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Abstract

Aim: To test the hypothesis that peri-implant bone formation and mechanical stability
of surface-modified zirconia and titanium implants are equivalent.

Materials and Methods: Twelve minipigs received three types of implants on either
side of the mandible 8 weeks after removal of all pre-molar teeth: (i) a zirconia implant
with a sandblasted surface; (ii) a zirconia implants with a sandblasted and etched
surface; and (iii) a titanium implant with a sandblasted and acid-etched surface that
served as a control. Removal torque and peri-implant bone regeneration were
evaluated in six animals each after 4 and 13 weeks.

Results: The titanium surface was significantly rougher than both tested zirconia
surfaces. Mean bone to implant contact (BIC) did not differ significantly between the
three implant types after 4 weeks but was significantly higher for titanium compared
with both zirconia implants after 13 weeks (p <0.05). Bone volume density (BVD) did
not differ significantly at any interval. Removal torque was significantly higher for
titanium compared with both zirconia surfaces after 4 and 13 weeks (p <0.001). The
sandblasted and etched zirconia surface showed a significantly higher removal torque
after 4 weeks compared with sandblasted zirconia (p <0.05); this difference levelled
out after 13 weeks.

Conclusions: It is concluded that all implants achieved osseointegration with similar
degrees of BIC and BVD; however, titanium implants showed a higher resistance to
removal torque, probably due to higher surface roughness.

umal o
Joumalof el

Periodontology

Henning Schliephake’,
Thomas Hefti2, Falko Schlottig?,
Philippe Gédet® and Henning Staedt'

'Department of Oral and Maxillofacial
Surgery, George-Augusta-University,
Géttingen, Germany; 2Thommen Medical,
Waldenburg, Switzerland; *MEM Research
Center, University of Bern, Bern, Switzerland

Key words: animal study; osseointegration;
surface roughness; titanium; zirconia

Accepted for publication 9 January 2010

Yttria-stabilized zirconia ceramic (Y-TZP)
has been extensively described in the
literature (for a review, see Piconi &
Maccauro 1999) and is currently applied
in different fields of dentistry. In implant
dentistry, it is used as a material for
ceramic abutments and frameworks due
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to its high fracture strength, its low affinity
to bacterial colonization and its favourable
aesthetic characteristics (Rimondini et al.
2002, Groessner-Schreiber et al. 2004,
Canullo 2007, Kokubo et al. 2007, Rom-
pen et al. 2007, Sundh & Sjogren 2008).
These characteristics have also made zir-
conia attractive for the fabrication of
endosseous implants in order to avoid
unfavourable discoloration due to titanium
shining through thin peri-implant soft tis-
sues (Jung et al. 2007, Oliva et al. 2007,
Park 2007). Only recently has zirconia
been identified as a potential material for
endosseous implants; however, clinical

studies supportive of this kind of use are
still lacking (Andreiotelli et al. 2009).
Surface characteristics have been
reported to affect osseointegration of
zirconia in a manner comparable to tita-
nium in that removal torque was signifi-
cantly lower for machined zirconia
surfaces compared with rough surface
modifications. Nevertheless, zirconia sur-
faces with a roughness of S, of 0.56 um
still exhibited significantly lower removal
torque values than sandblasted and acid-
etched titanium surfaces with an S, of
1.15 pum (Gahlert et al. 2007). In contrast,
zirconia and titanium implants with simi-
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lar surface roughness (S,=1.24 and
1.30 pm, respectively) had reached com-
parable torque-out values (Sennerby et al.
2005).

Interface analysis with respect to
bone to implant contact (BIC) has
shown that BIC of zirconia implants
was comparable to titanium surfaces in
implants with a custom-made root form
geometry in primates (Kohal et al. 2004).
Moreover, BIC to zirconia implants also
remained high under medium-term func-
tional loading in an experimental setting
(Akagawa et al. 1993, 1998). So far,
animal studies of rough surface modifi-
cations of zirconia for dental implants
have been performed on sandblasted
implant surfaces (Gahlert et al. 2007)
and on zirconia surfaces with an added
porous layer (Sennerby et al. 2005) (for a
review, see Wenz et al. 2008, Andreio-
telli et al. 2009). Additional etching to
create a micro-rough surface structure
with pits and grooves and to remove
corundum contamination resulting from
sandblasting (Aparicio et al. 2003) could
further improve the rough surface char-
acteristics as it has been reported for
titanium but has not been tested as yet
in vivo with zirconia implants. Addi-
tional research is thus desirable to iden-

Modified zirconia implants in minipigs

tify the surface characteristics of zirconia
implants that can achieve bone ancho-
rage comparable to rough titanium sur-
faces that are currently in clinical use.
It was, therefore, the aim of the
present in vivo study to test the hypoth-
esis that peri-implant bone formation
and mechanical anchorage in the bone
adjacent to zirconia implant surfaces
modified by sandblasting or sandblast-
ing and etching is equivalent to well-
documented sandblasted and acid-
etched titanium implant surfaces.

Materials and Methods
Implant design/surface characteristics

A total of 72 screw-type implants with
the identical SPI® ELEMENT geometry
were used (4.2mm diameter and 8 mm
length of the endosseuos part with a
conical machined neck of 1 mm height
and 4.5 mm upper diameter) (Thommen
Medical AG, Waldenburg, Switzerland).
All implants had an internal hex connec-
tor for force transmission during inser-
tion and torque-out measurements and
allowed for submerged healing. Implants
were manufactured from yttria part-
ially stabilized zirconia medical grade
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(Y-TZP) and titanium grade 4, respec-
tively. Three types of rough surface mod-
ifications were applied to the enosseous
part of the implants for testing:

Group I: zirconia with a sandblasted
surface. Sandblasting was performed
with corundum (grain size 105-
150 ym) at 4 bar (Fig. 1a).

Group 2: zirconia with a sandblasted
and etched surface. Sandblasting was
performed as described above with
subsequent immersion in an alkaline
salt bath (Fig. 1b).

Group 3: titanium with a sandblasted
and acid-etched surface, a surface
known to perform osseointegration
(Bornstein et al. 2005), which served
as a control (Fig. 1c¢).

Both implants and disc-shaped sam-
ples for evaluation of surface topogra-
phy were prepared and treated in an
identical manner.

Surface topography

Disc-shaped samples of the tested mate-
rials and surface modifications were
sputtered with gold and subjected to
scanning electron microscopic (SEM)

Fig. 1. (a) Stereo-scanning electron microscopic (SEM) image showing the sandblasted zirconia surface (group 1) with a rather smooth
surface (original magnification x 1.000). (b) Stereo-SEM image showing the sandblasted/etched zirconia surface (group 2) with additional
microroughness (original magnification x 1.000). (c) Stereo-SEM image showing the sandblasted and acid-etched titanium surface (group 3)
with considerably higher macroroughness but also more pronounced microstructural pits and grooves (original magnification x 1.000).
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analysis (Zeiss MA 25, Zeiss, Oberco-
chen, Germany). Disc-shaped samples
were used instead of original implants to
facilitate the measurements. Stereo-
scopic pictures were generated using
SEM projections with a x 1000 magni-
fication that were 6° apart. The three-
dimensional (3D) images of the surface
topography were calculated using MeX
V5.1 software (Alicona, Grambach,
Austria). A 3D-wavelength-dependent
roughness measurement was applied
using the common cut-off method
(Whitehouse 1994). This method has
been reported previously for the descrip-
tion of implant surfaces (Wieland et al.
2001). S, values were calculated for
each surface modification with two dif-
ferent cut-off lengths A., which were
A1 =580um and A, =S5 pum, respec-
tively. Areas of 341 x 232 um in five
surface samples of each group were
measured. The S, values obtained for
Ac1 =580 um represented the range of
macroroughness of the specimen surface
whereas those obtained for A, =5 um
represented microroughness in the sub-
micron range. 3D-wavelength-dependent
measurements were used instead of opti-
cal surface profilometry using a light
interferometer because the xy resolution
of the latter is limited by the wavelength
of visible light (approximately 300 nm)
and the surface features of both etched
surfaces were below this limit.

Surface chemistry

Assessment of surface chemistry was
performed on implants as produced for
the animal experiments. Implants were
taken directly out of the ampoule and
placed into the vacuum chamber of the
XPS device. A Kratos Axis Nova (Kra-
tos Analytical, Manchester, UK) was
used with a monochromatic X-ray
source (AlKo) with an accelerating vol-
tage of 15kV and an emission current of
15mA. The measured area was
700 x 300 pum; two positions were mea-
sured per sample. The quantitative eva-
luation of the chemical composition of
the surface was performed using the
software casaXPS (V2.3.12, Casa Soft-
ware Ltd., Teignmouth, UK).

Study design and animal model

The pig mandible has been established
as a model for implant research in recent
years (Fuerst et al. 2003, Zechner et al.
2003, Fuerst et al. 2004, Stadlinger et al.
2007). The study was performed on 12

skeletally mature female minipigs (aver-
age weight 31.3kg). On either side of
the mandible, one implant of each type
was placed (six implants per animal). A
split-mouth design with rotating posi-
tions on either side of the mandible was
developed before surgery to ensure a
homogeneous distribution of all groups.
The position of each implant type in the
mandible was rotated by one position
between the animals. At the end of the
observation period, one side of the
mandible was assigned to histological
evaluation; the remaining half was used
for biomechanical testing.

Surgical procedure

In a first surgical series, all deciduous
pre-molar teeth of the mandibles were
removed. After 13 weeks, the erupted
permanent pre-molars were removed.
Eight weeks later, the implants were
placed (first author, H. S.). At this
time, the animals were 19.1 months of
age on average and considered skele-
tally mature. The alveolar crest was re-
exposed through a buccal incision after
elevation of a lingually based mucoper-
iosteal flap. Implant sites were prepared

in the edentulous area using spiral drills
with increasing diameter and a screw
tap. Depending on the anatomical situa-
tion, the implants were placed at a
distance of 2.0-3.0mm to each other.
The two zirconia test implants and the
titanium control implant were inserted
on both sides of the mandible. The
implant necks were placed slightly sub-
crestal (Fig. 2a). Care was taken not to
perforate the cortical bone on either side
of the crest and to preserve a bone
thickness of at least 1 mm all around
the implants’ circumference. The term-
inal insertion torque was approximately
55Ncm. During insertion, the walls of
the hexagonal connector broke at the
neck of seven implants at insertion tor-
ques of >55Ncm (Fig. 2b), leaving the
surface-modified part intact. After place-
ment of titanium cover screws (control
implants) and  polyetheretherketone
(PEEK) caps (zirconia implants) (Fig.
2c), the wounds were closed using
resorbable  polyglactin  sutures. In
implants with broken connector walls,
no PEEK caps were used. After 4 and
13 weeks, the mandibles of the animals
were retrieved after sacrifice in deep
sedation using an intra-cardial injection

Fig.2. (a) Zirconia implant with inserted connector during placement. (b) Implants after
placement. The titanium implants received a commercially available cover screw whereas the
zirconia implants were covered with a polyetheretherketone cap. (c) Implants after place-
ment; note the posterior implant has lost large parts of its connector walls during the terminal
increase in insertion torque.
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of T61%® (Intervet, Unterschleiflheim,
Germany). The mandibles were divided
in the midline and implants on one side of
the mandibles of six animals each were
subjected to mechanical testing. Only
blocks with intact connector walls were
chosen for mechanical testing. The oppo-
site halves of the mandibles were used for
histologic and histomorphometric evalua-
tion. As broken connector walls did not
reach into the area of the modified rough
surface section, all implants in these parts
of the mandibles were available for his-
tological assessment.

Mechanical testing

All soft tissue was removed from the
bone blocks. The cut mandibles, con-
taining three implants, were wrapped in
gauze soaked with an isotonic NaCl
solution and tightly packed in plastic
bags to prevent drying during transpor-
tation. Samples were stored for a max-
imum of 36 h at 7°C until testing.

For handling reasons and to provide
appropriate temperature isolation, each
bone bloc was embedded into dental
plaster (GC Fujirock, GC Europe NV,
Leuven, Belgium) with a curing time of
only a few minutes.

All removal torque tests were per-
formed on a biaxial servo-hydraulic
material testing machine (MTS Mini
Bionix 858, Eden Prairie, MN, USA)
equipped with an axial-torsional load
transducer (MTS 662.20D-04, MTS Sys-
tems, Eden Prairie, MN, USA) to mea-
sure and record the removal torque. The
bone—dental-plaster ~ complex  was
attached through the implant hexagon
socket via a modified adaptor (Thommen
Medical AG) to the machine flange,
which itself is fixed to the plunger of
the actuator. This whole complex was
then lowered into an aluminium contain-
er, which was slightly larger than the
dental plaster complex and provided
some clearance between the container
walls. By filling the clearances with a
low-melting metal alloy (Sonderwei-
chlot, 47° eutektisch, Felder Lottechnik,
Oberhausen, Germany), a rigid fixation
of the specimen in the machine was
obtained after solidification of the alloy.
This procedure guaranteed an in-axis
alignment of the implant axis to the
actuator rotational axis. The interface
between the adaptor and the machine
flange was designed in such a way that
the adaptor was vertically unconstrained
to eliminate any axial loading on the
implant, but at the same time allowing
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transmission of the applied torque to the
implant. After solidification of the alloy,
the removal torque test was started by
rotating the implant counter clockwise at
a rate of 0.5°/s to an angle of 30°. Angle
and torque data were simultaneously
collected at a sampling rate of 20Hz.
After completed testing, the embedding
alloy was melted to remove the bone—
dental-plaster complex from the alumi-
nium container. The same test procedure,
as described before, was repeated for the
remaining two implants of the bone bloc.
During the entire testing, the specimens
were sprayed frequently with saline solu-
tion to avoid drying of the bone.

The torque-rotation-angle curve
obtained was first smoothed with in-
house developed software before being
analysed to determine the removal tor-
que failure point. For specimens with a
clear peak, followed by an immediate
drop in torque, the failure point (N cm)
was defined as the peak on the removal
torque curve. In cases where the curve
constantly increased or showed a pla-
teau, the failure point was defined as
follows: by constructing a straight line
parallel to the initial slope of the torque—
rotation-angle curve with an offset of
0.72°, which corresponds to 0.2% of a
full rotation, the intersection point of
this shifted parallel line with the original
torque-rotation-angle curve could be
defined as the failure point (Fig. 3).

Histologic processing and evaluation

For histologic evaluation, the mandibular
segments were fixated in 4% buffered
formalin immediately after retrieval. The
implants were located radiographically
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and the mandibular bone was then
separated using a diamond coated saw
(Exakt, Norderstedt, Germany) into seg-
ments that contained one implant each.
The individual implants with surround-
ing bone were embedded into methyl-
methacrylate. Consecutive thick sections
(thickness approximately 100-150 pm)
of the embedded specimens were fabri-
cated parallel to the long axis of the
implants in the bucco-oral direction and
ground to a thickness of approximately
70 um (Exact). The resulting specimens
were surface stained using toluidine blue
and alizarine—methylene blue.

The specimens were evaluated by
registering active bone formation show-
ing osteoid and osteoblast seams as well
as osteoclastic resorption and the nature of
the BIC. Histomorphometry was performed
using a video camera (Sony 3CCD, Berlin,
Germany) to record images at x 50
magnification. The images were digi-
tized (Axiophot-System, Zeiss) and the
BIC was measured by counting all pix-
els of the implant contour occupied by
bone. BIC was expressed as the percen-
tage of the perimeter of the implant
cross section. The volume density of
the newly formed peri-implant bone
(BVD) was assessed by calculating the
percentage of the surface area inside the
screw threads. The area of evaluation
was defined by placing a tangent line on
the thread tips and counting all pixels
between this tangent line and the
implant contour within the groove. In
case of fractured connector walls, the
available implant contour was evalu-
ated. Evaluation was performed by an
examiner (H. S.) blinded to the surface
modification of the zirconia implants.
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Fig. 3. Definition of the failure point in the torque-out curves. If a clear peak could be
identified, this is defined as the failure point A. Where no clear peak could be determined, the
failure point was defined by constructing a parallel line to the initial slope with an offset of
0.2%. The intersection point of this straight line with the measured data are defined as the

failure point B.
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Statistical evaluation

Surface topography measurement

The mean values of the surface rough-
ness of the three surfaces were statisti-
cally analysed using Student’s r-test.
Differences were considered significant
at a level of p<0.01.

Mechanical testing

Single measurements were defined as
outliers according to the procedure pro-
posed by Grubbs (1969). The mean
values of the removal torque results
were statistically analysed using Stu-
dent’s t-test. Single factors like surface
type and healing period were evaluated.
Differences were considered significant
at a level of p<0.05.

Histomorphometric evaluation

Mean values were calculated for each
implant and for each group of implants.
Differences in the group mean values
were analysed for statistical significance
using Friedman’s tests within the groups
of each observation interval. When dif-
ferences between the three different
surfaces were significant, pairwise test-
ing using Wilcoxon’s tests were per-
formed. Kruskal-Wallis tests were
used for comparisons between the two
observation intervals. Differences were
considered significant if p <0.05.

Results
Surface topography

The SEM images showed that the sand-
blasted zirconia surface exhibited a
macrorough topography in the range of
10-20 ym; microroughness in the sub-
micron range was not appreciable (Fig.
la). On the sandblasted and etched
zirconia surface this topography was
preserved; however, additionally,
microroughness in the submicron range
was visible. The etching process had
revealed a surface structure with
micro-roughness in the size range of
single grains of the bulk material, which
is around 0.35 um (Fig. 1b). The refer-
ence titanium surface showed the widely
described titanium surface, which is
obtained through sandblasting and acid
etching. The sandblasting yielded a
roughness in the range of 10-30 um;
the additional etching conferred a pro-
nounced microroughness with pits and
grooves. The roughness of the etched

titanium surface appeared to be more
distinct than the zirconia surfaces with
respect to both the micron and the
submicron range. The surface features
in the submicron range, obtained
through etching, appeared to be sharper
on titanium than on zirconia (Fig. 1c).

These surface features are reflected
quantitatively in the wavelength-depen-
dent roughness values presented in
Table 1. The S, value calculated with
Ae1 =580 um  describes the overall
roughness mainly influenced by the
sandblasting, whereas the S, calculated
with the cut-off length A, =5pum
describes the roughness in the wave-
length below 5 um, in this case mainly
influenced by the etching. The overall
roughness (4.; = 580 um) of both zirco-
nia surfaces was significantly lower
(p<0.01) compared with titanium.
However, the etched zirconia surface
showed a significantly higher (p <0.01)
microroughness (A, =5 um) than the
blasted surface. The titanium surface
showed a significantly higher micro-
roughness than both zirconia surfaces
(p<0.01).

Surface chemistry

The results of the XPS analysis are
summarized in Table 2. As expected,
the chemical composition of the implant
surface showed mainly zirconia and
titanium oxide, respectively. On the
sandblasted zirconia surfaces, residues

Table 1. Wavelength-dependent  roughness
values S, (um) for all surfaces: sandblasted
zirconia (group 1), sandblasted and etched
zirconia (group 2), sandblasted and acid-
etched titanium (group 3)

der=5 pm SD =580 um SD

Groupl  0.188 0.006  0.968 0.069
Group 2 0.212 0.010 1.162 0.086
Group 3 0.342  0.005 2.578 0.035

Obtained with two different cut-off lengths
describing the roughness in the macro-scale
(A1 =580um) and the micro-scale (Ao, =
5 um).

of alumina blasting particles were
detectable. These particles partly
masked the zirconia surface, leading to
a lower detection of zirconia on the
sandblasted surface. The corundum par-
ticles were apparently completely
removed by the etching process and
were no longer seen on the sandblasted
and etched zirconia surfaces as indicated
by the lack of an aluminium signal.
Also, no residues of the etching process
were found on the etched zirconia
surface. The reference surface showed
a clean titanium oxide surface, again
without residues of the blasting and
etching process.

In vivo experiments

Healing was uneventful in all animals.
All implants were available for evalua-
tion. No signs of infection were regis-
tered at the time of implant retrieval.

Mechanical testing

Two samples had to be excluded from
the evaluation. One titanium implant
from the 13-week time point was
excluded because it was defined as an
outlier; the second specimen, a sand-
blasted and etched zirconia implant
from the 4-week time point, was
excluded because of technical difficul-
ties during the biomechanical testing.
After 4 weeks, the sandblasted and
etched zirconia surface performed sig-
nificantly better (p <0.05) than the zir-
conia with the sandblasted-only surface
(55.9 versus 111.8 Ncm). However, the
reference titanium surface performed
significantly better than both zirconia
surfaces  (244.5Ncm) (p<0.001),
respectively. After 13 weeks, the overall
picture had changed in that the sand-
blasted zirconia surface had caught up
with the etched zirconia surface (99.4
versus 100.3Ncm). This increase from
week 4 to week 13 for sandblasted
zirconia was significant (p<0.05).
However, the mean removal torque
values of both zirconia surfaces were
still significantly lower than that of

Table 2. XPS analysis of the sample surfaces: sandblasted zirconia (group 1), sandblasted and
etched zirconia (group 2), sandblasted and acid-etched titanium (group 3) chemical composition

of the surface (XPS) (at.%)

Zr Ti o C Y Al N F P Zn
Group 1 10.5 - 51.1 22.8 0.7 14.5 - - 0.6 -
Group 2 18.0 - 532 26.1 1.2 - - - 1.4 0.2
Group 3 - 21.7 522 232 - - 0.6 2.3 - 0.2
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Table 3. Removal torque values after 4 and 13 weeks for the different surfaces

Implant surface

Removal torque (N cm)

week 4 week 13
Sandblasted zirconia 559 + 184 99.4 + 30.9
Sandblasted and etched zirconia 111.8 = 42.4 100.3 £+ 47.0
Sandblasted and etched titanium 244.5 + 349 2219 £ 27.1

n =6 for all groups, except sandblasted and etched zirconia (4 weeks) and sandblasted and etched

titanium (12 weeks), where n = 5.

the titanium surface (221.9Ncm)
(p<0.001). The removal torque of sand-
blasted and etched zirconia surfaces as
well as the control titanium surface did
not change significantly between week 4
and week 13 (Table 3).

The two zirconia surfaces showed a
distinct difference in the torque-rota-
tion-angle curve (Fig. 3), where all
sandblasted and etched samples showed
a clear peak, followed by an immediate
drop (A), whereas none of the sand-
blasted zirconia implants showed a clear
failure point (B); this was observed for
both time points. All titanium implants
showed both types of curves at both
time points.

Histologic results/4-week healing period

Implants with sandblasted zirconia sur-
faces (group 1) showed peri-implant
bone regeneration that was slowly
approaching the implant surface. BIC
was established in small areas inter-
rupted by portions of well-vascularized
soft tissue or by a non-mineralized tis-
sue layer between the newly formed
bone tissue and the implant surface,
whereas others exhibited a more con-
solidated BIC rate (Fig. 4a and b). The
newly formed bone inside the threads
was intensely re-modelled. Bone forma-
tion adjacent to zirconia implants with
sandblasted and etched surfaces (group
2) showed comparable features of early
BIC through thin trabeculae approach-
ing the implant from a distance of some
50 ym in some areas (Fig. 4c and d).
Inside the threads, bone tissue was sub-
ject to intense re-modelling. The bone
formation adjacent to the sandblasted
and acid-etched titanium implants was
clearly more osteoconductive, produ-
cing thin layers of bone on the implant
surface (Fig. 4e) and filling many
threads by bone formation along the
thread surface (Fig. 4f). Close-up views
showed intense re-modelling activity
with commencing osteon formation.

© 2010 John Wiley & Sons A/S

Histologic results/13-week healing period

After 13 weeks, zirconia implants with
sandblasted surfaces (group 1) still ex-
hibited areas of commencing BIC
through osteoconductive bone growth
on the surface (Fig. 5a). There were
also areas with a denser bone structure
inside the threads that was actively re-
modelled (Fig. 5b). Implants from group
2 with sandblasted and etched zirconia
surfaces also showed some areas with
thinner layers of bone tissue immedi-
ately adjacent to the implant surface. In
particular, individual thread tips
appeared to show less intense BIC while
others had extensive BIC (Fig. 5c¢). The
control titanium implants presented a
mature peri-implant bone structure
with extensive coverage of the implant
surface. Bone re-modelling had
decreased compared with the 4-week
features (Fig. 5d).

Histomorphometric results/4-week
healing period

After 4 weeks, zirconia implants with
sandblasted surfaces exhibited a mean
BIC rate of 57.5% (SD 14.3). This was
not significantly lower than the mean
BIC of zirconia implants with a sand-
blasted and etched surface (66.7%, SD
15.8) or the BIC value of titanium
implants with a sandblasted and etched
surface (69.3%, SD 17.1). Bone volume
density (BVD) was the highest in zirco-
nia implants with sandblasted and
etched surfaces (72.1%, SD 21.6), how-
ever, again without statistically signifi-
cant differences compared with the
values of the sandblasted zirconia
implants (61.3%, SD 12.4) and the con-
trol titanium implants (65.3%, SD 11.3)
(Fig. 6a).

Histomorphometric results/13-week
healing period

After 3 months, the mean BIC value had
decreased in the group of zirconia
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implants with a sandblasted surface to
54.6% (SD 17.6) as well as in the group
of sandblasted and etched zirconia
implant surfaces (57.6%, SD 23.7).
Again, the highest mean BIC values
were found with titanium sandblasted
and etched surfaces, with 78.9% (SD
5.8) Differences between the titanium
surface and both zirconia surfaces were
significant  (sandblasted: p = 0.024;
sandblasted and etched: p = 0.046). Dif-
ferences between the two zirconia sur-
faces were not significant. The mean
BVD within the threads of the sand-
blasted zirconia surface was 70.9% (SD
18.5), which was not significantly dif-
ferent from zirconia implants with sand-
blasted and etched surfaces (70.7%, SD
18.5) or from control titanium implants
with sandblasted and acid-etched sur-
faces (80.5%, SD 14.4) (Fig. 6b).

The differences in the mean BIC and
mean BVD between 4 and 13 weeks
were not significant for all surfaces.

Discussion

In the present study, the performance of
experimental zirconia implants with two
different surfaces was compared with a
reference titanium surface on implants
of identical geometry. It could be shown
that surface-modified zirconia implants
had reached similar values of BIC and
peri-implant bone density (BVD) com-
pared with sandblasted and acid-etched
titanium implants after 4 weeks,
whereas a significant difference was
found after 13 weeks, where sandblasted
and etched titanium surfaces had shown
significantly higher BIC than the two
tested zirconia surfaces.

The histomorphometric results of
BIC values after 4 weeks in the present
study were in the same order of magni-
tude as in previous reports without a
significant difference between zirconia
and titanium implants (Akagawa et al.
1993, 1998, Kohal et al. 2004, Sennerby
et al. 2005). It is interesting to note that
the level of both BIC and BVD values
does not vary grossly throughout the
literature, although the experimental
models and the characteristics of the
individual surface modifications were
distinctly different in all available
reports: Kohal and colleagues had com-
pared custom-made implants produced
from CAD/CAM data of extracted teeth,
whereas Sennerby and colleagues had
evaluated zirconia implants with porous
sintered zirconia coatings of different
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Fig. 4. (a) Micrograph showing bone regeneration after 4 weeks next to a sandblasted zirconia implant surface with small spots of bone
contact and fibrous/vascular tissue in between. (alizarine-methylene blue, original magnification x 100). (b) Micrograph showing
consolidated bone regeneration after 4 weeks next to a sandblasted zirconia implant (alizarine-methylene blue, original magnification
x 50). (c) Micrograph showing commencing bone regeneration after 4 weeks that moved along the sandblasted and etched surface of a
zirconia implant. Note the non-mineralized area between bone and implant surface (alizarine—methylene blue, original magnification x 150).
(d) Micrograph showing bone formation with a lower bone contact rate due to intervening soft tissue (alizarine—methylene blue, original
magnification X 50). (e) Micrograph showing extensive osteoconductive bone formation after 4 weeks on the surface of an sandblasted and
acid-etched titanium implant (alizarine—methylene blue, original magnification x 150). (f) Micrograph showing high bone formed in the
thread of a sandblasted and acid-etched titanium implant. Bone has been laid down on the surface and active osteoblast seams are visible
around accompanying vessels (alizarine—methylene blue, original magnification x 150).

roughnesses and oxidized titanium sur-
faces. The overall surface roughness of
the implants in the Sennerby study had
varied considerably between the two
modified zirconia surfaces and the sur-
faces were different in morphology from

the two zirconia surfaces in the present
study.

The rather uniform BIC values
regardless of the implant surface and
experimental model are difficult to
explain. In vitro data with respect to

material effects and surface modifica-
tions of zirconia are rather inconsistent.
Cultures of osteoblast-like cells have
exhibited up-regulated BMP4 and
BMP7 genes in cell cultures on titanium
disks compared with zirconia surfaces

© 2010 John Wiley & Sons A/S
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Fig.5. (a) Micrograph showing osteoconductive bone formation after 13 weeks next to a
sandblasted zirconia implant surface with small spots of bone implant contact (alizarine—
methylene blue, original magnification x 150). (b) Micrograph showing solid bone
regeneration after 13 weeks next to a sandblasted zirconia implant (alizarine—methylene
blue, original magnification X 50). (c) Micrograph showing bone regeneration after 13
weeks adjacent to the sandblasted and etched surface of a zirconia implant. Thread tips
appeared to be particularly devoid of bone (alizarine—methylene blue, original magnification
x 50). (d) Micrograph showing bone formation with high bone contact after 13 weeks
adjacent to titanium implants (alizarine—-methylene blue, original magnification x 50).

(Palmieri et al. 2008) and alkaline phos-
phatase activity was significantly
enhanced on the titanium surface over
the zirconia surfaces (Hempel et al.
2010). However, Bichle and colleagues
have reported similar proliferation of
osteoblast-like cells on sandblasted and
sandblasted/etched zirconia as well as
sandblasted and acid-etched titanium
surfaces (Bichle et al. 2007). The two
surface  modifications of zirconia

© 2010 John Wiley & Sons A/S

implants used in the present study had
even shown significantly increased cell
adhesion and proliferation on both zir-
conia surfaces compared with the sand-
blasted and acid-etched titanium surface
(Hempel et al. 2010).

In the in vivo evaluation of these
implant surfaces in the present study,
the histologic features of early events of
peri-implant bone regeneration suggest
that bone formation on the surface of the
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zirconia implants occurs in a slightly
different manner than on the tested
titanium  surfaces. Osteoconductive
bone formation on the implant surface
appears to be enhanced on sandblasted
and acid-etched titanium implants with
thin and extensive layers of newly
formed bone, whereas bone approached
the zirconia implant surfaces with few
spot-like contacts and an intervening
non-mineralized tissue layer in some
areas. The chemical analysis of the
implant surfaces (XPS) did not show
any unwanted residues and the overall
carbon content was low. This indicates a
clean implant surface (Buser et al. 2004)
and suggests that different features in
early peri-implant bone regeneration
may be based on different characteris-
tics of either surface roughness or sur-
face chemistry and not on contamina-
tions of the zirconia surface. Early
events on the surface of biomaterials
are based on the adsorption of proteins
that enhance cell attachment, prolifera-
tion and differentiation. Adsorption of
proteins is dependent on the surface
charge, described by the isoelectric
point (IEP) (Schliephake & Scharnwe-
ber 2008). Passive titanium oxide layers
have been shown to have an IEP of 4.4
(Roessler et al. 2002), indicating that
they carry a negative charge under in
vivo conditions, whereas the IEP of
zirconia has been determined to be
around 7 (Leong et al. 1995, Kosmulski
2004), which implies a rather neutral
surface charge under physiological pH
conditions. Physisorption of positively
charged proteins would therefore be
more likely to occur on titanium sur-
faces than on zirconia surfaces. Addi-
tionally, the difference in the surface
topography itself could have resulted in
different contact angles and wettability
and thereby may have contributed to the
difference in osteoconductivity.

A significant difference between zir-
conia and titanium surfaces has also
been found in the results of mechanical
testing. The mean removal torque values
have exhibited a clear superiority of
titanium surfaces over both tested zirco-
nia implants at both intervals. The find-
ings are in line with those of a previous
study that had tested a sandblasted and
etched zirconia surface against sand-
blasted and acid-etched titanium sur-
faces (Ferguson et al. 2008). That
study had shown that the mean removal
torque was significantly lower for the
zirconia surface than for the titanium
surface after 4 and 8 weeks. The present
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Fig.6. (a) Bone to implant contact (BIC) after 4 and 13 weeks of implantation (n = 6).
Statistically significant differences (p<0.05) are indicated (*). (b) Bone volume density
(BVD) after 4 and 13 weeks of implantation (n = 6). No statistically significant differences

were observed.

results are also parallel to the report of
Gahlert et al. (2007), who had found
significantly reduced removal torque in
zirconia implants with sandblasted sur-
faces compared with SLA titanium sur-
faces. When zirconia and titanium
surfaces with similar surface roughness
were compared (S, = 1.24 and 1.30 um,
respectively), comparable torque-out
values were obtained (Sennerby et al.
2005). This would support the assump-
tion that surface roughness does influ-
ence mechanical anchorage in bone to a
higher degree than the material itself
and that a zirconia surface with a com-
parable high surface roughness as the
sandblasted and acid-etched titanium
surface would achieve a comparable
mechanical anchorage in bone.

The two zirconia surfaces showed an
obvious difference in the failure mode
during the torque-out test. The sand-
blasted and etched surface showed a
clear breaking point, indicating a rela-
tively brittle breakage, whereas no clear
breaking point could be identified (Fig.
3, Type B) with the sandblasted zirconia
implants. This may as well indicate an
effect of interlocking of the surrounding
bone with increased roughness of the
implant surface. However, this observa-

tion could not be confirmed with the
titanium implants, which showed both
types of failure. Moreover, when the
present sandblasted and etched implants
were inserted into a different bone
architecture in the iliac crest bone of
sheep, a failure without a clear breaking
point (Type B) was observed (Ferguson
et al. 2008). Thus, interpretation of the
type of failure with respect to all possi-
ble effects is still highly speculative on
the basis of the present data.

The significantly worse mechanical
performance of zirconia implants, how-
ever, appears to contradict the histomor-
phometric results of BIC after 4 weeks
in the present study, where no difference
was found with respect to peri-implant
bone regeneration. The discrepancy
between morphologic features and
mechanical performance is difficult to
interpret. One reason could be a direct
mechanical effect of the difference in
surface roughness. The higher surface
roughness of the tested titanium surface
in both the macro- and the microrough-
ness range may lead to more intense
interdigitation of bone, with the surface
topography resulting in higher torque-
out values. This interdigitation may not
be appreciable on the light microscopic

level and may thereby result in signifi-
cantly increased resistance against
removal torque despite comparable mor-
phometric results.

The same reason probably applies to
the significant difference in removal
torque between the two zirconia sur-
faces at 4 weeks, as the two surfaces
showed a significant difference in both
the micro- and the macroroughnesses,
albeit lower than those with the control
surface. The smaller difference in the
roughness of the sandblasted and etched
surface could then account for an
increased mechanical interlocking dur-
ing initial periods of osseointegration
and hence an increased removal torque,
which is levelled out at later intervals
after 13 weeks. Moreover, residual alu-
mina contamination from sandblasting
might have additionally accounted for
the difference in early bone anchorage.

Conclusion

The present study has shown that BIC of
sandblasted and sandblasted/etched zir-
conia surfaces was comparable to sand-
blasted/etched titanium surfaces after 4
weeks but was significantly lower after
13 weeks due to a continued increase in
BIC in the titanium group. Nevertheless,
mechanical anchorage was significantly
lower in both zirconia groups than tita-
nium already after 4 weeks. It is
hypothesized that this contradiction
between the morphological and the
mechanical results may be explained
by increased mechanical interlocking
of the titanium surface and adjacent
bone due to its increased surface rough-
ness. This interlocking effect appears to
be below the resolution of conventional
microscopy and, thus, is not appreciable
by assessment of BIC rates.
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Clinical Relevance

Scientific rationale for study: Zirco-
nia is considered to be an attractive
material for dental implants because
of its mechanical properties and its
colour. The goal of this study was to
examine the osseointegration of
modified rough zirconia surfaces in

vivo compared with rough titanium
surfaces.

Principal findings: The rough zirconia
implants showed a lower degree of
anchorage compared with the reference
titanium implants. Lower peri-implant
bone contact (BIC) and inferior
mechanical anchorage was observed.

Practical implications: The tested
zirconia surfaces achieve osseointe-
gration. It is assumed that zirconia
with rougher surfaces, comparable to
the titanium surface tested, would
achieve better mechanical anchorage
and peri-implant bone attachment.
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