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Abstract
Objectives This study compared the osseointegrative potential of a novel injection molded zirconia dental implant (Neodent Zi
ceramic implant, test) and a commercially available titanium implant (Neodent Alvim implant, control) in terms of
histomorphometrically derived bone-to-implant contact (BIC), first bone-to-implant contact (fBIC), and the ratio of bone area
to total area (BATA) around the implant.
Materials and methods A total of 36 implants, 18 per individual test device, were implanted in a split-mouth arrange-
ment in either side of the edentulous and fully healed mandible of 6 minipigs. Histomorphometric analysis of BIC,
fBIC, and BATA were performed 8 weeks post implantation and subjected to statistical non-inferiority testing.
Surface characteristics of both implant types were compared in terms of contact angle, surface topography, and
elemental composition.
Results BIC, fBIC, and coronal BATA values of test and control implants were statistically comparable and non-inferior. BIC
values of 77.8 ± 6.9% vs. 80.7 ± 6.9% (p = 0.095) were measured for the test and control groups. fBIC lingual values were − 238
± 328 μm compared with − 414 ± 511 μm (p = 0.121) while buccal values were − 429 ± 648 μm and − 588 ± 550 μm (p = 0.230)
for the test and control devices, respectively. BATA in the apical segment was significantly higher in the test group compared
with the control group (67.2 ± 11.8% vs. 59.1 ± 11.4%) (p = 0.0103). Surface topographies of both implant types were
comparable. Surface chemical analysis indicated the presence of carbonaceous adsorbates which correlated with a comparable
and predominantly hydrophobic character of the implants.
Conclusion The results demonstrate that the investigated zirconia implants, when compared with a commercially
available titanium implant, show equivalent and non-inferior bone integration, bone formation, and alveolar bone
level maintenance. This qualifies the investigated zirconia implant as a potential candidate for clinical development.
Clinical relevance This study investigated the osseointegration of a novel zirconia 2-piece dental implant prototype intended for
clinical development. With the aim of translating this prototype into clinical development preclinical models, procedures and
materials within this study have been selected as close to clinical practice and human physiological conditions as possible.
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Introduction

Ceramic materials have recently attracted increasing attention
as an alternative to titanium for the manufacturing of
endosseous dental implants [1]. Driven by its mechanical sta-
bility, yttria-stabilized tetragonal zirconia polycrystal (YTZP,
short zirconia) has been established as the material of choice
for such applications [2]. The mechanical stability of this
metastable modification of zirconia is linked to its ability of
reducing crack propagation by dissipating the involved energy
into the conversion of individual crystallites of the composite
into the thermally stable allotrope [3]. The resulting high
bending strength and fracture toughness combine with other
advantages of this material like a high resistance towards me-
chanical wear, excellent chemical inertness, high biocompat-
ibility, and a low affinity to bacterial colonization. These prop-
erties qualify the material as an excellent candidate for the use
as dental implants [4–7].

Currently, the majority of zirconia implants are still one-
piece implants [8]. Although potentially less prone to mechan-
ical failure, one-piece implants bear significant limitations
with regard to indications and prosthetic restorations [9].
With increasing experience on their material specific design
requirements, 2-piece zirconia implants are now starting to
show promising clinical study results and in-field real-world
data [10].

Current, state-of-the-art commercially available zirconia
implants are produced exclusively by the use of subtractive
milling techniques. Surface modifications have shown to po-
tentially increase the osseointegrative properties of zirconia
implants. Such modifications, however, represent additional
manufacturing steps that significantly increase the
manufacturing costs [8, 11, 12]. Further, the mechanical
effect/s of such surface modifications must be carefully con-
sidered and balanced against the desired positive biological
effects [13].

Compared with the current manufacturing techniques, ad-
ditive manufacturing, and more specifically ceramic injection
molding (CIM), represents one of the most promising tech-
niques for mass production of high-quality zirconia implants
at significantly reduced costs [14]. The technology is based on
plasticity shaping of a zirconia/binder formulation into the
form of the implant body (green body). Any organic compo-
nent is subsequently removed via a carefully controlled pro-
cess of debinding and sintering under preservation of the over-
all macroscopic and microscopic shape [15]. Theoretically,
one of the great advantages of CIM is the ability to concur-
rently manufacture and surface engineer a zirconia implant in
one single process step by incorporating the desired surface
topography directly into the mold [16].

Only a limited number of reports on injection molded zir-
conia implants are currently available in the literature. These
studies mainly address the osseointegrative properties as a

function of surface morphology and are based on preclinical
prototypes [16–19]. Considering implant shape, thread de-
sign, and drilling protocols have been reported to be equally
important design parameters with regard to osseointegration,
it is important to isolate as many of these confounding param-
eters as possible in order to focus on the novelty associated
with the test item [20]. Therefore, the aim of this non-random-
ized, controlled preclinical study was to compare the
osseointegrative properties of a novel injection molded 2-
piece zirconia implant with those of a commercially available
titanium implant, both of which presented the same macro-
geometry, dimensions, and consequent drill protocol.

Materials and methods

The primary aim of the study was to test the non-inferiority of
the osseointegrative properties of the novel zirconia implant
(test device; Neodent Zi ceramic implant) in comparison with
the titanium implant (control device; Neodent Alvim with
NeoPoros surface) in a mandibular minipig model at 8 weeks
after implantation. Test and control implants had identical
tapered effect geometries with a diameter of 4.3 mm and a
10 mm length. A total of 18 implants per group were placed
with 3 implants per hemi-mandible in a split-mouth design (6
implants per animal). Primary parameters of the study were
the histomorphometrically derived percentage of bone-to-
implant contact (BIC). Secondary outcomes comprised the
first bone-to-implant contact (fBIC) and the ratio of bone area
to total area (BATA) as determined in predefined regions of
interest around the implant. Furthermore, implant surface
characteristics of the two implant types were compared in
terms of dynamic contact angle (DCA)measurements, surface
roughness measurements (Sa is the average height deviation
from the mean plan, Sz is the maximum height differences of
the roughness (i.e., differences between the maximum and
minimum surface topographical heights), and Ssk is the skew-
ness of the height distribution), X-ray photoelectron spectros-
copy (XPS), and scanning electron microscopy (SEM).

This study was conducted at the Biomedical Department of
Lund University (Sweden) and approved by the local ethics
committee of the university (M-192-14). The study was con-
ducted in accordance with ISO 10993-6 “Biological evalua-
tion of medical devices – Part 6: Tests for local effects after
implantation guideline and recommendations.” This study ad-
heres to the ARRIVE guidelines.

Six female Göttingen Minipigs™ (Ellegaard, Denmark) of
age between 20 and 24 months at the time of surgery and an
average body weight of 40 kg were included in the study. The
animals were housed in standard boxes in groups of three
starting. Housing started 1 week prior intervention to adapt
the animal to experimental conditions. Animals were fed a
standard soft food diet (Special Diet Services (SDS),
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Witham, UK (#801586)). Prior to the surgical procedure, all
animals were fasted overnight to prevent vomiting.

Surgical procedure

All surgical procedures were performed under general anes-
thesia using a combination of dexmedetomidine (25–35μg/kg
i.m., Dexdomitor; Orion Pharma Animal Health) and
tiletamine-zolazepam (50–70 mg/kg i.m., Zoletil 100 Vet,
Virbac) injected intramuscularly and maintained with intrave-
nous infusion after induction with propofol (PropoVet
multidose, Orion Pharma Animal Health) and fentanyl
(Fentanyl B. Braun). Carprofen (4 mg/kg, s.i.d., i.m.,
Rimadyl vet., Orion Pharma Animal Health) was given as a
preemptive dose and postsurgically up to 4 days together with
buprenorphine (0.03 mg/kg, i.m., Vetergesic vet, Orion
Pharma Animal Health). To reduce the dosage of the systemic
anesthetic, reduce bleeding during surgery, and alleviate post-
surgical pain, local anesthesia was provided intraoperatively
by means of an infiltrative injection of 1.8 ml of Xylocaine
(Xylocaine, Dental adrenalin, 20mg/ml and 12.5μg/ml; Astra
AB) per hemi-mandible.

Antibiotic prophylaxis was administered using
bensylpenicillinprokain-dihydrostreptomycin (25 mg/kg + 20
mg/kg, s.i.d., i.m., Streptocillin vet., Boehringer Ingelheim
Vetmedica). During administration of anesthesia, the animals
were intubated and breathing withheld by a ventilator. Vital pa-
rameters were monitored continuously (pulse oximetry, rectal
temperature, blood pressure, CO2).

Tooth extraction

Both contralateral mandibular premolars (P2–P4) and first
mandibular molars (M1) were carefully extracted via a mini-
mally invasive surgical approach, i.e., without raising a flap.

Implant osteotomy and placement

Implant placement was performed 12 weeks post extraction as
depicted in Fig. 1. Both sides of the mandibular alveolar ridge
were exposed by mid-crestal incision and reflection of a
mucoperiosteal flap. The alveolar ridge was carefully flattened
using a cylindrical cutting bur.

Implant osteotomy preparation consisted of the following
drill sequence: bur diameters of 2.2 mm, 2.8 mm, and 3.5 mm
followed by tapping and profiling, as per the manufacturer’s
guidelines. Implants were placed at the crestal bone level
using a motorized hand piece. Final implant seating was per-
formed using a custom-made torque ratchet (Institut
Straumann AG, Switzerland) to measure maximum insertion
torques. Implants were subsequently equipped with healing
caps (titanium cover screws, 0 mm in height) followed by
primary wound closure with resorbable sutures.

Antibiotic cover was administered for 7 days (Streptocillin
vet, Boehringer Ingelheim, 3–4 ml/pig i.m.). Further analgesia
was delivered if necessary as previously described.

Termination

Termination was performed at 8 weeks post implantation by
an intracardiac injection of a 20% solution of pentobarbital
(Pentobarbitalnatrium, Apoteket AB; Stockholm, Sweden,
60 mg/ml).

Block sections of the implant sites were extracted using an
oscillating autopsy saw under perseveration of the soft tissues.
Sections were fixed in formalin (4% solution formaldehyde
solution) for at least 2 weeks prior to sending for histological
processing.

Histological processing

Block sections were immersed in buffered formalin solution,
dehydrated using ascending grades of alcohol and xylene, and
subsequently infiltrated and embedded inmethyl methacrylate
for non-decalcified sectioning. Block sections were next cut in
buccolingual direction to sections of 500 μm and grinded to a
final thickness of 30–50 μm before staining them with para-
gon (toluidine blue and basic fuchsin) for microscopic
evaluation.

Quantitative histomorphometry

Histomorphometric measurements were performed on central
buccolingual sections of the implant (Fig. 2). The distance
from the implant shoulder to the fBIC and the percentage of
BIC were calculated at the buccal and lingual aspects of the
sections. Furthermore, the ratio of section areas containing
bone area to the total area as divided into predefined
coronal-apical and buccolingual quadrant sections (ROI 1
and ROI 2, Fig. 2) were determined individually and com-
bined for the analysis into coronal and apical segments.

Surface analysis

Surface analysis were carried out directly on the implant sur-
faces in analogy to previously described methods [21]. In
brief, advancing and receding contact angles (DCA) were
measured by the dynamic Wilhelmy method on a KRÜSS
K100 tensiometer (KRÜSS GmbH, Germany) in deionized
water. Only advancing contact angles are reported herein.
Surface roughness parameters were determined as triplicates
using a μsurf explorer confocal microscope in combination
with the μsoftAnalysisXT software (NanoFocus AG,
Germany) at × 20 magnification. Surface parameters were
evaluated on areas of 798 × 798 μm2 using a Gaussian wave-
length cutoff wavelength of 50 × 50 μm2. Surface
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morphology and EDX measurements were carried on a Zeiss
Supra 55 SEM (Carl Zeiss AG, Germany) equipped with an
Everhart-Thornley secondary electron detector at an accelera-
tion voltage of 15 kV and 5 kV for the low- and high-
resolution voltages. Zirconia implants were sputtered before
analysis. X-ray photoelectron spectroscopy was carried out on
a PHI 5000 VersaProbe spectrometer (ULVAC-PHI, Inc.,

USA), and XPS spectra were processed and integrated using
CasaXPS following Shirley background subtraction.

Statistical evaluation

Non-inferiority testing was performed on the basis of the fol-
lowing null and alternative hypotheses (H0 and HA):

Fig. 1 Depiction of the different steps of the surgical procedure. a Crestal
incision. b Mucoperiosteal flap preparation. c Flatting of the alveolar
bone crest. d–i Implant bed preparation involving drill sequence using
pilot drills with diameters 2.2 mm, 2.8 mm, and 3.5 mm and fine
preparation of the implant bad involving coronal profile drilling and

threaded implant bed preparation. j–l Implant insertion to prepared
implant bed using motorized hand piece. m–o Crestal ridge after
placement of implants, healing caps, and primary wound closure with
non-resorbable sutures
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& H0: The test device is non-inferior to the control device in
terms of BIC, fBIC, or BATA after 8 weeks of healing.

& HA: BIC, fBIC, or BATA of the test and control devices at
8 weeks of healing is significantly different.

For adjusted comparisons and the non-inferiority tests, a
mixed linear regression model was used that adjusted for an-
imal effect, side of the mandible, and position of the test item.
The animal effect was introduced in the model as a random
effect while all other factors were set as fixed effects. The
Dunnett-Hsu adjustment was used to adjust the p values in
the case of multiple comparisons. A p value of < 0.05 was
considered statistically relevant.

For the hypothesis of non-inferiority of the test device com-
pared with a control device, the average effect and its two-
tailed 90% confidence interval was calculated using the
above-described regression model. The expected average
BIC value was set to 60% with an acceptance range of 15%.
These assumptions were based on BIC values reported in the
literature on comparable study designs and equivalent healing
periods [22–25]. Ranges of BIC and standard deviations in

these studies were from 35.4 to 78.9% and from 9.7 to 22%,
respectively. The lower limit of the confidence interval served
as the tolerance range for the support of the null hypothesis.

Results

All animals recovered from surgeries in a predictable manner
and with uneventful healing. No specific surgical, periopera-
tive, or postoperative complications or signs of inflammation
were noted. Test group data of one animal were dropped from
histomorphometric evaluation due to the animal chewing on a
water pipe during the healing phase, leading to morphological
anomalies of formed bone. Removal of these data from the
data set was further supported by a statistical analysis for
outliers and influencing values (see supplementary
information S1). This reduced the number of specimens used
for histomorphometry in the test group to 15 compared with
18 specimens in the control group.

Insertion torque

As illustrated by Fig. 3, the insertion torques for implants of
the test group were significantly lower compared to the values
of the control group. Specifically, average maximum insertion
torques and standard deviations were 60.7 ± 14.2 N-cm in the
test group compared with 96.7 ± 13.7 N-cm in the control
group.

Histologic and histomorphometric analysis

All specimens considered for histomorphometry were well
osseointegrated (Fig. 4); 33.3% of test specimens and 16.7%
of control specimens, respectively, showed crestal bone

Fig. 2 Illustration of measured histomorphometric parameters using
histological buccolingual sections. First bone-to-implant contact (fBIC)
was measured as the distance from implant shoulder to the apical bone-to-
implant contact (red arrow). Bone densities (BATA) were measured in
coronal (ROI 1, green area) and apical (ROI 2, blue area) regions of
interest. Total bone-to-implant contact (BIC) was measured around the
total endosseous circumference of the implant as the percentage the im-
plant surface in contact with bone over the total implant surface

Fig. 3 Average maximum insertion torque (maxIT) values and standard
deviations of test and control implants. Asterisks indicate a significance
level of p < 0.0001
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overgrowth over the healing cap. The complete set of histo-
logical micrographs is included in the supplementary informa-
tion (Figs. S1 and S2). Tables 1 and 2 show the descriptive
statistics for the histomorphometric outcomes and the paired
comparisons of both implant types, respectively.

Both implant types showed comparable values in terms of
overall bone integration, as measured by BIC (Fig. 4).
Specifically, mean BIC values of 77.8 ± 6.9% and 80.7 ±
6.9% were measured for the test and control groups, respec-
tively, with the difference of − 3.9 ± 7.4% being non-
statistically significant (p value = 0.095).

fBIC as determined for the lingual and buccal aspects
showed a trend towards lower values in the control group
compared with the test group; however, differences were not

statistically significant (Fig. 5). In detail, lingual mean fBIC
for the test and control groups was − 238 ± 328 μm and − 414
± 511 μm, respectively, while buccal values were − 429 ±
648 μm and − 588 ± 550 μm, respectively.

BATA as an indicator for peri-implant bone formation
around the implants was analyzed in 4 quadrants around the
implant, i.e., differentiated into buccolingual and apicocoronal
regions. As illustrated in Fig. 6 c, the total BATA was signif-
icantly higher in the test group compared with the control
group for the apical section (67.2 ± 11.8% and 59.1 ±
11.4%) (mean difference = 8.0 ± 9.3; p = 0.010) while no
difference could be identified in the coronal regions of inter-
est. A subgroup analysis differentiating between lingual and
buccal sections (Fig. 6a, b) indicated that this difference was

Table 1 Descriptive statistics of
insertion torque and
histomorphometric parameters

Outcome Parameter Test group (n = 15) Control group (n = 18)

Max. insertion torque (N-cm) Mean ± SD 60.7 ± 14.2 96.7 ± 13.7

Median (IQR) 50.0 (50.0 to 80) 100.0 (82.5 to 100.0)

fBIC lingual (μm) Mean ± SD − 238.3 ± 327.8 − 413.6 ± 510.8

Median (IQR) − 105.3 (− 370.26 to 0.0) − 254.5 (− 647.6 to − 90.1)
fBIC buccal (μm) Mean ± SD − 428.6 ± 647.2 − 587.6 ± 549.6

Median (IQR) − 92.3 (− 928.0 to 0) − 366.0 (− 1045.2 to − 75.6)
Total BIC (%) Mean ± SD 77.8 ± 6.9 80.7 ± 6.9

Median (IQR) 78.3 (74.6 to 79.5) 77.9 (75.5 to 87.5)

BATA lingual coronal (%) Mean ± SD 78.2 ± 5.1 77.2 ± 5.4

Median (IQR) 79.2 (76.0 to 81.55) 78.3 (73.7 to 81.5)

BATA buccal coronal (%) Mean ± SD 79.3 ± 7.4 81.4 ± 7.4

Median (IQR) 80.4 (77.9 to 83.2) 83.26 (78.3 to 86.5)

Total BATA apical (%) Mean ± SD 67.2 ± 11.8 59.1 ± 11.4

Median (IQR) 67.6 (54.7 to78.9) 61.9 (49.9 to 67.0)

Total BATA coronal (%) Mean ± SD 78.7 ± 5.3 79.62 ± 4.4

Median (IQR) 79.6 (78.2 to 81.1) 80.0 (76.4 to 81.7)

fBIC first bone-to-implant contact, BIC bone-to-implant contact, BATA bone area to total area, SD standard
deviation, IQR interquartile range (from first to third quartile)

Table 2 Paired comparisons of
outcomes measured in test and
control implants

Outcome Difference: test − control
(mean difference ± SD of difference)

p value
(Wilcoxon signed-rank test)

Max. insertion torque (N-cm) 35.9 ± 20.2 0.0004

fBIC lingual (μm) 101.6 ± 409.7 0.121

fBIC buccal (μm) 168.7 ± 658.3 0.230

Total BIC (%) − 3.9 ± 7.4 0.095

BATA lingual coronal (%) 1.9 ± 7.9 0.277

BATA buccal coronal (%) − 1.58 ± 10.0 0.454

Total BATA apical (%) 8.0 ± 9.3 0.010

Total BATA coronal (%) 0.2 ± 7.1 0.561

fBIC first bone-to-implant contact, BIC bone-to-implant contact, BATA bone area to total area, SD standard
deviation
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mainly attributed to a difference between groups on the apical
side, while corresponding values on the lingual side were
comparable between groups (78.7 ± 5.3% for the test group
vs. 79.3 ± 4.4% for the control group). Figure 6 also indicates

that the values on the coronal aspect of the implants were
generally higher compared with the corresponding values on
the apical aspect independent of their buccolingual
orientation.

Fig. 4 Buccolingual histological
sections of test (a) and control (b)
implants. The buccal side is
oriented to the left for the control
specimen (a) and to the right for
the test specimen (b). c
Comparison of average total
bone-to-implant contacts (total
BIC) and corresponding standard
deviations for test and control
specimens (p = 0.095)

Fig. 5 Comparison of
histomorphometrically derived
lingual (a) and buccal (b) first
bone-to-implant contact (fBIC)
and corresponding standard devi-
ations of test and control speci-
mens. Lingual fBIC: p = 0.121,
buccal fBIC: p = 0.230
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Statistical adjustment of histomorphometric
parameters and non-inferiority testing

In order to test the null hypothesis of the study, i.e., non-
inferiority of the test device compared with the control device,
mean values of the histomorphometric parameters were statis-
tically adjusted. Table 3 shows the multivariable association
between histomorphometric parameters and study devices as
well as the test parameters used for the non-inferiority testing,
i.e., the average effects of the factor implant type compared to
the 90% confidence intervals of the individual factors. The full
set of results of the statistical analysis is provided in the sup-
plementary part (Table S1). As evidenced by the comparisons
in Table 3, all average effects were well within the confidence
intervals, indicating that none of the tested parameters of the
test device resulted to be non-inferior to the control device.
Therefore, the null hypothesis could be accepted for all
histomorphometric parameters tested within this study.

Surface morphological and chemical analysis

The results of the surface morphological and chemical analy-
sis are summarized in Table 4 and Fig. 7, respectively.
Specifically, as evidenced by the contact angles of 96.9 ±
5.9° and 95.3 ± 4.7° for test and control implants, the wetta-
bility of both implant types was comparable and moderately
hydrophobic.

SEM analysis further indicated that both titanium and zir-
conia implants exhibited characteristic combinations of
macro-roughness and micro-roughness with associated
macro-cavities with a diameter of 10–50 μm and micro-
cavities of 1–2 μm, respectively (Fig. 4). From a qualitative
perspective, control implant surfaces appeared to display
higher levels of micro-roughness, while zirconia implant sur-
faces appeared to show more pronounced levels of macro-
roughness combined with a granular submicron structure.
The higher apparent overall surface roughness of control im-
plant surfaces corroborated with the higher Sa values (test
(0.76 ± 0.16 μm) vs. control (1.14 ± 0.18 μm)) while zirconia
implant surfaces displayed higher Sz values and hence more
pronounced differences between maximum and minimum
surface topographical heights (test (10.15 ± 6.68) vs. control
(7.2 ± 0.83)). Interestingly, test and control implant surfaces
displayed Ssk values with opposite signs (test (− 0.01 ± 0.3) vs.
control (0.18 ± 0.16)), indicating that control surfaces were
characterized mainly by distinct peaks while zirconia test im-
plant surfaces were mainly characterized by distinct valleys.

Elemental surface compositions as derived by the integrat-
ed XPS spectra were in agreement with theoretical chemical
compositions, i.e., Y-stabilized ZrO2 for the test and TiO2 for
control implants, respectively (Table 4). Surfaces of both the
implant types further showed relatively high amounts of car-
bon (43.9% for test implants and 22.6% for control implants).
Further trace amounts of Si (0.2%), N (0.5%), and Na (0.4%)

Fig. 6 Comparison of the ratios
between bone areas to total areas
(BATAs) as determined for de-
fined apical and coronal regions
of interest for lingual (a) and
buccal (b) aspects of the implant
as well as for the total implant ar-
ea (BATA total) (c) between test
and control implants. Asterisks
indicate a significance level of p =
0.01
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were detected on test substrates while control implants
displayed traces of N (0.5%).

Discussion

This non-randomized, controlled split-mouth preclinical
minipig study has assessed the osseointegrative capacity of a
novel injection molded 2-piece zirconia implant in compari-
son to a commercially available tapered effect titanium im-
plant of equivalent form and dimensions at 8 weeks after
mandibular implantation and submerged healing. The com-
parison was specifically performed as a non-inferiority test.
The choice of implant design and animal models was based
with the aim of rendering the study as clinically meaningful as

possible, yet also challenging the novel implant design to a
worst-case scenario in terms of high bone density and reduced
healing potential (the animal model used manifested a type I
bone with a thick cortical layer of roughly 4 mm).
Specifically, the porcine animal model has been described as
very similar to humans with regard to both physiology and
bone metabolism. Further, the model itself is well established
for investigations of osseointegration of dental implants as a
function of material and surface characteristics [26]. From the
comparison of the test and control devices, five main obser-
vations were obtained: (1) Insertion torques were significantly
lower for the test device; (2) BIC values of test and control
devices were highly comparable; (3) lingual and buccal fBIC
values were comparable for both devices, with a non-
significant trend towards higher fBIC values for the test

Table 3 Adjusted association between histomorphometric outcomes and implant type and non-inferiority test for the implant of interest

Parameter Group Regression model† Adjusted means† Non-inferiority test

Regression estimate SE Mean 95% CI p value‡ Average effect of
the factor

(90% CI)§

BIC (%) Test − 3.5 1.9 77.1 72.0 to 82.3 0.076 − 3.5 − 6.8 to 0.3
Control 0.00 80.6 75.8 to 85.6

fBIC buccal (μm) Test 212.2 150.8 − 375.4 − 778.4 to 27.5 0.174 212.1 − 46.4 to 470.6
Control 0.00 − 587.6 − 969.1 to − 206.0

fBIC lingual (μm) Test 193.6 155.2 − 220.0 − 464.5 to 24.4 0.225 193.6 − 72.3 to 459.5
Control 0.00 − 413.6 − 634.7 to − 192.6

BATA coronal buccal (%) Test 0.00 79.8 75.6 to 84.0 0.493 − 1.6 − 5.7 to 2.4
Control 1.6 2.4 81.4 77.6 to 85.2

BATA coronal lingual (%) Test 0.00 78.3 75.4 to 81.3 0.585 1.1 − 2.2 to 4.4
Control − 1.1 1.9 77.2 74.6 to 79.9

BATA coronal total (%) Test 0.00 79.2 76.4to 82.1 0.971 − 0.1 − 2.8 to 2. 7
Control 0.1 1.6 79.3 76.7 to 81.9

BATA apical total (%) Test 0.00 66.6 58.0 to 75.3 0.008 7.5 3.1 to 11.9
Control − 7.5 2.6 59.1 50.8 to 67.5

SE standard error, CI confidence interval
†Mixed linear models were used to estimate the association. The association was adjusted by the fixed-effects mandible side and mesiodistal position as
well as by the random effect of individual test animal
‡Adjusted for multiple comparisons using the Dunnett-Hsu method
§ The effect of the animal was introduced as a random effect

Table 4 Comparison of averaged surface analytical parameters and
corresponding standard deviations (SDs), specifically dynamic contact
angles and surface roughness–related parameters (Sa, average height de-
viation from the mean plan; Sz, maximum height differences of the

roughness, i.e., differences between maximum and minimum surface to-
pographical heights; and Ssk, skewness of the height distribution and
chemical surface composition as derived by XPS)

Outcome Test (mean ± SD) Control (mean ± SD)

Dynamic contact angle (°) 96.9 ± 5.9 95.3 ± 4.7

Sa (μm) 0.76 ± 0.16 1.14 ± 0.18

Sz (μm) 10.15 ± 6.68 7.2 ± 0.83

Ssk (μm) − 0.01 ± 0.3 0.18 ± 0.16

Chemical surface composition Zr, 17.7%; Y, 0.8%; O, 36.5%; C, 43.9%; N, 0.5%; Si, 0.2%; Na, 0.4% Ti, 22.0%; O, 54%; C, 22.6%; N, 0.5%
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device; (4) coronal total BATA values were comparable, while
apical total values were lower for the test device, which could be
attributed to a difference in the bucco-apical segments. Non-
inferiority of the test device compared with the control device
was statistically confirmed for all histomorphometric parameters.
(5) Implant surfaces displayed similar overall morphological
characteristics of combined macro-porosity and micro-porosity,
comparable wettability, and surface elemental compositions that
corresponded to their elemental compositions and that were
superimposed by varying levels of carbon and trace elements.

The difference of the insertion torques measured for the test
and control devices represents valuable information that needs
to be considered for any interpretation and validation of the
histological results generated within this study. Average inser-
tion torques for positioning of the implant at the crestal bone
level in this study ranged between 50 and 100 N-cm for both
the test and control devices and can be considered as high but
still comparable to clinical settings [27]. Indeed, the control
device is considered an implant for immediate placement

situations and is marketed as a high primary stability implant.
At recorded values, it can be assumed that all implants had
good primary stability and a high level of initial bone contact.
The effect of insertion torque on osseointegration and margin-
al bone loss is still controversially discussed. While meta-
analysis failed to show any overall effect of the insertion
torque on bone formation and resorption around implants,
selected systematic preclinical studies seem to indicate a dis-
tinct effect [27, 28]. Trisi et al. [28] have specifically reported
that high insertion torques, for example, favor higher BIC
values as well as faster cortical bone remodeling compared
with lower insertion torques. Interestingly, the higher insertion
torques of the control implants in this study coincided with a
trend towards lower fBIC and lower frequencies of bone over-
growth over the healing cap of the corresponding implants.
This supports the general notion that marginal bone level
changes have a tendency of being more pronounced in im-
plants, which were placed with high levels of torque [29].
Finally, it should be noted that the observed differences

Fig. 7 Surface topographical
scanning electron micrographs at
progressing magnifications of Ti
implants (control) (a) and zirconia
implants (test) (b). Images in cor-
responding columns were taken at
progressing magnification with
the lowest and highest magnifi-
cations in the top and bottom
rows, respectively
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between the test and control groups are not fully understood at
this time. Considering the outer geometry and osteotomy
preparations were identical, insertion torques were expected
to show no differences. Preclinical in vivo and laboratory
studies suggest that the observed differences in insertion
torque may at least be partly attributed to differences in sur-
face roughness of the implants. Specifically, although early
comparisons of insertion torque values between implants with
machined and sandblasted acid-etched surfaces seemed to sug-
gest only little influence of surface topography on insertion
torque values, more recent studies under defined conditions in-
dicate a clear and strong influence of surface morphology and
roughness on frictional forces between implant surfaces and
osteotomy bone and hence on insertion torque values [30–32].

The osseointegration of zirconia implants and the influence of
material and surface properties have been extensively studied.
Manzano et al. [33] have recently systematically reviewed the
literature comparing the osseointegrative potential of zirconia
and titanium implants. From this review, the authors concluded
an equivalent performance of both implant materials in terms of
osseointegration. Furthermore, the authors attributed differences
in osseous integration between individual zirconia implants
mainly to differences in surface treatment of the zirconia implants
rather than to differences in the implant material itself. The find-
ings in our study are well in line with this general conclusion of
equivalency of bothmaterial types. Furthermore, the equivalency
between titanium and zirconia in terms of osseointegrative po-
tential in this study is consistent with results of previous reports
that comparedCIM-manufactured zirconia and titanium implants
[19]. With regard to this comparison, previous studies indicate
that the CIM process itself might also contribute to the
osseointegrative potential of the implant surface. Specifically,
Kim et al., for example, have compared the osseointegration of
CIM-manufactured to machined zirconia implants and have re-
ported on a significantly improved osseointegration of the former
implant types. Aboushelib et al. [18] have further shown that the
osseointegrative potential of CIM-produced implants can be even
improved above the level of titanium implants by surface rough-
ening. However, considering the general notion that surface
properties have a greater impact on osseointegration than the base
material itself, it is yet impossible to determine if any one of the
above materials is generally more or less efficient towards
osseointegration compared to the devices used within study (no
standardized surface was used across the above studies) [33].

The effect of surface structure and wettability on the
osseointegrative potential of endosseous implants is well
established and has been thoroughly researched [34, 35]. The
chemical and surface morphological characterization reported
herein demonstrated that the surfaces of both implant types
displayed a comparablewettability and predominately hydropho-
bic character. Furthermore, both implant surfaces displayed sim-
ilar overall morphology with a combined micro-roughness and
macro-roughness that is typical for implants treated by a

combination of sandblasting and acid etching [36]. With regard
to both characterizations, i.e., the analysis of surface topography
as well as to the histomorphometric analysis of osseointegration,
the results reported herein are consistent with results of similar
studies that have compared sandblasted and acid-etched zirconia
and titanium implants [37]. Besides the discussed similarities in
surface topography, this study also revealed relatively high levels
of carbon and low levels of other trace elements on both implant
types. The tendency of titanium surfaces to rapidly absorb hy-
drocarbons from air atmosphere has been well described in the
literature and has been shown to render such substrates repellent
to water or tissue fluids [38]. Hydrocarbon surface deposits and
wettability have shown to alter the osseointegrative potential of
Ti implants [39]. Since both implant surfaces studied herein
displayed relatively high levels of carbonaceous species along
with comparable levels of hydrophobicity, these observations
corroborate well with the comparable osseointegration and bone
formation around the implants. Likewise, the characterized sur-
face properties may also imply the possibility for future chemical
surface modification to potentially further improve their
osseointegrative potentials.

This study further revealed a trend towards higher values in
fBIC for the test device both on the lingual and on the buccal
aspects. Trisi et al. [28] have shown that implants that were
placed with higher insertion torque showed higher crestal
bone remodeling compared with implants that were inserted
at lower torque. Therefore, the relatively high insertion torque
of the control implants might be a possible explanation for the
observed difference in fBIC. A direct proof for this assump-
tion would however require further investigation.

With regard to BATA, a significantly higher value was
observed in the test group when compared with the control
group. This difference could be attributed to differences in the
apical aspect and specifically the bucco-apical aspect of the
implants while the corresponding value of the coronal seg-
ment was highly comparable for both implants. From the
overview of histological sections in Figs. S1 and S2, it be-
comes evident that some of the specimens protruded into the
medullary cavity, resulting in very little to no apical bone
contact at the time of placement. With regard to these histo-
logical observations, any conclusions from the observed dif-
ference in apical BATA might therefore be only considered
very carefully. The coronal BATA values were highly com-
parable for both groups and therefore much more consistent
with regard to the absence of any difference in other parame-
ters investigated in this study and in the literature [33].

Conclusions

Within this non-randomized, controlled preclinical study, we
have compared the osseointegrative potential of a new tapered
effect injection molded 2-piece zirconia implant with a
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conventional commercially available titanium implant of the
same geometry and dimensions. Our results indicate that the
new zirconia-type implant performs equivalent and non-
inferior with regard to osseointegration, bone formation
around the implant, and maintenance of alveolar bone height.
Observed differences with regard to apical bone formation
between the two implant types could not be clearly attributed
to the implants itself. Further studies addressing the mechan-
ical stability and long-term reliability of this promising new
implant candidate will help to translate this implant into clinic
practice.
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