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Abstract
Background: Because of bisphosphonate medication, dental implantation with
a subsequent infection poses a relevant risk factor to suffer from medication-
related osteonecrosis of the jaw. This rat study evaluated different implant
materials under systemic bisphosphonate delivery using micro-computed
tomography (μCT) images.
Methods: Fifty-four rats were randomly allocated into a control group 1, test
group 2 with intravenous drug application of zoledronic acid and test group 3
with a subcutaneous application of alendronic acid. After 4 weeks of drug deliv-
ery, the first molar on each side of the upper jaw was extracted, and either a
zirconia or a titanium implant was immediately inserted. Radiological examina-
tions at four timepoints before the operation, 1 week later, 6 weeks later and after
12 weeks of follow up included μCT measurements of the in vivo peri-implant
bone loss. μCT measurements of the ex vivo peri-implant bony structure after
12 weeks follow-up covered the bonemineral density, -volume, -trabecular thick-
ness and -separation.
Results: Both test groups showed a significant increase in bone loss over time
(P < 0.05). The clinical observations of exposed bone revealed that most cases
occurred under alendronic acid delivery. Exposed bone was recorded only in
the test groups around both titanium and zirconia implants. Regarding the peri-
implant bony structure, no significant differences were found between both
materials.
Conclusions: Systemic bisphosphonate delivery led to increased peri-implant
bone loss over time after immediate implant insertion. In terms of bone resorp-
tion and bone quality parameters, no implant material was superior to the other.
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1 INTRODUCTION

Bisphosphonates are a class of drugs that prevent the loss
of bone density, and they are mainly used to treat osteo-

porosis and multi-morbid patients with osseous metas-
tases of solid tumors.1,2 Aside from having a therapeutic
effect of reducing the spread of bone metastases or stop-
ping bone osteolysis, the use of antiresorptive drugs often
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leads to side effects in the form of osteonecrosis of the
jaw.3,4
Osteonecrosis is not a specific disease entity but is the

final common pathway of several conditions that lead to
bone death.5 Antiresorptive jaw necrosis is defined as an
exposed jaw bone for a few weeks with a corresponding
anamnesis of antiresorptive drugs.6,7
In most antiresorptive-associated jaw necrosis, the trig-

gers in the oral cavity are identifiable. These triggers
include periodontally diseased teeth, denture pressure
points, and dental surgery interventions, such as tooth
extractions, with germ migration into the jaw bone.8
Another source of infection for jaw necrosis is the sul-
cular soft tissue around a dental implant.9 On one hand,
implants can theoretically trigger an inflammatory reac-
tion during insertion. On the other hand, implants can
contribute to avoiding denture pressure points by reducing
the load on the gingiva. Subsequently, this may also reduce
the individual risk of osteonecrosis.
Titanium implants are the gold standard with a high

amount of long-term data, whereas zirconia has recently
become an alternative implant material.10–13 Long-term
studies on novel zirconium dioxide implants are scarce,
although the initial clinical results were promising.14
Materialswith lowaffinity values for bacteria couldmin-

imize the risk of implant bed inflammation, jaw necro-
sis, or faulty osseointegration in patients with antiresorp-
tive medications. Clever et al. showed that the soft tissue
around titanium implants clinically developed a stronger
inflammatory response to experimental plaque accumula-
tion compared with that around zirconia implants.15,16
This in vivo rat primarily aimed to evaluate changes

between two different implant materials regarding the
extent of bone loss and jaw necrosis with micro-computed
tomography (μCT) images following dental implantation
under a systemic bisphosphonate delivery. In this study
design, zirconia implants were compared with titanium
implants, which were immediately inserted after tooth
extraction. The second aim was to assess bone changes
around implants under two types of bisphosphonates.

2 MATERIALS ANDMETHODS

2.1 Experimental protocol

Fifty-four adult male rats* with a weight of 250 g and an
age of 7 weeks at the beginning of the experiment were
used in this study. The study protocol was approved by

* (Sprague-Dawley rats, Janvier Labs, Le Genest-Saint-Isle, France).

the appropriate local authority†. This manuscript contains
the investigations that refer to the radiological results of
this study ant it was conducted in accordance with the
ARRIVE guidelines (Animal Research: Reporting of In
Vivo Experiments)17 and the Directive 2010/63/EU of the
European Parliament and of the Council on the protection
of animals used for scientific purposes.
The rats were randomly allocated into three groups. One

control group and two experimental groups were divided
as follows: control group (group 1, no drug application,
each n = 18), zoledronic acid (test group 2, intravenous
drug application,N= 18), and alendronic acid (test group 3,
subcutaneous drug application, n = 18). Systemic medica-
tion with antiresorptive drugs was conducted for a period
of 4 months and was started 4 weeks before implanta-
tion (Figure 1A). Group 2 received a dose of 0.04 mg/kg
body weight zoledronic acid‡ intravenously in the tail vein
once every week.18 A total of 0.2 mg/kg body weight alen-
dronic acid§ was applied subcutaneously five times a week
in group 3.19 Before application, the bisphosphonates were
diluted with physiologic phosphate-buffered saline. The
control groups received no medication. The rats were pro-
videdwith food andwater ad libitum,with only soft soaked
food administered after implantation until the end of the
investigation.
After every μCT scan, the peri-implant mucosa in all

rats was clinically inspected after each postoperative scan
for medication-related osteonecrosis of the jaw (MRONJ)
lesions, such as exposed jaw bone (Figure 1C).

2.2 Implant surgery

Microrough titanium and zirconia implants with a pol-
ished shoulder (n = 54 each material, length of 4 mm and
diameter of 2mm)were custom-made by a company** with
the same process used on commercially available implants.
After 4 weeks of drug delivery, the rats received an

intraperitoneal anesthetic cocktail consisting of 90 mg/kg
body weight ketamine†† and 0.2 mg/kg body weight
medetomidine hydrochloride‡‡. The first molar on each
side of the upper jawwas gently extractedwith forceps. The
mesial root sockets were then inspected, and the remain-
ing tooth fragments were removed. Subsequently, either a
zirconia or a titanium immediate implant was used ran-

† (IRB approval: Landesamt für Natur und Verbraucherschutz, Reckling-
hausen, Germany; Ref. 2018A314).
‡ (Zoledronic acid, Mylan dura GmbH, Darmstadt, Germany).
§ (Alendronate sodium trihydrate, Sigma Aldrich GmbH, Munich, Ger-
many).
** (Straumann GmbH, Basel, Switzerland).
†† (Ketamine, Medistar GmbH, Ascheberg, Germany).
‡‡ (Domitor, Bayer Austria, Wien, Austria).
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e68 KNIHA et al.

F IGURE 1 (A) This image shows the timeline of this study (B) One case with increasing peri-implant bone loss after surgery (scans 2–4)
is presented. The volumetric bone loss measurements were carried out around both implants (titanium implant on the right side and zirconia
implant on the left side). (C) After immediate implant placement, the animals were clinically inspected after each scan. In this case of the
zoledronic acid group, exposed bone was visible next to both implants (arrow: titanium implant on the left side and zirconia implant on the
right side)

domly on one side each. A split-mouth design was used
with respect to the implant material and the zirconia- or
titanium material was randomly distributed on both max-
illary sides. The insertion process included a pilot drill with
a 2.2 mm diameter **, and a marker on the drill ensured
that each implant site was prepared at the same depthwith
a strict saline irrigation. The implants were inserted with a
screwdriver and a torque of 15 to 20 Ncm, with the shoul-
der at the level of the mucosa using a transgingival healing
process. All implants were controlled for primary stability
and for any occlusal interfering contacts. No sutures were
needed in this flapless approach. At the end of the surgery,
the antidote atipamezole hydrochloride§§, with a dose of
0.8 mg/kg body weight, was applied subcutaneously to
keep the duration of the operation as short as possible. In

§§ (Atipamezole hydrochloride, Orion Pharma, Espoo, Finland).

the first 3 days postoperatively, the animals were visited
by the investigator or his representative once a day (sev-
eral times a day if necessary) and treated once a day with
Carprofen 4 mg/kg subcutaneously*** according to a score
sheet.

2.3 Radiological examination

2.3.1 In vivo volumetric µCT
measurements of peri-implant bone loss

A total of 208 in vivo μCT scans were conducted and eval-
uated by Z.M. investigator. As the baseline (first scan)
1 day before implant surgery, the first radiological

*** (Rimadyl, Zoetis GmbH, Berlin, Germany)
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F IGURE 2 (A) (B) and (C): Standardized ex vivo skeletal morphometric microstructure measurements of the peri-implant bone at the
end of the investigation

examination in the in vivo μCT††† was carried out under
inhalation anesthesia with Isofluran‡‡‡. After positioning
the animal in the rat bed, the head of a rat was scanned
with an ultra-focus magnification through 360◦ of rotation
at a 0.75◦ increment with 0.3 s/degree. The μCT data were
reconstructed at an isotropic voxel size of 40 μm. For anal-
ysis, the μCT data was down-sampled using binning to a
voxel size 80 μm. The voxel resolution (size) used for ex
vivo scans was 15 μm x 15 μm x 15 μm.
After implant surgery, three more in vivo μCT scans

were performed. After the operation, the second scan was
performed 1 week later, the third scan 6 weeks later and
the fourth scan 12 weeks later. Image analysis was per-
formed with the μCT evaluation software§§§.20 The volu-
metric measurements of bone loss were conducted after
implantation (second to fourth μCT) using segmented μCT
data (Figure 1B). Including the implant body, 3D bone loss
wasmeasured inmm3 for each implant side in each animal
using the axial, coronal, and sagittal planes. To evaluate the
reproducibility of the bone loss measurement, a randomly
selected animal was used, and the bone loss measurement
in both implant types was repeated 10 times on different
days at different times by one investigator.

2.3.2 Ex vivo skeletal morphometric
microstructure measurements of the
peri-implant bony structure

At the end of the investigation, 59 ex vivo μCT scans†††
were carried out. Owing to implant loss, 29 titanium and

††† (U-CT OI, MILabs, Utrecht, The Netherlands).
‡‡‡ (Isofluran, 2.5–5 vol.% Piramal GmbH, Hallbergmoos, Germany).
§§§ (Imalytics Preclinical, Gremse-IT GmbH, Aachen, Germany)

30 zirconia implants could be enrolled for this measure-
ment (Figure 2). Image analysis was performed using a
software****. In the first step, an implant was segmented
in the image by thresholding. Afterwards, a coat of fixed
10 mm thickness was computed around the segment
using morphological operations. Then, the bone tissue
was segmented within the coat volume.21 The segmenta-
tion of hard tissue using the standardized process enabled
the evaluation of bone mineral density (BMD in g/cm3),
bone volume per total volume (BV/TV in %), trabecu-
lar thickness (Tb.Th in mm), and trabecular separation
(Tb.Sp in cm).

2.4 Statistical analysis

Analyses were performed using a software††††. The anal-
ysis values were tested for normal distribution using the
Shapiro-Wilk normality test. The groups were analyzed
using the multiple t test, which is a two-stage linear setup
introduced by Benjamini, Krieger, and Vekutieli,22 with
Q = 1% and each row being analyzed individually with-
out assuming a consistent standard deviation. The in vivo
μCT bone loss measurements were analyzed using a two-
way ANOVA with a Geisser-Greenhouse correction. Post
hoc Tukey’s multiple comparison test, with individual
variances computed for each comparison, was also con-
ducted. The ex vivo evaluation used an unpaired multi-
ple t test. We assessed any effect in the statistical model
as significant if the corresponding P-value fell below the
5% margin.

**** (Skyscan 1272, Bruker μCT, Billerica, MA, USA)
†††† (Prism 8, GraphPad, La Jolla, CA, USA)
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e70 KNIHA et al.

F IGURE 3 In vivo volumetric μCT measurements of peri-implant bone loss around A zirconia and B titanium

Post-hoc power analysis was performed with a soft-
ware‡‡‡‡ using the F-test ANOVA to determine the power
of 99% (primary study aim) based on the total sample size
of 70 measurements and a number of six groups (groups 1
to 3 for each titanium and zirconia implants) at scan four
using an effect size of 0.58 and an α of 0.05 (Mean 1: 10.02,
mean 2: 10.46, mean 3: 14.31, mean 4: 11.33, mean 5: 7.35,
mean 6: 6.19).

3 RESULTS

Of 54 animals, a total of 52 rats could be included to
the radiological evaluation. Two animals of group 2 were
unfortunately lost, one in the course of the operation dur-
ing anesthesia probably to respiratory arrest and the sec-
ond animal during medication in the rat restrainer. Group
1 presented 51,5% of implant loss, group 2 15,7% and group
3 44,4%.

‡‡‡‡ (G Power software, Heinrich-Heine-Universität, Düsseldorf, Ger-
many)

3.1 In vivo volumetric µCT
measurements of peri-implant bone loss

Both test groups (zoledronic acid and alendronic acid
application) around both implant materials showed a sig-
nificant increase in bone loss over time (P < 0.05, Fig-
ures 3A and 3B). By contrast, control group showed rela-
tively low bone resorption values. In cases of implant loss,
a decrease of bone loss below the defined implant vol-
ume was measured, which could be evaluated especially
in the control groups. The comparison between titanium
and zirconia implants revealed no significant differences
over time in terms of bone resorption (Table 1).
The clinical observations of exposed bone revealed that

most cases occurred in test group 3 (alendronic acid,
n = 24), followed by test group 2 (zoledronic acid, n = 15).
Exposed bone was recorded only in the test groups around
both titanium and zirconia implants, with the control
group showing no exposed bone at all (Table 1).
To evaluate the reproducibility of the bone loss mea-

surement, a randomly selected animal was used, and
the bone loss measurement in both implant types was
repeated 10 times on different days at different times by
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F IGURE 4 Ex vivo skeletal morphometric microstructure measurements of the peri-implant bony structure. Figure shows (A) the bone
mineral density, (B) the bone volume fraction, (C) the trabecular thickness, and (D) the trabecular separation

one investigator. The reproducibility of the bone loss seg-
mentation showed a coefficient of variation of 0.09 (mean:
16.98) around the titanium implants and 0.07 (mean: 16.25)
around the zirconia implants (see Table S1 in online Jour-
nal of Periodontology).

3.2 Ex vivo skeletal morphometric
microstructure measurements of the
peri-implant bony structure

In the zirconia implant group, the measured BMD val-
ues were lower in the alendronic acid group than in test
group 2 (zoledronic acid, P = 0.02, Figure 4A). By con-
trast, no significant difference in the BMD was measured
in the titanium implant group and between the implant
materials.
Between implant materials in the control group, zirco-

nia presented significantly higher BV/TV values (P= 0.04,
Figure 4B). In terms of bone volume around the material
zirconia, the alendronic acid delivery significantly showed
lower values comparedwith the rest of the groups (P= 0.01
and P = 0.02).

The within-group comparison of the Tb.Th values of the
zirconia implants achieved statistical significance between
the zoledronic acid test group and control group (P= 0.03),
but these discrepancies failed in significance in the other
groups (Figure 4C). The Tb.Th values of the titanium
implants appeared to be balanced in all groups, as the com-
parison failed to achieve statistical significance (P > 0.05).
In the within-group comparison with higher Tb.Sp val-

ues, the zirconia implants reached statistical significance
in the alendronic acid group compared with test group 2
(P < 0.01), whereas a lack of significance was observed
around the titanium implants. Overall, the Tb.Sp values
seemed to be slightly higher around the titanium material
(Figure 4D).

4 DISCUSSION

The study results showed that systemic bisphosphonate
delivery led to increased peri-implant bone loss over time
after immediate implant insertion. In terms of bone resorp-
tion and bone quality parameters, no implant material was
superior to the other.
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Owing to the isotropic voxel sizes and calibrated voxel
units, volumetric μCT data are suitable for quantitative
analysis, such as the investigation of jaw necrosis.20,23 μCT
data can be used for high-resolution 3D imaging of in vivo
and ex vivo laboratory settings.24,25 Bone morphology and
calcifications provide a particularly strong native contrast
that allows the analysis of the microarchitecture of the
bone and the quantification of hard tissue.26,27 Ionizing
radiation dose of μCT could have had an influence on the
study outcome, that is, animal survival.28 μCT scanning
doses are often higher when compared to clinical CT scans
because of the smaller volumes and lower signal per voxel.
In the present study, each animal was scanned four times
in a period of 3.5 months, in contrast to other longitu-
dinal in vivo studies where animals can receive up to 11
scans over 2 dayswithout apparent symptoms.29 Moreover,
the performed μCT scans were restricted only to the head
and skull area which is relatively insensitive to irradiation.
Each rat received a cumulative radiation dose of approxi-
mately twoGrey over the course of investigation. Zhai et al.
showed that the damage of bone tissue in rats, caused by
a single dose of two Grey irradiation, is reversible and it is
likely to recover completely.30 Based on the score sheets we
were able to control the general well-being of the animals.
No radiation related effects were noticed.
The study design aimed to simulate and analyze a high-

risk group for dental implantation because of a systemic
bisphosphonate medication in the rat model using a high
application rate.We applied a systemic zoledronic acid and
alendronic acid dose per body weight comparable with
that of humans. We recognize that pathophysiology can
vary between our rat model and humans. Osteonecrosis
develops in areas where an infection or inflammation was
present (e.g. periodontitis, endodontic lesion). However, in
this manuscript, the tooth was extracted in a healthy con-
dition. In humans, it is necessary to determine whether
the risk of suffering osteonecrosis through implantation is
greater than the benefit of avoiding pressure points on the
prosthesis.31 Intravenous administration, as applied in this
study, is associated with a higher risk than oral administra-
tion (i.v. –> oral application).8 Furthermore, the frequency
and duration of the medication increase the incidence of
osteonecrosis.8 Based on this information, we decided to
start the weekly drug application 4 weeks before surgery.
In this study, the effects of zirconium and titanium as

implant materials on the risk of osteonecrosis without the
influence of antibiotic shielding were investigated. Only
the effect of the implant material on the incidence of bone
loss and exposed bone was evaluated and not the antibi-
otic effect. The comparison between titanium and zirconia
implants revealed no significant differences over time in
terms of bone resorption.With regard to the benefit of peri-
operative antibiotic prophylaxis in humans, the data situa-

tion is relatively clear, and thus antibiotic screening should
be performed in these cases.8
Du et al. showed that the first molar of the rat maxilla

can be used as a site for research into the osseointegration
of dental implants.32 They concluded that at least 4 weeks
of healing should be considered for evaluating the degree
of osseointegration.
To not severely compromise the blood supply of bone in

cases with antiresorptive drugs, it is recommended to oper-
ate atraumatically and to denude the periosteum as little
as possible. Currently, there is no clear data on whether
closed or open implant healing is advantageous inhumans,
as a closed procedure requires further surgical interven-
tion during implant exposure.31 Based on this information,
we decided to proceed to an open healing procedure. In
our study, a comparatively increasing peri-implant bone
loss rate was observed in the test groups and control group
showed relatively low bone resorption values. Especially
under alendronic acid medication by contrast, the animals
showed steadily increasing resorption rates.
Furthermore, patients with antiresorptive medication

should perform the best possible oral hygiene after implan-
tation. However, because of the preclinical study design of
this rat study, no specific oral hygiene could be performed
after surgery.Additionally, comparedwith delayed implan-
tation, a riskier immediate implantation (i.e. simultane-
ous tooth extraction and implantation) was carried out.
Therefore, increased inflammation rates and implant loss
compared with a conservative implant procedure could be
assumed. This might explain why a total of 29 titanium
and 30 zirconia implants were lost at the end of the experi-
ment. A further explanation for the increased implant loss
rate in the healthy control group could possibly be a bet-
ter and faster reacting bone metabolism and thus more
pronounced inflammatory reaction to a high-risk implant
procedure. Furthermore, after implant loss the sound
bone showed a superior remodeling and bone growth
behavior.
The clinical observations of this study showed that

exposed bone occurred only in test groups 2 and 3. In these
cases, exposed bonewas recorded equally around both tita-
nium implants and zirconia implants, with the control
group showing no exposed bone at all.
In rats in another study, alendronic acid decreased

bone formation and vascularity within the root socket.33
Aguirre et al. found that such effects could also con-
tribute to ONJ lesion development.33 Abtahi et al. showed
that bisphosphonate-related jaw osteonecrosis tended to
develop first after exposure of the bone when large ONJ-
like lesions were evaluated after dental removal34 and that
the group receiving a high dose of systemic bisphospho-
nate (alendronate) was the group showing the most bone
loss on μCT.34
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Zoledronate is the most potent and nitrogen-
containing bisphosphonate, and it is more active than
alendronate.35,36 The groups under alendronate medica-
tion showed higher BMD values than the other groups
in ovariectomized rats.37,38 Compared with the group
without zoledronate application, the group with this
medication according to Choi et al. showed significantly
increased BV/TV values.39 These results agree with our
study, as zoledronic acid presented increased in vivo and
ex vivo BMD and BV/TV values compared with alendronic
acid. A critical reflection on this study revealed that the
split mouth design was mainly lost as several animals
lost one implant. Furthermore, the small amount of
scattering could have interfered in the image analysis
when comparing titanium and zirconia implants.

5 CONCLUSIONS

A systemic bisphosphonate delivery led to increased bone
loss over time after immediate implant insertion. Exposed
bone and MRONJ lesions were recorded only in the test
groups equally around both titanium implants and zirco-
nia implants, with the control group showing no exposed
bone at all. In terms of bone resorption and bone quality
parameters, no implant material was superior to the other.
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