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Purpose: To test the mechanical stability and histologic osseointegration under load-bearing
conditions of 2 different materials, pyrocarbon (Py) and titanium (Ti), in a rabbit model.
Methods: Proximal interphalangeal implants (9 Ti, 8 Py) were placed into rabbit knees and
the animals were killed after 3 months. Subsidence was assessed by monthly x-rays. Me-
chanical stability was measured with a nondestructive pullout test. Implant osseointegration
was evaluated by an analysis of the relative implant-calcified bone contact surface on
microradiographs and by a histomorphometric analysis of the percentage of bone and
connective tissue contact with the implant surface. Histologic examination included assess-
ment of bone apposition on the basis of fluorochromes.

Results: Subsidence was found in all 8 Py implants but in none of the Ti group. All 9 Ti
implants were mechanically stable; all 8 Py implants were loose. A significantly higher
implant-bone contact was found for the Ti group compared with the Py group. Bone
apposition increased with time and was highest for the Ti implants 6 weeks after implanta-
tion.

Conclusions: In the rabbit model osseointegration of implants was highly dependent on the
material. A reliable osseointegration was found for Ti implants. For Py implants no osseointe-
gration or implant stability was achieved. For use of small joints of the hand we therefore
recommend Ti-based implants. () Hand Surg 2006;31A:90-97. Copyright © 2006 by the
American Society for Surgery of the Hand.)
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challenge and many problems relating to it have
yet to be resolved. At present implants are avail-
able for the wrist, the distal ulnar head, the trapezi-
ometacarpal joint of the thumb, and the finger joints.
Recently designed resurfacing hemiprostheses for the
proximal scaphoid and the capitate have been intro-
duced and may gain importance in the near future.'™
The cementless resurfacing implant arthroplasties
currently available for hand surgery are manufac-
tured using titanium (Ti) or pyrocarbon (Py).>~’ For
Py, a material with good wear characteristics in ar-
ticulation with cartilage, little is known about its
osseointegration in a load-bearing model.® Therefore
the osseointegration and secondary implant stability
of this material under loaded conditions is of major

Implant arthroplasty in hand surgery remains a
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interest. Because Ti can be considered a standard in
cementless implant fixation for various joints, com-
paring the osseointegration of Py with that of Ti is a
logical attempt to address this question.

A major problem in hand surgery is the lack of
adequate and practical animal models in which a
small prosthesis can be implanted, the joint of which
would be comparable with the force in relation to
implant size. Moreover the design of the implant
must be adapted to the force distribution and ana-
tomic structures. Because osseointegration is influ-
enced by the primary implant stability and the mi-
cromovements of the implant under load, an
adequate test setting should be performed under load-
bearing conditions including shear forces. The rabbit
knee model for testing finger implants, which first
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was described by Minamikawa et al® in 1994, en-
ables implant assessment under load-bearing condi-
tions.

The aim of this study was to test the mechanical
stability and histologic osseointegration of Py and Ti
in the load-bearing rabbit model.

Materials and Methods

Implants

Two different hemiprostheses were used in this
study. The Ti implant (n = 10) (size 3; Avanta, San
Diego, CA) consisted of a Ti-6A1-4V alloy stem
with a pure Ti-sintered coating and a Co-Cr-Mo
alloy-articulating surface at the cap. The Py implant
(n = 10) (size 30P; Aescension, Austin, TX) con-
sisted of a graphite core on which a layer of low-
temperature isotropic pyrolytic carbon of approxi-
mately 0.5 mm in thickness was deposited. The
designs of the Py and Ti implants were identical,
with an angulation in the undercap surface and a
cone-shaped, 4-square stem. The stem of each im-
plant exceeded the press-fit anchorage zone of the
5-mm subcondylar cancellous bone stock. Because
of the wide intramedullary cavity in rabbits no pri-
mary intramedullary stem—bone contact was possi-
ble.

Surgical Procedures

The 2 different hemiprostheses (proximal compo-
nent) were placed into the right distal femur of ma-
ture New Zealand white rabbits (Charles River,
Kisslegg, Germany). The animal experiment was ap-
proved by the Institutional Animal Care and Use
Committee (Regierungsprisidium Baden-Wiirttem-
berg, Karlsruhe, Germany; reference number AZ:35-
9185.81/G-47/03). Based on preclinical tests on 30
rabbit knees the surgical approach, preservation of
ligaments, preparation of the implant bearing, and
positioning and design of the implants were standard-
ized. The feasibility of the rabbit model was estab-
lished on a further 5 animals with a testing period of
up to 12 months.

The study was performed on 20 mature New
Zealand white rabbits (age, 6 mo). Before surgery,
diazepam (Valium; Fa. Roche, Basel, Switzerland)
(2.5 mg/kg body weight) and atropinsulfate (B.
Braun, Melsungen, Germany) (0.1 mg/kg body
weight) were administered by intramuscular injec-
tion. General anesthesia was given by intravenous
administration of ketamine (Ketavet; Pharmacia and
Upjohn, Erlangen, Germany) (50 mg/kg body
weight) and intramuscular injection of xylazine hy-
drochloride (Rompun 2%; BayerVital, Leverkusen,
Germany) (5 mg/kg body weight). All surgeries were
performed under sterile conditions in an animal op-
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Figure 1. Surgical approach: (A) The patella was displaced
laterally and the distal part of both femur condyles was
resected. (B) Implant in place 3 months after implantation
with the quadriceps tendon dissected proximally and the
patella displaced distally.

erating theater. A medial arthrotomy was performed
through a dorsal skin incision and the patella was
displaced laterally (Fig. 1A). The distal part of both
femoral condyles was resected with a 5-mm os-
teotome according to the shape of the undercup of the
implant (Fig. 1B). Care was taken to preserve collat-
eral ligaments and the posterior cruciate ligament.
The anterior cruciate ligament had to be cut to open
the medullary cavity. The preparation of the medul-
lary cavity was performed by using ordinary under-
sized rasps. Both prostheses models were press-fit
without cement. To achieve an optimal range of
motion (ROM) in the rabbit knee and to decrease
shear forces on the prosthesis the orientation of the
implant was in a flexed position of 30° relative to the
femur shaft. Before placement of the third prosthesis
tantalum seeds (tantalum markers; Tilly, Lund, Swe-
den) were inserted into the distal femur as markers
for radiologic analysis of implant migration. After
insertion of the implant the stability and ROM of the
knee were ascertained and closure of the capsule and
skin was performed in separate layers with single
resorbable sutures (Vicryl 3-0; Ethicon, Norderstedt,
Germany). An analgesic was injected intramuscu-

larly every 24 hours for 5 days (Temgesic, buprenor-
Internal Use Only - Do Not Distribute



92 The Journal of Hand Surgery / Vol. 31A No. 1 January 2006

Figure 2. The subsidence of the implant was measured in
reference to the tanatalum markers. Migration was defined as
displacement along the axis of the implant and angulation as
the tilt of the implant axis in relation to the femoral axis.

phine; Boehringer, Mannheim, Germany) (0.05
mg/kg body weight). Immediately after surgery the
involved leg was splinted for 5 days in a custom-
made splint in 90° of knee flexion. The first x-ray
was obtained after splint removal. In a rabbit model
a mature osseous response develops within 12 weeks
after surgery.'® This period therefore was selected for
the present in vivo study. The rabbits were kept in
standard boxes (64 X 64 X 60 cm) for 6 weeks. For
the remaining 6 weeks of the implantation period the
rabbits were kept in large boxes (250 X 80 X 220
cm) to allow full weight-bearing under appropriate
mobility. In cases of joint immobility, obvious im-
plant failure on x-ray, or general impairment the
animals were killed before the end of the study and
excluded from further analysis.

After the animal were killed with an overdose of
pentobarbital (Narcoren; Merial, Hallbergmoos, Ger-
many) the right femurs were explanted.

Range of Motion and Clinical Gait Analysis
At the end of the follow-up period, the passive
ROMs of the involved knees were measured.

Gait analysis of each subject was classified accord-
ing to 2 categories: (1) normal gait: complete load,
no lameness and (2) impaired gait: reduced weight-
bearing, lameness. Classifications were assessed by 2
observers.

Radiologic Examination

X-rays of the involved knees were taken (with seda-
tion) in 2 planes 5 days after surgery, at a 1- and
2-month interval, and after killing the animals 3
months after surgery. Based on a radiographic series
the subsidence (migration and angulation) was as-
sessed (Fig. 2). Implant migration was measured by
the difference in the distance from the implant to the
intraosseous tanatalum markers. An x-ray-related
magnification was excluded by controlling the length
of the implant on each x-ray. Negative migration was
defined as an implant migration in the tibial direc-

tion. Angulation of the implant was measured as the
change of the implant axis in relation to the femoral
axis when comparing the mediolateral x-rays. An
angulation of the implant axis into extension in rela-
tion to the femur shaft was defined as positive. The
occurrence of radiolucencies or sclerosis around the
implant was evaluated for 3 different regions (cup,
stem, tip) on all x-rays. Microradiographs were ob-
tained from all implants and assessed for evidence of
fracture, bony resorption, occurrence of radiolucent
lines, and relative implant—calcified bone contact.
The last was evaluated on digitized microradiographs
(magnification, X10) by an operator-assisted mor-
phometry (Vision AxioVision LE Rel. 4.3; Carl
Zeiss, Gottingen, Germany). Because of the nonra-
diodense outer Py layer of the Py implants a layer of
0.5 mm was added to the visible implant border.

Mechanical Stability

After retrieval of the femur the stability of the implant
first was tested by manual pulling (2-finger pinch of
approximately 0.5 kg/m?; pulling force to implant, 0.5
N). Only those implants that were affixed firmly to the
bone were evaluated further by a pullout test. For me-
chanical testing of the bone—implant interface a nonde-
structive pullout test was adapted for the study. A pull
plate and preload were connected perpendicular to the
implant by a clamp mechanism. Three 1-um length
sensors (LVDT#1300; Fa. Mahr, Gottingen, Germany)
were adjusted at defined positions on the plate to deter-
mine displacement of the implant along its long axis in
relation to a fourth sensor positioned on the femur. The
system was calibrated and the pull plate was loaded to
3 kg and then unloaded gradually. During loading and
unloading the maximum elastic displacement of the
implant relative to its bone stock was recorded with a
computer program designed specifically for this pur-
pose.'' Because of the 3-point configuration of the
length sensors the tilt of the pull plate was adjusted by
calculating the sum vector with a computer program
(AutoCAD, Mechanical Desktop; Autodesk Inc., San
Rafael, CA). The amount of calculated displacement is
known to be related to the thickness of the interface
layer and the amount of osseointegration.'* An elastic
micromovement of less than 100 wm was rated as a
stable implant—bone interface.'* If the end position had
changed more than 20% relative to the start position a
plastic deformation was assumed and the specimen was
rated as mobile.

Histologic Examination

In all animals fluorochromes were injected subcuta-
neously according to the following protocol: calcein
green (30 mg/kg body weight) was administered on

the 7th d lenol 0 bod ight
e Th day. nylenol range (20 1k gy i



on the 21st day, and oxytetracyclin (15 mg/kg body
weight) on the 42nd day. After mechanical testing
within 6 hours after killing the animals the femur
specimens were fixed in formalin solution for 3 days
and dehydrated in a graded series of ethanol. The
retrieved femurs were embedded in methyl methac-
rylate (Technivit9100; Heraeus Kulzer, Dormagen,
Germany). Nondecalcified serial longitudinal sec-
tions were cut using a water-cooled diamond saw
(Exakt-Apparatebau, Norderstedt, Germany). The
longitudinal sections along the midportion of the
implant were mounted on Plexiglas slides (Cadillac
Plastik, Viernheim, Germany), then ground and pol-
ished on a precision grinder (Exakt-Apparatebau) to
a thickness of 100 to 150 um.

Operator-assisted  histomorphometry  (Vision
AxioVision Rel. 4.3; Carl Zeiss) was used for
blinded quantification of the tissue response around
the implant. With an unstained specimen under epi-
fluorescent light at a magnification of 25 times, the
new bone area (bone apposition) within a circumfer-
ential zone of 500 wm around the implant was mea-
sured and the percentage of new bone was calculated
for each level. Filters of wavelengths 510 to 560 nm
(green filter), 450 to 490 nm (blue filter), and 340 to
380 nm (ultraviolet filter) (Carl Zeiss) were
used."*™"° For histomorphometric analysis trichome
Masson-Goldner staining was performed. The im-
ages were assessed at a magnification of 100 times
and digitized (Vision AxioVision Rel. 4.3; Carl
Zeiss). The length of the implant surface in contact
with bone and connective tissue and without tissue
contact (gap) was measured for the whole implant
(overall) and at defined zones for the cup, stem, and
tip of the implant on Mason-Goldner—stained speci-
mens. The corresponding implant circumference was
measured to allow calculation of the percentage of
bone and connective tissue contact and with implant
surface or the surrounding gap.'® Additionally an
inflammatory score (more than 10 polymorphonu-
clear leukocytes in 1 high-power field, more than
10,000 cells/mL in the aspiration, and radiologic
signs of a lytic defect) was applied to identify im-
plant loosening caused by infection.'® To eliminate a
variation in estimates by different investigators the
same blinded investigator performed all histomor-
phometric analyses.

Exclusion Criteria

All animals that had to be killed for any reason
before the end of study were excluded from the
analysis. Implant fracture, implant dislocation, and a
positive inflammatory score were additional exclu-
sion criteria.
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Statistics

The mean and SD were calculated for all continuous
parameters. The association between 2 continuous
variables of different groups was tested by the un-
paired Student 7 test. The paired ¢ test was applied to
compare intragroup continuous parameters, and the
Pearson chi-square test was used for comparison of
discrete variables. A 2-tailed p value equal to or less
than .05 was considered significant. All tests were
without o adjustment. Data analysis was performed
with statistical software (SPSS for Windows 11.0.1;
SPSS Inc, Chicago, IL)."”

Results

After surgery all animals recovered well; however,
their mean weight decreased significantly throughout
the follow-up period (before surgery, 4.0 = 0.5 kg; at
termination, 3.4 = 0.4 kg; p = .001). Animal weight
did not differ significantly between the 2 implant
groups. No problem with soft-tissue healing was
observed.

Exclusion of Animals From the Study
Three of the 20 animals were excluded from analysis.
One animal from the Ti group was excluded because
of histologic evidence of chronic implant infection.
Microradiographs showed periprosthetic radiolucen-
cies in the distal femur. The migration of this implant
was 0.3 mm and the angulation was 10° within 3
months. On manual testing this Ti implant was mo-
bile.

In the Py group 2 specimens were excluded be-
cause of 1 implant fracture and 1 implant dislocation.
The gait of the 2 animals was classified as impaired.

Range of Motion and Clinical Gait Analysis
The average range of motion immediately after sur-
gery was 127° = 9° for the Ti group (n = 9) and 126°
* 10° for the Py group (n = 8). After the follow-up
period the ROM was 99° = 19° for the Ti group and
104° = 25° for the Py group. With time the ROM in
the Ti group decreased significantly (p = .009). The
Py group showed a trend toward decreased ROM (p
= .065). Differences in ROMs between the groups
were insignificant.

On clinical gait analysis before termination all 9
animals from the Ti group and 8 animals from the Py
group were classified as normal.

Radiographic Results

By analysis of serial radiographs of Ti implants no
angulation (0°) was found in the 9 animals. One of
those 9 implants showed a migration of 0.6 mm only
in the first month. X-rays showed no radiolucencies

in any implant region. Periprosthetic sclerosis in-
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Figure 3. Bone tissue contact area of (A) Ti and (B) Py stem
(magnification, X100). On the basis of the Masson-Goldner
staining uncalcified bone (osteid) is red, calcified bone is
green, and connective tissue is stained in brown. Note the
direct implant-bone contact zone at the Ti implant.

creased with time and was found in the beginning
only at the cup but also occurred at the stem with
time. On microradiographs the 9 Ti implants were
well integrated with no evidence of fractures, bony
resorption, or radiolucent line. The relative implant—
calcified bone contact surface was 54.2% *+ 24.1%.

Migration and angulation on serial radiographs
were found in all 8 Py implants, with an average
value of —0.5 £ 1.0 mm and 4.3° *= 3.6°, respec-
tively, in the first month; —1.0 = 0.8 mm and 7.1° *
5.0°, respectively, at 2 months; and —1.5 = 0.8 mm
and 8.6° * 6.3° at 3 months. The difference in
migration (except for the first month) and angulation
of the Py implant compared with the Ti implant was
significant (p < .03). Assessment of radiolucencies
on serial radiographs was limited because of the
nonradiodense outer Py layer. Periprosthetic sclero-
sis increased with time and was found in all regions
of the implant at the end of the implant period. On
microradiographs a radiolucent line extending be-
yond the nonradiodense layer was observed in all
animals. No fracture occurred but bony resorption
was obvious at the implant tip in 7 specimens. The
relative implant—calcified bone contact surface was
23.3% £ 18.6%. The implant—calcified bone contact
of Py implants was significantly lower than that of Ti
implants (p = .01).

Mechanical Testing

On gentle manual pulling all 9 Ti implants were
affixed firmly to the bone. In the nondestructive
pullout test the average elastic microdisplacement of
these 9 implants was 20 £ 9 wm. The mechanical
implant stability of the Py group was nonexistent. In
all 8 animals in the Py group the implants were
mobile relative to the bone by the manual test. There-
fore the nondestructive pullout test with a preload of
1.5 kg could not be applied.

Histologic Examination

The Ti group showed an overall significantly higher
bone—implant contact and implant—connective tissue

contact compared with the Py group (Fig. 3). The
overall implant gap was significantly lower for the Ti
group compared with the Py group. Of the 2 mate-
rials Py showed the highest percentage of implant
surrounding the gap, especially at the tip of the
implant. Implant-tissue contacts for the different im-
plant regions (cup, stem, tip) are shown in Table 1.
The overall bone apposition within the circumferen-
tial zone was significantly higher for the Ti group
compared with the Py group 6 weeks after implan-
tation (p = .015) (Fig. 4). Six weeks after implanta-
tion the bone apposition of the Ti group was higher at
the cup (2.8%) and the stem (2.4%) than at the tip
(1.6%) of the implant (Fig. 5A). The bone formation
of the Py group at 6 weeks after surgery was mostly
at the tip of the implant (2.3%) and was lower at the
cup (0.7%) and stem (1.5%) (Fig. 5B).

Discussion

The aim of this study was to test the osseointegration
and secondary implant stability under load-bearing
conditions of 2 different materials used in hand ar-
throplasty by using a rabbit model. It is well known
that the force distribution of the rabbit knee is altered
and generally higher compared with the finger joints.
The loading force of the rabbit knee has been esti-
mated to be up to 4 times the body weight, at ap-
proximately 100 N, whereas in the human proximal
interphalangeal (PIP) joint the force is expected to be
in the range of 25 N.'"®' In contrast to the finger
joint the extension force in relation to the flexion
force is higher in the rabbit knee. Furthermore ana-
tomic structures vary—that is, there are no cruciate
ligaments and meniscuses in finger joints. Because of
a wider medullary cavity the primary implant—bone
contact area is smaller in the rabbit femur than in the
proximal phalanx of a human finger, which is only in
the trabecular bone stock of the undercup area. The
axis of joint movement is comparable, however, and
in this study the overall ROM exceeded the ROM of
a human PIP joint by 20% only directly after implan-
tation. At the end of the study the average ROM was
the same as in human finger joints.

In this animal model the proximal component of
resurfacing PIP implants fits into the distal femur and
preservation of joint stability and function can be
achieved. Most important, this model allows for anal-
ysis of osseointegration of the different materials
under in vivo conditions, and the conditions for each
type of implant are thus the same. In addition this in
vivo test for PIP implants is performed under load-
bearing conditions, the importance of which were
shown by Soballe,'? who reported that bone forma-
tion is modulated in a load-bearing situation. Similar

to the finger joint, in the rabbit knee model synovial
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Figure 5. Unstained specimen of a (A) Ti (B) and Py implant
tips under epifluorescent light (magnification, X25). The
green-colored areas represent bone apposition after 1 week,
the red areas after 3 weeks, and the yellow areas after 6
weeks.

show that the mechanical stability of this material eval-
uated by the load displacement curves was considerably
lower, at approximately 150 N compared with 1,780 N
for Ti. According to Hetherington et al,>> “a non-
bonded bone response to the carbon implants” was
found and interpreted as a “lack of fixation” in a non—
weight-bearing beagle model. Under load-bearing con-
ditions a secure fixation of the Py implant cannot be
achieved, at least in the rabbit knee model. The transfer
of our findings to human conditions is limited; how-
ever, in a recent publication on short-term results of Py
PIP implants an implant migration also was observed
clinically.” This conforms to the results of our animal
model, underlining our findings of an insufficient os-
seointegration of Py.

The material itself has a high impact on the os-
seointegration and secondary stability for implants in
the load-bearing rabbit model. For Py, a material
increasingly used for cementless prostheses in the
hand, no osseointegration and secondary stability

were achieved. Because Ti implants enable reliable
osseointegration we recommend the use of Ti-based
implants.
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