshold in all animals on day −1 was 33.0±9.4
and 23.8±17.4 dB for bone conduction, respectively.
Postoperatively, the mean bone conduction threshold
in all experimental groups showed no statistical
significant difference compared with the baseline
measurements on day −1 (Table 1).

TABLE 1

Bone conduction thresholds in experimental groups (means and changes from baseline)

Postoperative days

−1 1 7 28 56 84

Group I (Ti) 39.4±14.3 31.3±8.4 28.1±13.6 38.8±13.6 41.3±14.6 33.8±7.4
−8.1±12.5 −11.3±13.3 −0.6±17.8 1.9±16.9 −5.6±10.5

Group II (Ti+Coll I+CS) 29.0±3.2 29.0±12 26.5±8.2 33.0±12.5 26.0±8.4 31.0±12
0.0±11.6 −2.5±7.9 4.0±12.7 −3±9.5 2±11.4

Group III (Ti+Coll I+CS+BMP4) 43.3±10.3 31.7±14.7 31.7±14.7 33.3±10.3 33.3±22.5 41.7±16.0
−11.7±20.4 −11.7±20.4 −10±16.7 −10±30.3 −1.7±17.2

Group IV (Ti+Coll II+DC) 28.3±7.5 21.7±4.1 23.3±5.2 33.3±5.2 28.3±4.1 26.7±5.2
−6.7±8.2 −5±8.4 5±8.4 0±6.3 −1.7±7.5

Group V (Ti+Coll II+DC+TGF β1) 30.0±5.0 22.2±4.4 22.2±4.4 31.1±6.0 31.3±8.4 30±8.7
−7.8±4.4 −7.8±6.7 1.1±3.3 1.3±9.9 0.0±8.7

There is no significant decrease in bone conduction thresholds in all groups, indicating that neither the operation nor the implant coating had negative effects on
the animals hearing. Data shown are mean ± SEM, absolute thresholds (first line), and change from baseline (second line), respectively.
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Imaging techniques

Table 2 gives a detailed overview on the imaging
results stratified for the experimental groups. Since
not all specimens were investigated by both SRµCT
and histology, the number of correctly placed or
dislocated implants and of those with a bone implant
contact or bone formation vary in the specific method
results. Thirty specimens were assessed with SRµCT,
whereas all specimens underwent histological workup.
Therefore, there are implants with histologically
observed findings that were not assessed by SRµCT.
On the other hand, there are specimens with radio-
graphically detected findings that could not be
verified on the histological sections because of the
low number of realizable sections and the resulting
position of the cutting planes. Therefore, the total
numbers are not a summation of the radiographical
and histological results but the number of implants
showing specific findings in either SRµCT and/or the
histological sections.

Loss rate and dislocation of implants

Four footplate anchors were lost during surgery in a
flow of secretions in the tympanic cavity or uncon-
trolled suction. Two could be replaced, whereas two
ears remained without any implant or further stapes
manipulation. Implants were considered as dislocated
if they were not positioned on the stapes, facing the
footplate with their undersurface. In contrast to the
footplate anchor that had no detectable contact to
the stapes at all, there was a subgroup of implants
which had contact to the footplate with parts other
than the coated undersurface or were in contact at
other sites of the stapes (e.g., crura). Although these
footplate anchors were in contact to the stapes, they
had to be considered as functionally dislocated.

In the SRµCT, 19 of 30 specimens showed a direct
bone implant contact to any part of the stapes. The
analyses of the histological sections showed that a
direct bone implant contact to the stapes was detected
in 24 specimens. Summing up the numbers of
implants that had a detectable bone implant contact
to the stapes in at least one imaging technique, 30
footplate anchors had bony contact to the stapes. In
conclusion, the total number of correct positioned
implants facing the footplate is six; 24 implants were
functionally dislocated and 16 had no contact to the
stapes at all.

Induction of new tissue formation

In all histologically assessed specimens, the footplate
anchor was surrounded by newly formed tissue. No
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inflammatory response or adverse reactions were seen
around the implants.

Two of six correct positioned footplate anchors
were osseointegrated by newly formed bone. In these
cases, a directed osteoneogenesis from the footplate
toward the implant and its integration in the newly
formed osteoid could be observed. The newly formed
tissue could be clearly identified as bone in both the
conventional histology with Masson–Goldner stain
(Figs. 3A and 4A) and the fluorochrome sequential
labeling (FSL; Figs. 3B and 4B). In the latter, an
interposition of fibrous tissue in the contact area
could be excluded. The integrated footplate anchors
were coated with coll-I/CS/BMP (group 3) and coll-
II/DC (group 4), respectively. The amount of newly
formed bone was measured in the histological section
showing the maximum extend and accounted for
4.6×10−5 mm2 (coll-I/CS/BMP) and 3.2×10−5 mm2

(coll-II/DC).
Furthermore, ectopic bone formations on the

footplate anchor’s surface (coated and uncoated
areas) were observed in 21 (46%) cases. These thin
layers of newly formed osteoid had no direct contact
to the stapes in the histological sections. Due to the
footplate anchor size and the degrading histological
specimen workup, a direct stapes contact of the

ectopic bone formations in other cutting planes could
not be proven. Ectopic bone formations were seen on
12 footplate anchors (26%) that had any sort of
detectable contact to the stapes and on nine footplate
anchors (20%) that were completely dislocated from
the stapes. The implant surface coatings in the ectopic
bone formations were distributed over experimental
groups 2 to 5 without any predominance (n=4 to 6).
On the non-coated titanium implants (group 1), no
ectopic bone formations were seen. Consequently, in
23 out of 38 coated footplate anchors, either a contact
bone formation (two cases) or ectopic bone forma-
tions (21 cases) were detected (Table 2).

Comparison of radiographic and histological
methods

Direct comparison of regions with newly formed bone
in SRµCT scans and histological sections was possible
in two specimens. In these cases, the radiographically
and histologically determined site and extend show
corresponding results of newly formed bone. The
advantage of the radiographic technique allowed the
evaluation of the whole contact area. The coll-I/DC/
BMP-4 coated implant was embedded at its edge with
a bone isodense brace-shaped formation on approx-

FIG. 3. Osseointegration of a collagen I+decorin+bone morpho-
genic protein 4-coated titanium footplate anchor. A The histological
section shows the implant embedded at its edge with a bone
isodense brace-shaped formation. B The fluorochrome sequence
labeling clarifies the new bone a formed between days 21 and 28

after implantation. The three-dimensional reconstruction of the
specimen (C) illustrates the brace-like shape of the bone formation.
D Again, the computed implant elimination brings out the greater
extend of osseointegration along the implants edge. A view from the
rear is illustrated for better visualization of the newly formed bone.
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imately 1/4 of the footplate anchor circumference
(Fig. 3C, D). Analogously, the coll-II/CS-coated
implant showed a full embedding of one contact
bump at the footplate anchor undersurface, illus-
trated by a slim bone isodense bracket along the
implant and an additional bone limb at the posterior
implant end (Fig. 4C, D). Identical bone isodense
formations between the footplate anchor and the
stapes were identified in another eight specimens
where a direct bone implant contact was radiograph-
ically documented.

DISCUSSION

In otologic surgery, implant stability is of paramount
importance to ensure good postoperative sound
conduction. Although many factors influence the
hearing outcome, the stable contact between the
prosthesis and the ossicular remnants is crucial. Patch
or clamp techniques cannot be applied on the stapes
footplate, and thus, the prosthesis foot fixation must
be achieved by surrounding of connective tissue or a
cartilage guide (Hüttenbrink et al. 2004). Recently, a
footplate implant for TORP, so-called Ω connector,

was described (Schmid et al. 2009). This device also
avoids a horizontal dislocation of the prosthesis on the
footplate, but the interposition of newly formed
connective tissue and the risk of a prosthesis uplift in
perpendicular direction are still not eliminated.

Possible reasons for the inability to bony integrate
titanium and other prosthesis materials on the stapes
footplate are its thickness and the constant relative
motions in the prosthesis footplate contact zone. The
thickness of the human footplate ranges from 100 to
150 µm, and a closer look at its microscopic structure
reveals that merely 1/3 consists of bone, whereas the
rest is formed by a cartilage layer (Oesterle 1933).
The bony layer, facing the middle ear cavity, is
configured by extracellular matrix, mainly collagen
fibers, containing only a few osteocytes. Therefore,
placing a prosthesis on the footplate center is
presumably not the adequate stimulus to start a bony
integration upon a 150-µm-thick bone layer with
insular bone cells. Additionally, otosurgeons report
contrary findings after footplate fractures since they
describe both persisting fractures even years after the
initial intraoperative diagnosis and a complete resto-
ration of the bony footplate surface. The report of an
accidentally extracted stapes in revision tympano-

FIG. 4. Osseointegration of a collagen II+chondroitin sulfate-
coated titanium footplate anchor. A The histological section shows
the full embedding of a single contact bump with bracket-shaped
osteoid. B The fluorochrome sequence labeling clarifies the new
bone as formed between days 21 and 28 after implantation. Note
also the accumulation of fluorochromes in the footplate as the result

of bone turnover. The three-dimensional reconstruction of the
specimen (C) bares the greater extend of osseointegration as assumed
by the Two-dimensional histological section. After computed elim-
ination of the implant, the negative pattern of the footplate anchor
indicates the areas of newly formed bone particularly toward the
posterior stapes crurum (D).
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plasty caused by a bony integrated titanium TORP on
the footplate (Sudhoff et al. 2005) supports the
assumption of bone remodeling on the stapes foot-
plate, and animal studies have shown a calcium and
phosphorous uptake in the bone labyrinth in rats and
dogs (Steller 1954). Altogether, the microscopic
stapes structure and the clinical findings account for
the general potential of footplate osteoblasts to form
new bone even though the conditions for new bone
formation and osseointegration are unfavorable.

To overcome this disadvantage, we set about a
compound prosthesis concept in two steps: the foot-
plate anchor is placed on the footplate in the first
operation and the columella prosthesis in a second
step after the footplate anchor is bony fixed by newly
formed tissue. Thus, the staged procedure provides
the necessary time interval the implanted footplate
anchor needs to maintain on the footplate without
any relative movements. Furthermore, the applied
implant coating induces the formation of new bone in
the footplate anchor footplate contact zone.

Upon histological examination, two of six footplate
anchors with direct bone implant contact in the
correct position were fixed on the footplate by newly
formed bone. Masson–Goldner staining and FSL
verified the tissue as bone and additionally as
principally formed between days 21 and 28 according
to the time points of fluorochrome administration. To
our knowledge, this is the first reported successful
attempt to induce and realize a controlled osseointe-
gration of titanium prostheses on the stapes footplate.
These implants were coated with coll-I/CS/BMP-4
and coll-II/DC, respectively. Histologically, an osseoin-
tegration was only detected in these two implanted
footplate anchors, but the morphological character-
istics of the bone implant contact area in these two
specimens were identical compared to another six
implants where an osseointegration is most likely from
the SRµCT data.

The analyses of the obtained SRµCT scans showed
that the percentage of radiographically covered foot-
plate anchor’s surface by bony structures (bone
implant contact) varies between 9% and 52% for the
coated implant surfaces. Focusing on the two speci-
mens that were histologically proven to be integrated
in newly formed bone, the radiographically detected
bone implant contact area accounts for 32%
(0.134 mm2) in the coll-II-coated footplate anchor
and for 44% (0.187 mm2) in the coll-I/BMP-4-coated
footplate anchor (related to the whole coated implant
surface). We have shown previously that a minimal
bony fixation of one bump up to 60% of its height was
calculated to be necessary to endure all arising forces
in the accretion zone (Neudert et al. 2007). Since a
single bump accounts for 5% (0.02 mm2) of the
implant surface, the here achieved osseointegrated

area exceeds the required percentage of osseointe-
gration by 578% and 807, respectively.

Due to the small implant and footplate sizes, the
low number of histologically detected osseointegrated
implants is most likely caused by experimental limi-
tations, assuming that an additional six implants must
radiographically be highly considered to be fixed to
the footplate by newly formed bone.

Ectopic bone formations were detected in another
21 specimens either as a consequence of new bone
formation upon stem cell differentiation in the post-
operative hemorrhagic middle ear effusion or by
direct bone growth along the implants.

There was no difference in integration patterns of
the administered fluorescent dyes depending on the
implant coatings. In the two specimens with histolog-
ically verified osseointegration, the bone implant
contact area features calcein and xylenol and marks
the bone to be formed within days 14 and 28 after
implantation. This must be considered when planning
the second operation for implanting the proper
columella prosthesis onto the integrated footplate
anchor. Our results suggest that the footplate anchor
should not be loaded within 4 weeks after implanta-
tion to ensure a sufficient bony integration. Given that
the FSL showed an integration of at least two of four
fluorescent dyes in all stapes footplates, this clearly
indicates a successful formation of new bone in this
region within the observed interval. It was also shown
that this bone formation was no effect of the stapes
manipulation itself. In two ears, the stapes supra-
structure was not removed and an implant could not
be placed as the footplate anchor was lost in the
middle ear cavity. The FSL documented a bone
formation between days 14 and 28 in these cases too.
Thus, these results clearly indicate a bone turnover
and new bone formation within the stapes footplate in
this animal model. Whether these findings can be
transferred to human conditions remains open. How-
ever, the Merino sheep is a mammal and widely used
and established in experimental setups to investigate
bone turnover in metabolic bone disease (Sigrist et al.
2007) and located fracture healing or integration of
prostheses in the skeleton other than the middle ear
(Cancedda et al. 2007). Adverse mechanisms like the
potential of regeneration of ossicular remnants, as
known in rodents (Dost et al. 2002), were neither
reported in literature nor seen in our study. There-
fore, we assume our data to be comparable to adult
human conditions in metabolic concerns.

The low rate of footplate anchors that remained in
the correct position on the footplate until study
termination delimits the explanatory power of our
results. Conclusions on the effect of the different
implant coatings regarding their influence on the
process of osseointegration cannot be drawn. Since
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the two bony integrated implants were coated by coll-
I/CS/BMP-4 and coll-II/DC, it appears as if the
application of a collagen matrix is able to support an
osteoneogenesis on the stapes footplate. BMP induces
osteogenic cell differentiation in vitro as well as bone
defect healing in vivo. Enhancing the binding of
endogenic BMP by collagen matrices with CS creates
an osteogenic microenvironment that allows multi-
potent cell progenitors to migrate to the area of injury
and to proliferate and differentiate toward the
osteogenic lineage (Chen et al. 2004). The BMP
activity is related to the cytokine’s ability to mobilize
the patient’s own stem/progenitor cells to result in
the healing process; this ability was demonstrated for
human (Chaudhary et al. 2004) and for rat bone
marrow stromal cells (Hu et al. 2005). In our study,
the ectopic bone formation could be the result of
activated osteogenic progenitor cells by either endo-
genic or the administered recombinant growth fac-
tors. Unfortunately, the high footplate anchor
dislocation rate precludes any further statement
regarding possible differences in the administered
implant coatings.

Nevertheless, the data presented here clearly show
the general ability of the stapes footplate to integrate
titanium implants with bone when coated with
artificial extracellular matrices from collagen and
proteoglycans/glycosaminoglycans in a mammalian
organism. In this regard, an excessive new bone
formation with fixation of the stapes footplate in the
oval niche was not observed. Unfortunately, the
chosen footplate anchor design revealed disadvan-
tages concerning its dislocation from the footplate
after implantation. The footplate anchor design
already underwent decisive modifications to ensure a
stable positioning on the stapes footplate, and further
experiments are in process to evaluate the influencing
factors for osseointegration. New prostheses concepts
combining different components of ossicular recon-
struction methods are conceivable once a firm and
stable fixed point on the footplate is established.
Similar to using a kit of precisely defined components,
ossicular reconstruction could be improved by indi-
vidual assemblies built on top of an osseointegrated
footplate anchor. The importance of the results
becomes even clearer when future applications of a
controlled osseointegration in the middle ear are
considered. Stable prosthesis coupling to other sites of
ossicular remnants could be improved by osteoinduc-
tive surface coatings as well as the implantation of
active middle ear implants and their coupling to bony
middle ear structures. Following this successful
attempt of inducing a controlled and intended
osseointegration on the footplate, new options in
otologic surgery become available.
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