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Abstract

Objectives: To evaluate whether zirconia implants demonstrate differences in hard
and soft tissue integration compared to titanium implants in preclinical studies.
Material and Methods: In March 2017, electronic (MEDLINE, EMBASE) and hand
search was performed to identify preclinical studies comparing zirconia and titanium
implants. Primary outcomes were bone-to-implant contact (BIC) and removal torque
out (RTQ), respectively, push-in (Pl) measurements. Secondary outcomes included
biologic width (BW) dimensions.

Results: A total of 37 studies were included for data extraction after screening of 91
from 1,231 selected titles. Thirty-seven experimental studies using six different spe-
cies were identified. The follow-up periods ranged between 0.4 and 56 weeks. For
titanium, mean values of 59.1% (95% Cl: 53.3 - 64.8), 102.6 Ncm (95% ClI: 81.5 -
123.6), and 25.1 N (95% Cl: 20.2 - 30.0) for BIC, RTQ, and Pl were estimated, respec-
tively. The mean values for zirconia were 55.9% (95% Cl: 51.6 - 60.1), 71.5 Ncm (95%
Cl: 51.1 - 91.9), and 22.0 N (95% CI: 13.2 - 30.7) for corresponding parameters.
Confounding factors such as animal species, implant material, loading protocol, and
study or loading duration significantly influenced the outcomes. Similar qualitative
soft tissue integration was reported for zirconia and titanium implants. However,
faster maturation processes of epithelial and connective tissues around zirconia im-
plants were assumed. Quantitatively, similar BW dimensions were evaluated for tita-
nium (3.5 mm; 95% Cl: 2.9 - 4.2) and zirconia (3.2 mm; 95% Cl: 2.7 - 3.7), whereas the
loading protocol significantly influenced the outcomes.

Conclusions: Zirconia and titanium implants demonstrate a similar soft and hard tis-
sue integration capacity. However, titanium tended to show a faster initial osseointe-
gration process compared to zirconia. Importantly, not only material characteristics
but predominantly animal species and study protocols can significantly influence the

outcomes.
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1 | INTRODUCTION

Replacing missing teeth in partially and fully edentulous patients
with dental implants has become an evidence-based treatment
option in dentistry and relies on the structural and functional
stabilization of the implant in the surrounding bone tissue, called
osseointegration (Branemark et al.,, 1969; Schroeder, Pohler &
Sutter, 1976). In this context, it has been reported that the im-
plant surface is among the most critical factors for the achieve-
ment of a successful osseous integration (Albrektsson, Branemark,
Hansson & Lindstrom, 1981). Since the beginning of the 1990s,
preclinical studies have started to investigate the influence of the
surface topography of titanium implants on the osseointegration
process in detail. It has been demonstrated that roughening of the
implant surface up to a certain degree led to an accelerated and in-
creased osseous integration (Buser et al., 1991, 1999). Since then,
commercially pure titanium or specific titanium-zirconium metal
alloy implants have been scientifically well-investigated (Roehling,
Meng & Cochran, 2015). Clinically, survival rates of more than 96%
for titanium implants with micro-rough surfaces were reported
after 10 years of follow-up (Buser et al., 2012; Roccuzzo, Bonino,
Dalmasso & Aglietta, 2014). Apart from that, also disadvantages
with regard to the material properties of the metal titanilike its
gray color or unwanted chemical-biological interactions of tita-
nium with the surrounding soft and hard tissues have been re-
ported (Kohal, Att, Biachle & Butz, 2008; Tschernitschek, Borchers
& Geurtsen, 2005). However, the clinical relevance of these ma-
terial-related findings is rather controversial. Due to its color, ce-
ramic implants have already attracted interests of clinicians since
end of the 1960s. At this time, aluminum oxide (alumina, Al,O,)
was used as material for the fabrication of ceramic dental im-
plants. Experimental studies showed that alumina implants could
directly integrate into osseous host tissue (Zetterqvist, Anneroth
& Nordenram, 1991; Zetterqvist, Anneroth, Nordenram &
Wroblewski, 1995). However, based on poor biomechanical prop-
erties, alumina implants were prone to fracture when loaded extra-
axially and therefore showed rather poor clinical performances (De
Wijs, Van Dongen, De Lange & De Putter, 1994; Schlegel, Jacobs &
Leitenstorfer, 1994). Consequently, alumina implants were taken
from the market in the early 1990s. Since the beginning of the
2000s, ceramic implants are made from zirconium dioxide (zirco-
nia, ZrO,). Based on superior biomechanical properties compared
to other ceramics, zirconia has the ability to withstand oral forces
(Silva et al., 2009). Potential biological material-related advan-
tages such as significantly reduced bacterial biofilm formation,
less inflammatory cells in the peri-implant soft tissues, and signifi-
cantly increased microcirculation in the peri-implant soft tissues
were reported for zirconia compared to titanium or other metals
(Degidi et al., 2006; Kajiwara et al., 2015; Roehling et al., 2017;
Welander, Abrahamsson & Berglundh, 2008). Concerning a suc-
cessful and reliable osseointegration process of zirconia, the mi-
crostructure of the implant surface is as important as for titanium
(Gahlert et al., 2007; Sennerby, Dasmah, Larsson & lverhed, 2005).

Based on material characteristics, creating a micro-rough surface
on zirconia implants without compromising the biomechanical
stability is a technical challenge and many clinicians are still very
skeptical regarding the osseointegrative capacity of zirconia im-
plants. Nowadays, not only successful osseous integration but also
soft tissue integration and pink esthetic outcomes have become
important factors from a surgical point of view. Moreover, since
gingival tissues around implants have a similar barrier function as
dento-gingival tissues, the soft tissue integration—represented by
epithelial and connective tissue—is as important as bone integra-
tion (Cochran, Hermann, Schenk, Higginbottom & Buser, 1997). In
this context, constant vertical dimensions of healthy periodontal
soft tissues—represented by the biologic width—are very import-
ant for gingival esthetics (Hermann, Buser, Schenk, Schoolfield &
Cochran, 2001). However, only few scientific data dealing with
soft tissue integration around zirconia dental implants are avail-
able to date.

Previously published systematic reviews and meta-analyses on
experimental studies did not focus on the comparison between zir-
conia and titanium implants or included exclusively data on osseous
integration (Hafezeqoran & Koodaryan, 2017; Manzano, Herrero &
Montero, 2014; Pieralli, Kohal, Hernandez, Doerken & Spies, 2018).

The objectives of the present review were to evaluate whether
zirconia dental implants demonstrate differences in hard and soft
tissue integration directly compared to established titanium im-

plants in preclinical studies.

2 | MATERIAL AND METHODS

This systematic review was reported according to the Preferred
Reporting Items for Systematic review and Meta-Analysis Protocols
(PRISMA-P; Moher etal., 2015) statement using the Population,
Intervention, Comparison, and Outcome (PICO) method (Schardt,
Adams, Owens, Keitz & Fontelo, 2007). The protocol for this sys-
tematic review was registered on PROSPERO (CRD42016049624).

2.1 | Focused question

For the present review, the focused (PICO) question to be addressed
was as follows: “In preclinical studies, do zirconia implants demon-
strate differences in hard and soft tissue integration when compared

to titanium implants?”

2.2 | Search strategy

In March 2017, an electronic, systematic search of the MEDLINE
via PubMed and EMBASE via Elsevier databases was performed.
Articles in the English and German languages were included, and no
restriction with regard to the publication year was applied. For the
literature search, clinical as well as preclinical studies were included.
However, only data from preclinical studies are included in the pre-
sent review. The evaluation of the clinical data has been reported
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in a separate manuscript (Roehling, Schlegel, Woelfler & Gahlert,
2018). For the MEDLINE search, the following combinations of

terms were applied:

“Dental implants” [MeSH] OR “dental implantation”
[MeSH] AND “zirconium oxide” [MeSH] OR “yttria-
stabilized tetragonal zirconia” [MeSH] OR “zirconia”
OR “zirconia implant*” OR “ceramic implant*” AND
“osseointegration” [MeSH] or “bone-implant-inter-
face” [MeSH] or “survival rate” [MeSH] or “success
rate” or “marginal bone loss” or “soft tissue.”

With regard to the EMBASE search, the following EMTREE words

and combination were used without any filters:

“tooth implant” OR “tooth implantation” AND “zirco-

nium oxide.”

In addition to that, the electronic search was complemented by a
manual hand search of the reference list of all included full texts.

For the electronic MEDLINE search, a reference management
software (Endnote X 7.7.1, Thomson Reuters) was used. The ob-
tained publications from the EMBASE search were also imported
into the reference management software and finally screened.

2.3 | Inclusion criteria

For the systematic review, the following inclusion criteria were
defined:

e Animal studies investigating zirconia compared to titanium
implants.

e Studies at all levels of evidence, except expert opinion.

e Reported details regarding bone-to-implant contact, removal
torque out/push-in measurements, and quantitative soft tissue
parameters.

e Language: English, German.

2.4 | Exclusion criteria

Studies not meeting the inclusion criteria were excluded from the
present review. In addition to that, in vitro experiments or experi-

mental studies investigating only zirconia implants were excluded.

2.5 | Selection of studies

After elimination of duplicates, two reviewers (SR and MG) indepen-
dently screened titles, abstracts, and full texts meeting the selec-
tion criteria. Unclear titles were included in the abstract screening. If
titles or abstracts did not provide enough information for selection,
full texts were obtained. Any disagreement with regard to inclusion
and exclusion was resolved by discussion between the reviewers. To

evaluate the agreement between the two reviewers, Cohen'’s kappa
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coefficient (k) was calculated for title and abstract selection (Landis
& Koch, 1977).

2.6 | Data extraction

Data extraction was independently performed on all included stud-
ies using data extraction tables. Disagreement with regard to data
extraction was resolved by discussion. In case of missing or unclear
information, the corresponding authors of the papers were con-
tacted via email. If the information was still not sufficient for inclu-
sion and evaluation, the study was excluded for the present review.

Soft tissue parameters were classified as follows by Cochran
et al. (1997) and lgarashi, Nakahara, Haga-Tsujimura, Kobayashi and
Watanabe (2015):

e Epithelial tissue length (ETL): distance between the gingival mar-
gin (GM) and the most apical point of the junctional epithelium
(aJE).

e Connective tissue contact (CTC): distance between aJE and the
first bone-to-implant contact (fBIC).

e Biologic width (BW): distance between GM and fBIC.

Implant loading protocols were classified as follows by Weber et al.
(2009):

e Immediate loading: functional loading of implants earlier than
1 week subsequent to implant placement.

e Early loading: functional loading of implants between 1 week and
2 months subsequent to implant placement.

e Conventional loading: functional loading after more than

2 months subsequent to implant placement.

From the included studies, the following data were extracted:
author(s), year of publication, animal species, implant location, num-
ber of included animals and implants, implant system, implant mate-
rial (yttria-stabilized zirconia (YTZP) or alumina-toughened zirconia
(ATZ)) and applied surface treatment procedure, surface topogra-
phy characteristics (characterized by the arithmetic mean deviation
of the surface roughness: Sa or Ra), follow-up and loading periods
(weeks), mean bone-to-implant contact (BIC, %), mean removal
torque out (RTQ, Ncm) and push in values (PI, N). Moreover, quan-
titative soft tissue parameters (ETL, CTC, BW, mm) were recorded.

2.7 | Summary measures

The primary outcomes evaluated in the present review were bone-
to-implant contact (BIC), removal torque out (RTQ), and push-in (PI)
measurements. As secondary outcomes, quantitative peri-implant
soft tissue parameters (ETL, CTC, BW) were investigated.

In addition, the influence of the implant material (titanium com-
pared to zirconia, YTZP compared to ATZ), animal model, loading
protocol, and length of follow-up and loading period as confounding
factors for primary and secondary outcomes were analyzed.
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2.8 | Statistical analysis

For the experimental studies, unpaired (two-sample) t tests (assuming
unequal variances) were conducted on the equality of means of tita-
nium and zirconia for BIC, RTQ, PIl, and BW separately for each spe-
cies. Additionally, forest plots were used for graphical presentations of
the different outcomes in each study with confidence intervals and the
weights given to each study in the meta-analyses, along with the over-
all pooled prevalence. In the graphs, the weight of each study included
in the meta-analyses is represented by the area of a box with a center
representing the size of the effect estimated from that study. The con-
fidence intervals for the effect from each study are also shown. The
summary effect is indicated by the middle of a diamond with left and
right extremes representing the corresponding confidence interval.

In case of evidence of heterogeneity between studies, meta-re-
gressions were used to analyze associations between the various
outcomes and study characteristics. The estimated effects yielded
evidence for the effects of implant material (titanium compared to
zirconia, YTZP compared to ATZ), animal model, loading protocol,
and length of follow-up and loading period on BIC, RTQ, PI, and BW.
The critical level of alpha for determining whether a result could be
judged statistically significant was set at 0.05. Thus, the likelihood of
concluding there is an effect when there is none (Type | error) can-
not exceed 5%. All analyses were performed using STATA statistical
software version 15.0 (StataCorp LLC, College Station, USA).

3 | RESULTS

The electronic database search resulted in 2,758 publications
(PubMed: 2304; EMBASE: 454, Figure 1). After removal of dupli-
cates, 1,231 titles were available and one additional study was in-
cluded after hand search. Thus, the two reviewers screened a total
of 1,232 titles, whereas the inter-examiner agreement for title se-
lection was « = 0.7 resulting in 174 abstracts for further evaluation.
After screening of the abstracts, 91 publications were selected for
full-text evaluation (inter-examiner agreement « = 0.8). After analy-
sis of the included full-text articles, a total of 37 preclinical studies
fulfilled the inclusion criteria and were included in the qualitative
and quantitative analysis (Figure 1, Tables 1-7). Fifty-four reports
had to be excluded with reasons (Table 8).

3.1 | Study characteristics

A total of 37 experimental studies using six different animal models
were included in the present review (rats: n = 3, rabbits: n = 8, pigs:
n =12; canines: n = 10, sheep: n = 2, monkeys: n = 1, Tables 1-7).

In rats, implants were exclusively placed in the femur (Table 1),
whereas in rabbits, the implants were either placed in the femur or
placed in the tibia (Table 2). In pigs, maxilla, mandible, tibia, or os

frontale and in canines mandible as well as humerus were reported

Titles identified by Titles identified by Titles identified by
5 hand search PubMed search EMBASE search
= (n=1) (n=2304) (n =454)
o
=
= v v
ﬁ Titles after duplicates
|| removed (n = 1231)
| Titles screened Titles excluded
(n = 1232) g (n = 1058)
2
< Abstracts screened Abstracts excluded
g (n=174) (n=81)
(%)
Full-text articles assessed for Full-text articles excluded,
[ eligibility (n = 91) with reasons (n = 54)
B )
5 Studies included in qualita-
2 tive synthesis (n = 37)
LLI
A
Studies included in qualita-
o tive synthesis (n = 37)
g
S \ \ y
- Studies investi- Studies investiga- Studies investiga-
gating BIC ting RTQ (n = 10) ting soft tissues
(n=31) and Pl (n = 3) (n=6)

FIGURE 1 Search strategy and selection process of the included
studies

as implant locations (Tables 3 and 4). With regard to sheep, femur
and mandible or iliac bone were used as implant location, and in cy-
nomolgus monkeys, implants were placed exclusively in the maxilla
(Tables 5 and 6).

In rats, rabbits, and pigs, only unloaded implants were inves-
tigated after follow-up periods between 2 and 4 weeks, 2 and
12 weeks, and 1 and 13 weeks, respectively (Tables 1-3). In ca-
nines, unloaded (follow-up 0.4-20 weeks) as well as immediately,
early, and conventionally loaded implants (follow-up 4-48 weeks,
loading period 4-24 weeks) were evaluated (Table 4). In sheep, un-
loaded and immediately loaded implants after follow-up periods
between 2 and 12 weeks (Table 5) and in cynomolgus monkeys
implants that were conventionally loaded for 20 weeks after a fol-
low-up period of 56 weeks were investigated (Table 6).

With regard to titanium and zirconia implant surface topogra-
phies, machined and micro-roughened implants were evaluated. For
zirconia, additive and subtractive procedures as well as the manufac-
ture process itself (e.g. sintering using rough pore formers or rough
molds) were described for creating micro-rough implant surface to-
pographies (Tables 1-6).

3.2 | Bone-to-implant contact

A total of 31 preclinical experiments investigating BIC fulfilled the
inclusion criteria for the present review (Tables 1-6).
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(Continued)

TABLE 3

Follow-

Impl.
(n)

Animals

(n)

Mean RTQ [Ncm]

Mean BIC [%]

up (wk)

Surface top. (um)

Company Surface treatment/Material

Location

Author (Year)

NR 75.7

1.2

Sa

Sandblasting, acid etching;

Makxilla 18 Straumann
Ti-SLA

13

Gahlert et al. (2007)

132.8
98.9

NR

ROEHLING ET AL.

NR

12

NR 2.8

0.6

Sa

Sandblasting; YTZP-S

Straumann

30

(Ti-SLA)

43.1

NR

31.3

NR

12

NR 27.2

0.1

Sa

Machining; YTZP-M

Straumann

(Ti-SLA,

24.0

NR

YTZP-S)
(Ti-SLA,

21.3

NR

12

YTZP-S)

Notes. ATZ: alumina-toughened zirconia; NR: not reported; nsub: non-submerged healing; sub: submerged healing; Ti: titanium; wks: weeks; YTZP: yttria-stabilized zirconia; ZrO,: zirconia bulk material

not specified.

Brackets show significant differences compared to subgroup at corresponding time point.

3.2.1 | Rats

In three studies, an early osseointegration period between 2 and
4 weeks of unloaded healing was investigated (titanium: BIC 23.2%-
75.0%; ZrO,: BIC 17.6 - 59.4%, Table 1). In comparison with zirconia,
two experiments reported significantly higher values for titanium
at single follow-up time points after 2 weeks, whereas significantly
higher BIC values were not always associated with increased surface
roughness, characterized by the arithmetic mean deviation of the sur-
face roughness: Sa or Ra (Table 1). In detail, significantly higher val-
ues were evaluated for electrochemically anodized titanium implants
(Sa =1.3 pm) compared to zirconia implants with a sandblasted and
acid-etched surface (Sa= 1.0 um) or compared to zirconia implants
that were sintered with pore-building polymers (Sa = 1.5 pm; Kohal
et al., 2013; Kohal, Bachle, Renz & Butz, 2016).

Different zirconia implant surfaces were evaluated in two stud-
ies and increased surface roughness characteristics were associated
with decreased (Kohal et al., 2013) as well as with increased BIC val-
ues (Kohal et al., 2009), whereas the differences were statistically
not significant (p > 0.05).

The evaluated mean BIC values were 47.7% (Cl: 35.9-59.4) and
39.0% (Cl: 28.3-49.6) for titanium and zirconia, respectively. For the
evaluated studies, a high degree of heterogeneity was estimated (ti-
tanium: 1% = 97.1%, p < 0.01; zirconia: I* = 98.2%, p < 0.01, Figure 2).
The difference between both materials was statistically not signifi-
cant (p = 0.33).

3.2.2 | Rabbits

Unloaded implants placed in tibias and femurs were investigated
in eight studies. After healing periods ranging from 2 to 12 weeks,
mean values between 34.2% and 86.8% and between 26.0%
and 89.1% were evaluated for titanium and zirconia, respectively
(Table 2). In four studies, significant differences between both
materials were reported at single follow-up time points and the
reported differences were related to surface roughness charac-
teristics. In detail, significantly increased BIC values after 4 and
6 weeks of healing were observed for zirconia implants with a
micro-roughened surface created by selective infiltration etching
compared to titanium implants with a sandblasted and acid-etched
surface. However, quantitative surface characteristics were not
provided (Aboushelib, Salem, Taleb & El Moniem, 2013b). In addi-
tion, significantly increased values after 4 weeks were reported for
zirconia implants that were sintered using a smooth (Sa = 0.5 pm)
or a rough mold (Sa = 2.0 pm) compared to machined titanium im-
plants (Sa = 0.3 um; Park, Chung & Shon, 2013). Moreover, Salem,
Abo Taleb and Aboushelib (2013) evaluated significantly higher
BIC values for milled zirconia implants with a micro-roughened
surface created using “fusion-sputtering technique” compared to
sandblasted and acid-etched titanium implants after 4 and 8 but
not after 12 weeks of healing. Unfortunately, implant surface char-
acteristics were not provided (Salem et al., 2013). In contrast to

that, only one experiment found significantly increased values for
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Included experimental studies in monkeys

TABLE 6

ROEHLING ET AL.

Loading (wk) Mean BIC [%]

Follow-up (wk)

Surface treatment/Material Surface top. (um)

Company

Impl. (n)

Location

Animals (n)

Author (Year)

72.9

20

56

Sandblasting and acid etching,

Custom made
Ti-SE

12

Makxilla

Kohal et al.
(2004)

67.4

20

Sandblasting, YTZP-S NR 56

Custom made

12

Note. NR: not reported; Ti: titanium; wks: weeks; YTZP: yttria-stabilized zirconia.

electrochemically anodized titanium implants (Ra = 1.3 pm) after
3 weeks compared to zirconia implants that were sintered using
a rough pore former and subsequently coated with calcium phos-
phate (Ra = 1.0 pm). Interestingly, after 6 weeks of healing, the dif-
ferences between both materials were not any longer statistically
significant (Lee et al., 2009). Moreover, it was reported that coating
of the zirconia implants’ surfaces with hydroxyapatite (Rocchietta,
Fontana, Addis, Schupbach & Simion, 2009) or with calcium phos-
phate (Lee et al., 2009) did not have any significant effect on the
osseointegrative capacity.

In two studies, different surface treatment procedures or in-
creased surface roughness characteristics were associated with sig-
nificantly higher BIC values (Aboushelib, Osman, Jansen, Everts &
Feilzer, 2013a; Park et al., 2013).

Meta-analysis estimation revealed a mean BIC value of 59.2%
(Cl: 51.8-66.7) for titanium and 58.4% (Cl: 52.4-64.5) for zirconia.
For the evaluated studies, a high degree of heterogeneity was eval-
uated (titanium: I? = 99.6%, p < 0.01; zirconia: I = 99.1%, p < 0.01,
Figure 3). The difference between both materials was statistically

not significant (p = 0.58).

3.2.3 | Pigs

Nine studies in pigs investigated unloaded implants. For titanium,
the mean value ranges were 23.7%-84.25% for implants placed in
maxilla, mandible, tibia, or os frontale after follow-up periods be-
tween 1 and 13 weeks. The values for zirconia were 27.1%-86.0%
for corresponding time points and implant locations (Table 3).
Significant differences between both materials were reported
in three studies, whereas significantly increased BIC values for
one material were always associated with increased quantitative
surface roughness. In detail, significantly higher values were ob-
served for titanium implants with a sandblasted and acid-etched
surface (Sa =2.2 pm) compared to sandblasted and acid-etched
ATZ (Sa=0.7 pm) and YTZP (Sa = 0.9 um) zirconia implants after
4 and 8 weeks of healing (Chappuis et al., 2016). Similar results
were reported for sandblasted and acid-etched titanium implants
(Sa =2.6 um) compared to sandblasted (Sa =1.0 um) and sand-
blasted and acid-etched YTZP zirconia implants (Sa = 1.2 um) after
13 weeks of healing in the maxilla (Schliephake, Hefti, Schlottig,
Gedet & Staedt, 2010). In contrast to that, significantly increased
values were reported for acid-etched ATZ zirconia implants
(Sa = 5.4 um) placed in tibia compared to electrochemically ano-
dized titanium implants (Sa = 3.4 pm) after 13 weeks (Schierano
et al., 2015).

When different zirconia implant surface topographies were in-
vestigated, increased surface roughness parameters were correlated
with significantly increased BIC values (Schliephake et al., 2010).
In contrast to that, another study reported that increased surface
roughness was associated with increased as well as with decreased
BIC values (Chappuis et al., 2016).

The meta-analysis estimated a mean BIC value of 60.48% (Cl:
50.0-71.0) for titanium and 56.1% (Cl: 49.9-62.3) for zirconia. For
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TABLE 8 Excluded studies

Akagawa, Hosokawa, Sato and Kamayama (1998), Akagawa, Ichikawa, Nikai and Tsuru
(1993), Calvo-Guirado et al. (2015), Chang, Oka, Nakamura and Gu (1996), Chung, Kim,
Shon and Park (2013), Han et al. (2016), Hayashi, Inadome, Tsumura, Mashima and

Sugioka (1993), Hayashi, Matsuguchi, Uenoyama and Sugioka (1992), Kim et al. (2015),
Mai et al. (2012), Ratiu, Cavalu, Miclaus, Rus and Lazarescu (2015), Richardson,
Klawitter, Sauer, Pruitt and Hulbert (1975), Saulacic, Erdosi, Bosshardt, Gruber and
Buser (2014), Scarano, Di Carlo, Quaranta and Piattelli (2003), Schreiner, Schroeder-
Boersch, Schwarz and Scheller (2002), Shon et al. (2014, 2015), Taniguchi, Kakura,
Yamamoto, Kido and Yamazaki (2016)

Andreiotelli and Khol (2009b), Apratim et al. (2015), Assal (2013), Bosshardt, Chappuis

and Buser (2017), Buser, Sennerby and De Bruyn (2017), Chen, Moussi, Drury and
Wataha (2016), Depprich et al. (2014), Elnayef et al. (2017), Hafezeqoran and
Koodaryan (2017), Hisbergues, Vendeville and Vendeville (2009), Hobkirk and
Wiskott (2009), Kohal et al. ( 2008), Kumar, Jain, Jayesh, Parthasaradhi and
Venkatakrishnan (2015), Manzano et al. (2014), Ozkurt and Kazazoglu (2011),
Prithviraj, Deeksha, Regish and Anoop (2012), Van Dooren et al. (2012), Wenz et al.

Kirsten (2015), Oblak, Verdenik, Swain and Kosmac (2014), Zhu, Yang and Ma (2010),

Andreiotelli, Wenz and Kohal (2009a), Delgado-Ruiz et al. (2011)

Dubruille et al. (1999), Gredes, Kubasiewicz-Ross, Gedrange, Dominiak and Kunert-Keil

(2014), Langhoff et al. (2008), Lee et al. (2013), Sennerby et al. (2005)

Delgado-Ruiz et al. (2015), Depprich et al. (2008a), Kim et al. (2016), Thoma et al. (2016)

Bianchi et al. (2004), Tete, Mastrangelo, Bianchi, Zizzari and Scarano (2009)

Nordlund, Zetterqvist and Oden (1989)

Reason for exclusion Number  Studies
Experimental studies investigating 18

zirconia implants not compared to

titanium implants
Review articles 18

(2008)

In vitro studies 5
Data not clear for evaluation 5
Animal/experimental studies not 4

investigating BIC or RTQ/PI or

quantitative soft tissue parameters
Experimental studies investigating 2

titanium implants with a zirconia collar
Studies investigating alumina dental 1

implants
Experimental studies investigating 1 Sollazzo et al. (2008)

titanium implants coated with zirconia

the included studies in pigs, a high degree of heterogeneity was eval-
uated (titanium: 17 = 99.9%, p < 0.01; zirconia: I? = 99.4%, p < 0.01,
Figure 4). The difference between zirconia and titanium was statisti-
cally not significant (p = 0.43).

3.2.4 | Canines

Ten studies were included, and the follow-up periods ranged be-
tween 0.43 and 48 weeks. For unloaded and loaded titanium im-
plants placed in the mandible, mean value ranges of 40.9%-68.9%
and 51.4%-87.9%, respectively, were reported. Zirconia implants
demonstrated comparable results between 25.1% and 69.6% for
unloaded and between 44.7% and 87.7% for loaded implants. No
statistically significant differences between both materials were re-
ported (Table 4).

When quantitative surface topography parameters were pro-
vided, increased surface roughness was associated with increased
(Delgado-Ruiz et al., 2014a; Mihatovic, Golubovic, Becker & Schwarz,
2017) as well as with decreased BIC values (Mihatovic et al., 2017;
Oh et al., 2015), whereas the differences were statistically not sig-
nificant (p > 0.05).

The meta-analysis estimated mean BIC values of 60.4% (Cl:
52.8-68.0) and 60.3% (Cl: 52.3-68.3) for titanium and zirconia, re-
spectively. In addition, a high degree of heterogeneity was estimated
for titanium (I = 95.7%, p < 0.01) as well as for zirconia (1> =95.2%,
p < 0.01, Figure 5). The difference between both materials was sta-

tistically not significant (p = 0.46).

3.2.5 | Sheep

Only one study was included in the present review (Table 5). The au-
thors reported significantly increased BIC values for acid-etched zir-
conia (85.5%, Ra = 0.7 um) compared to acid-etched titanium implants
(79.0%, Ra = 0.7 um) after 12 weeks of unloaded healing in the femur
(p =0.002). Interestingly, after 12 weeks of loading in the mandible,
the differences were statistically not significant (zirconia: 72.2%; tita-
nium: 60.2%, p = 0.087; Siddiqi, Duncan, De Silva & Zafar, 2016).

3.2.6 | Monkeys

In cynomolgus monkeys, one study observed comparable results
for both materials after 56 weeks of follow-up and 20 weeks of
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BIC, Rats
Weeks Weeks Standard Bulk %
Author follow-up loading error material ES (95% Cl) Weight
T
Titanium :
Kohal et al. (2009) 2 0 Imputed Ti -4 : 29.80 (24.36, 35.24) 7.20
Kohal et al. (2009) 4 0 Imputed Ti :-0- 47.30 (41.86, 52.74) 7.20
Kohal et al. (2013) 2 0 Reported Ti L i 29.70 (26.14, 33.26) 7.36
Kohal et al. (2013) 4 0 Reported Ti :-0- 47.75 (44.10, 51.40) 7.35
Kohal et al. (2016) 2 0 Reported Ti : - 58.00 (52.10, 63.90) 7.15
Kohal et al. (2016) 4 0 Reported Ti : — 75.00 (67.05, 82.95) 6.91
Subtotal (/-squared = 97.1%, p = 0.000) O 47.67 (35.91, 59.44) 43.17
1
:
Zirconia :
Kohal et al. (2009) 2 0 Imputed YTZP Ib 45.30 (42.15, 48.45) 7.38
Kohal et al. (2009) 4 0 Imputed YTZP : *> 50.40 (56.25, 62.55) 7.38
Kohal et al. (2009) 2 0 Imputed ATZ —_—— : 30.90 (21.72, 40.08) 6.74
Kohal et al. (2009) 4 0 Imputed ATZ + 46.60 (37.42, 55.78) 6.74
Kohal et al. (2013) 2 0 Reported YTZP L : 24,25 (22.12, 26.38) 7.43
Kohal et al. (2013) 4 0 Reported YTZP Q; 40.05 (36.72, 43.38) 7.37
Kohal et al. (2016) 2 0 Reported ATZ - : 24.00 (17.89, 30.11) 713
Kohal et al. (2016) 4 0 Reported ATZ + 41.00 (31.21, 50.79) 6.65
Subtotal (/-squared = 98.2%, p = 0.000) O 38.96 (28.32, 49.61) 56.83
|
Overall (I-squared = 97.7%, p = 0.000) Q 42.72 (35.11, 50.33) 100.00
I
1
1

NOTE: Weights are from random effects analysis

10 100

FIGURE 2 Forest plot of the BIC analysis of titanium and zirconia implants placed in rats

loading. The authors evaluated mean values of 72.9% and 67.4%
for conventionally loaded, custom-made sandblasted and acid-
etched titanium and sandblasted zirconia implants, respectively.
The difference between both materials was statistically not sig-
nificant (p = 0.287). However, no quantitative surface roughness
characteristics were reported (Table 6; Kohal, Weng, Bachle &
Strub, 2004).

3.2.7 | Meta-Regression for BIC including all
animal models

Taking together all animal models, overall mean BIC values of
59.1% (Cl: 53.3-64.8) and 55.9% (Cl: 51.6-60.1) were evaluated
for titanium and zirconia implants, respectively. The meta-regres-
sion showed that implant material (zirconia compared to titanium
and YTZP compared to ATZ) did not have any significant effect
on the evaluated BIC values (p > 0.05, Figure 6a). In contrast to
that, a longer investigation and loading period was associated
with a significant increase in BIC. Interestingly, conventionally
loaded implants showed significantly increased BIC values com-
pared to unloaded and immediately loaded implants. In addition,

the statistical analysis revealed that the individual animal model
significantly influenced the evaluated BIC outcomes (p < 0.05,
Figure 6a,b).

3.3 | Removal torque out

A total of 10 experimental studies performed RTQ testing on tita-
nium and zirconia implants (Tables 1-6).

3.3.1 | Rabbits

Four studies that performed RTQ measurements were included. For
implants placed in tibia and femur, the mean values after unloaded
healing between 4 and 12 weeks were 10.6-75.0 Ncm for titanium
and 18.2-78.7 Ncm for zirconia (Table 2). Two studies reported sig-
nificant differences between both materials. In detail, significantly
decreased RTQ results were observed after 4 weeks of healing for
machined titanium (Sa = 0.30 pm) compared to two types of micro-
roughened injection molded zirconia implants that were sintered
using a smooth (Sa = 0.5 pm) or a rough mold (Sa = 2.0 um; Park
et al., 2013). In contrast to that, significantly increased values were
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BIC, Rabbits

Weeks Weeks  Standard  Bulk

Author follow-up loading error material
Titanium

Hoffmann et al. (2008) 2 0 Imputed Ti
Hoffmann et al. (2008) 4 0 Imputed Ti
Lee et al. (2009) 3 0 Reported Ti
Lee et al. (2009) 6 0 Reported Ti
Rocchietta et al. (2009) 4 0 Reported  Ti
Shin et al. (2011) 6 0 Reported  Ti
Hoffmann et al. (2012) 6 0 Reported  Ti
Hoffmann et al. (2012) 12 0 Reported Ti
Aboushelib et al. (2013) 4 0 Reported Ti
Park et al. (2013) 4 0 Reported Ti
Salem et al. (2013) 4 0 Reported  Ti
Salem et al. (2013) 8 0 Reported Ti
Salem et al. (2013) 12 0 Reported ~ Ti

Subtotal (/-squared = 99.6%, p = 0.000)

%

ES (95% Cl) Weight

_H 47.65 (37.00, 58.30)  3.39
| —— 79.85 (69.20, 90.50)  3.39
: * 77.60 (76.46, 78.74)  4.13
1

* 67.10 (65.26, 68.94)  4.11

—4-1'— 53.85 (42.50, 65.20)  3.31
—_—— 35.80 (22.29, 49.31)  3.06
- : 34.16 (27.83, 40.49) 3.84
- \ 34.82(29.94,39.70)  3.96
* 56.93 (55.22, 58.64)  4.12

- : 42.54 (38.60, 46.48)  4.02

R4 62.83 (62.13,63.53) 4.14

¢ 82.94 (81.94,83.94) 4.13

L 2 86.77 (85.66, 87.88)  4.13
59.22 (51.78,66.65)  49.74

>
-

Zirconia
Hoffmann et al. (2008) 2 0 Imputed YTZP 55.10 (44.04,66.16) 3.35
Hoffmann et al. (2008) 4 0 Imputed YTZP :—0— 71.45 (60.39, 82.51) 3.35
Lee et al. (2009) 3 0 Reported ~ YTZP e 65.77 (64.34, 67.20)  4.12
Lee et al. (2009) 6 0 Reported YTZP : * 67.60 (65.89,69.31) 4.12
Rocchietta et al. (2009) 4 0 Reported ~ YTZP - 40.17 (32.22, 48.11)  3.69
Shin et al. (2011) 6 0 Reported ~ ZrO2 —_— : 26.00 (15.34,36.66)  3.39
Hoffmann etal. (2012) 6 0 Reported ~ YTZP - 1 37.53(31.87,43.18)  3.90
Hoffmann etal. (2012) 12 0 Reported  YTZP - : 39.66 (33.67, 45.64)  3.87
Aboushelib et al. (2013) 4 0 Reported  YTZP * 59.34 (57.17,61.51)  4.10
Park et al. (2013) 4 0 Reported ~ ATZ :4- 63.03 (58.53, 67.52) 3.98
Salem et al. (2013) 4 0 Reported  YTZP 14 63.30 (62.16, 64.44) 4.13
Salem et al. (2013) 8 0 Reported ~ YTZP : * 79.19 (78.15,80.24)  4.13
Salem et al. (2013) 12 0 Reported YTZP 1 * 81.93 (80.73,83.12) 4.13
Subtotal (/-squared = 99.1%, p = 0.000) Q 58.41 (52.36, 64.45)  50.26
. 1
Overall (/-squared = 99.4%, p = 0.000) Q 58.83 (54.22, 63.45)  100.00
NOTE: Weights are from random effects analysis :
| I
10 100

FIGURE 3 Forest plot of the BIC analysis of titanium and zirconia implants placed in rabbits

reported for acid-etched titanium in comparison with sandblasted
zirconia implants after 6 and 12 weeks of healing. Interestingly, in
the same study, the differences between the investigated titanium
implants and zirconia implants with a laser-modified surface were
statistically not significant. However, the authors of the latter study
did not provide any quantitative surface roughness characteristics
(Hoffmann, Angelov, Zafiropoulos & Andreana, 2012). When dif-
ferent types of zirconia implant surfaces were investigated, two
studies found out that significantly increased RTQ values were as-
sociated with increased quantitative surface roughness values or
surface treatment procedures (Park et al., 2013; Salem et al., 2013).

The meta-analysis estimated mean RTQ values of 43.8 Ncm
(Cl: 26.1-61.4) and 44.6 Ncm (Cl: 29.5-59.7) for titanium and zir-
conia, respectively. In addition, a high degree of heterogeneity was
estimated for both materials (I2 =99.9%, p <0.01, Figure 7). The
difference between both materials was statistically not significant
(p =0.88).

3.3.2 | Pigs

Altogether, four studies investigated unloaded implants (Table 3).
For titanium, the mean value ranges for implants placed in max-
illa and mandible were 42.1-177.6 Ncm and 221.9-244.5 Ncm,
respectively, for healing periods between 4 and 13 weeks. With
regard to zirconia, the values ranged between 21.3 and 139.6 Ncm
(maxilla) and between 55.9 and 111.8 Ncm (mandible) for cor-
responding time points (Table 3). Three studies reported sig-
nificantly increased values for titanium compared to zirconia at
single follow-up time points, whereas significantly higher values
for titanium were associated with increased quantitative surface
roughness characteristics. In detail, compared to sandblasted
and acid-etched titanium implants (Sa = 1.20 pm), significantly
decreased values were observed for machined zirconia implants
(Sa=0.1 um) after 8 and 12 weeks and for sandblasted zirconia

implants (Sa = 0.6 um) after 8 weeks of healing. Interestingly, after
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Weeks Weeks Standard Bulk %

Author follow-up loading error material ES (95% Cl) Weight
Titanium 1
Depprich et al. (2008b) 1 0 Reported  Ti 4 47.70 (44.06, 51.34) 2.36
Depprich et al. (2008b) 4 0 Reported  Ti E 3 58.60 (54.80, 62.40) 2.36
Depprich et al. (2008b) 12 0 Reported  Ti 1 = 82.90 (78.62, 87.18) 2.35
Gabhlert et al. (2009) 4 0 Reported Ti L 1 23.50 (19.70, 27.30) 2.36
Gabhlert et al. (2009) 8 0 Reported  Ti —— 53.30 (39.33, 67.27) 2.10
Gahlert et al. (2009) 12 0 Reported Ti - 58.50 (52.73, 64.27) 2.33
Schliephake et al. (2010) 4 0 Reported Ti | == 69.30 (62.46, 76.14) 2.31
Schliephake et al. (2010) 13 0 Reported Ti 1 < 78.90 (76.58, 81.22) 2.37
Stadlinger et al. (2010) 4 0 Reported Ti - 53.00 (13.74,92.26) 1.15
Gahlert et al. (2012) 4 0 Reported Ti 1= 64.70 (60.36, 69.04) 2.35
Gahlert et al. (2012) 8 0 Reported  Ti 1 < 79.20 (78.41,79.99) 2.38
Gahlert et al. (2012) 12 0 Reported i 1 - 83.70 (78.94, 88.46) 2.34
Moller et al. (2012) 4 0 Reported  Ti K 2 64.10 (62.75, 65.45) 2.38
Moller et al. (2012) 12 0 Reported Ti 1 & 73.60 (72.49, 74.71) 2.38
Schierano et al. (2015) 1 0 Imputed  Ti L 2 1 31.00 (28.11, 33.89) 2.37
Schierano etal. (2015) 2 0 Imputed  Ti L 3 1 32.00 (29.11, 34.89) 2.37
Schierano et al. (2015) 4 0 Reported  Ti * 1 32.10 (30.53, 33.67) 2.38
Schierano etal. (2015) 8 0 Reported Ti L 2 | 35.30 (34.83,35.77) 2.38
Chappuis et al. (2016) 4 0 Imputed  Ti 1 - 82.30 (76.13, 88.47) 2.32
Chappuis et al. (2016) 8 0 Imputed  Ti 1 - 79.86 (73.69, 86.03) 2.32
Linares et al. (2016) 8 0 Imputed  Ti 1 - 84.29 (76.59, 91.99) 2.29
Subtotal (/-squared = 99.9%, p = 0.000) o 60.48 (50.00, 70.96) 47.91
. I
Zirconia 1
Depprich et al. (2008b) 1 0 Reported  YTZP = 1 35.30 (30.98, 39.62) 2.35
Depprich et al. (2008b) 4 0 Reported  YTZP - | 45.30 (39.02, 51.58) 2.32
Depprich et al. (2008b) 12 0 Reported  YTZP | = 71.40 (64.28, 78.52) 2.30
Gahlert et al. (2009) 4 0 Reported  YTZP < 1 27.10 (25.33,28.87) 2.37
Gahlert et al. (2009) 8 0 Reported  YTZP - 51.00 (43.92, 58.08) 2.30
Gahlert et al. (2009) 12 0 Reported  YTZP - 51.10 (44.82,57.38) 2.32
Schliephake et al. (2010) 4 0 Reported  YTZP --- 62.10 (56.08, 68.12) 2.32
Schliephake et al. (2010) 13 0 Reported  YTZP —— 56.10 (47.84, 64.36) 2.27
Stadlinger et al. (2010) 4 0 Reported  YTZP S o 50.50 (13.09, 87.91) 1.21
Gahlert et al. (2012) 4 0 Reported  YTZP - 70.00 (62.90, 77.10) 2.30
Gahlert et al. (2012) 8 0 Reported  YTZP B 67.10 (56.76, 77.44) 2.22
Gahlert et al. (2012) 12 0 Reported  YTZP —— 68.30 (57.13, 79.47) 2.19
Moller et al. (2012) 4 0 Reported  YTZP * 59.30 (57.71,60.89) 2.38
Moller et al. (2012) 12 0 Reported  YTZP & 67.10 (66.30, 67.90) 2.38
Schierano et al. (2015) 1 0 Imputed  ATZ L J 1 35.00 (33.65, 36.35) 2.38
Schierano et al. (2015) 2 0 Imputed  ATZ & | 42.00 (40.65, 43.35) 2.38
Schierano et al. (2015) 4 0 Reported ATZ & ! 45.40 (44.30, 46.50) 2.38
Schierano etal. (2015) 8 0 Reported  ATZ &/ 53.30 (51.71,54.89) 2.38
Chappuis et al. (2016) 4 0 Imputed  YTZP e 64.37 (54.76, 73.98) 2.24
Chappuis et al. (2016) 8 0 Imputed  YTZP —— 60.88 (51.27, 70.49) 2.24
Chappuis et al. (2016) 4 0 Imputed  ATZ I & 70.00 (67.12, 72.88) 2.37
Chappuis et al. (2016) 8 0 Imputed  ATZ * 57.04 (54.16,59.92) 2.37
Linares et al. (2016) 8 0 Imputed  YTZP ! —— 85.94(73.95,97.93) 2.16
Subtotal (/-squared = 99.4%, p = 0.000) <I> 56.09 (49.89, 62.29) 52.09
Overall (I-squared = 99.8%, p = 0.000) <P 58.27 (52.41, 64.13) 100.00
NOTE: Weights are from random effects analysis 1

| |

10 100

FIGURE 4 Forest plot of the BIC analysis of titanium and zirconia

4 weeks, the differences were statistically not significant (Gahlert
et al., 2007). Similar results were observed by Schliephake et al.
(2010) who evaluated significantly increased results for sand-
blasted and acid-etched titanium (Sa = 2.6 um) compared to
zirconia implants with a sandblasted (Sa = 1.0 pm) and with a sand-
blasted and acid-etched surface (Sa = 1.2 pm) after 4 and 13 weeks
of healing in the mandible. In addition, significantly increased RTQ
values were evaluated in another study for sandblasted and acid-
etched titanium implants (Sa = 1.2 um) compared to acid-etched
zirconia implants (Sa = 0.6 pm) after 4 weeks of healing. However,
after 8 and 12 weeks the differences were statistically not signifi-
cant (Bormann et al., 2012). Moreover, two of the latter studies
reported significant differences between the investigated zirconia

implants, indicating higher RTQ values for implants with increased

implants placed in pigs

quantitative surface roughness (Gahlert et al., 2007; Schliephake
et al., 2010).

The meta-analysis estimated a mean RTQ value of 127.8 Ncm
(Cl: 89.8-165.7) for titanium and 72.7 Ncm (Cl: 52.6-92.7) for zirco-
nia. For the included studies in pigs, a high degree of heterogeneity
was evaluated (titanium: 1% = 99.2%, p < 0.01; zirconia: > = 98.1%,
p < 0.01, Figure 8). The difference between zirconia and titanium

was statistically significant (p = 0.01).

3.3.3 | Canines

Only one study evaluated RTQ on immediately loaded implants and
the reported mean values ranged between 71.3 and 227.0 Ncm

for titanium and between 64.1 and 240.2 Ncm for zirconia.
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Weeks Weeks Standard Bulk

%

Author follow-up loading error material ES (95% CI) Weight
Titanium :
Koch et al. (2010) 16 0 Reported  Ti - 40.91 (32.82, 49.00) 3.48
Delgado-Ruiz et al. (2014a) 12 12 Reported Ti - | 50.00 (45.84, 54.16) 3.69
Calvo-Guirado et al. (2015) 4 4 Reported  Ti - : 51.36 (46.55, 56.17) 3.66
Calvo-Guirado et al. (2015) 12 12 Reported ~ Ti - 61.73 (55.22, 68.24) 3.58
Igarashi et al. (2015) 12 12 Imputed Ti —— 68.90 (59.71, 78.09) 3.40
Montero et al. (2015) 20 0 Reported  Ti —0-;- 56.50 (49.44, 63.56) 3.54
Oh et al. (2015) 12 0 Reported Ti —— 57.90 (42.74, 73.06) 291
Thoma et al. (2015) 48 24 Reported i : —4—  87.85(80.16,95.54)  3.50
Mihatovic et al. (2017) .43 0 Reported i - I 42.26 (37.41, 47.11) 3.66
Mihatovic et al. (2017) 2 0 Reported  Ti - 62.19 (57.24, 67.14) 3.66
Mihatovic et al. (2017) 10 0 Reported  Ti —o— 58.59 (50.63, 66.55)  3.49
Janner et al. (2017) 10 4 Reported Ti 1 - 76.88 (73.62, 80.14) 3.72
Janner et al. (2017) 22 16 Reported  Ti . 69.76 (65.38, 74.14)  3.68
Subtotal (/-squared = 95.7%, p = 0.000) 0 60.38 (52.81, 67.95)  45.95

1
Zirconia :
Koch et al. (2010) 16 0 Reported ~ YTZP —— 57.47 (48.92, 66.02) 3.45
Delgado-Ruiz et al. (2014 a) 12 12 Reported ~ YTZP - ! 52.25 (48.61, 55.89) 3.71
Calvo-Guirado et al. (2015) 4 4 Reported ~ YTZP —— : 44.68 (37.61, 51.75) 3.54
Calvo-Guirado et al. (2015) 12 12 Reported ~ YTZP - 47.94 (41.48, 54.40) 3.58
Igarashi et al. (2015) 12 12 Imputed YTZP —-I‘— 62.70 (52.79, 72.61) 3.35
Igarashi et al. (2015) 12 12 Imputed ATZ —0— 58.70 (45.71, 71.69) 3.10
Montero et al. (2015) 20 0 Reported ~ ATZ - 57.00 (49.55, 64.45)  3.52
Oh et al. (2015) 12 0 Reported YTZP + 65.15 (46.70, 83.60) 2.62
Thoma et al. (2015) 48 24 Reported  YTZP | ~—— 87.71(73.53,101.89) 299
Thoma et al. (2015) 48 24 Reported ~ ATZ | —— 78.58 (68.81, 88.35) 3.36
Thoma et al. (2015) 48 24 Reported ~ ZrO2 : ——  84.17 (69.99, 98.35) 2.99
Mihatovic et al. (2017) .43 0 Reported ~ ZrO2 --- 1 28.02 (22.92, 33.12) 3.65
Mihatovic et al. (2017) 8 0 Reported ~ ZrO2 —0—: 49.37 (39.50, 59.24)  3.35
Mihatovic et al. (2017) 10 0 Reported ~ ZrO2 —01 52.76 (45.08, 60.45) 3.50
Janner et al. (2017) 10 4 Reported  YTZP 1 - 75.58 (71.28, 79.88) 3.68
Janner et al. (2017) 22 16 Reported ~ YTZP | o 71.15 (66.53, 75.77)  3.67
Subtotal (/-squared = 95.2%, p = 0.000) é 60.30 (52.27, 68.34) 54.05
. I
Overall (/-squared = 95.4%, p = 0.000) ¢ 60.29 (54.89, 65.69) 100.00
NOTE: Weights are from random effects analysis :

| |
10 100

FIGURE 5 Forest plot of the BIC analysis of titanium and zirconia implants placed in canines

Significantly increased values for sandblasted and acid-etched
titanium implants (Ra = 1.8 um) compared to sandblasted zirco-
nia implants (Ra = 1.3 pm) after 4, 8, and 12 weeks of immediate
loading were observed. However, no significant differences were
found in the same study between sandblasted and acid-etched
titanium implants and zirconia implants with a laser-modified sur-
face (Ra = 2.4 and 9.5 pm for titanium and zirconia, respectively).
Higher quantitative surface roughness was associated with a sta-
tistically significant increase in RTQ for zirconia implants (Table 4;
Delgado-Ruiz et al., 2014b).

3.3.4 | Sheep

Only one study was included in the present review. The authors re-
ported significantly increased RTQ values for titanium implants with
different surface topographies (Sa = 1.2-2.2 um) compared to sand-
blasted and acid-etched zirconia implants (Sa = 1.1 pm) only after 8

but not after 2 and 4 weeks of unloaded healing (p < 0.05, Table 5,
Ferguson et al., 2008).

3.3.5 | Meta-regression for RTQ including all
animal models

Taking together all animal models, a mean overall RTQ value of
102.6 Ncm (Cl: 81.5-123.6) was estimated for titanium and 71.5 Ncm
(Cl: 51.1-91.9) for zirconia. The meta-regression estimated that zir-
conia implants showed statistically significant reduced RTQ values
compared to titanium implants (p < 0.05, Figure 9a). In contrast, zir-
conia implant bulk material (YTZP compared to ATZ) did not have
any significant effect on RTQ. Moreover, a longer investigation and
loading period was associated with a significantly increase in RTQ.
Interestingly, conventionally loaded implants showed increased RTQ
compared to unloaded implants. However, this difference was statis-
tically not significant (p > 0.05, Figure 9a). In addition, the statistical
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FIGURE 6 (a, b) Effects of single factors on BIC analysis of
zirconia implants. lllustrated are the estimated coefficients,
including 95% confidence intervals. Coefficients >0 imply a positive
effect on BIC, and coefficients <0, a negative effect on BIC. All
single 95% confidence intervals crossing the zero line imply no
significant effect on BIC

analysis revealed that the individual animal model significantly influ-

enced the evaluated RTQ outcomes (p < 0.05, Figure 9a,b).

3.4 | Push-in evaluation

Altogether, three studies in rats were included. For titanium, the values
ranged between 7.3 and 49.0 N and between 9.3 and 45.8 N for zirconia
after healing periods between 2 and 4 weeks (Table 1). In all included
studies, significant differences between titanium and zirconia were re-
ported at single follow-up time points. In two studies, titanium as well
as zirconia implants with different surface characteristics were investi-
gated. For both materials, increased surface roughness was correlated
with increased Pl values. In detail, significantly increased PI values
after 4 weeks were observed for electrochemically anodized titanium
(Ra=0.3 pm) compared to machined zirconia implants (Ra = 0.1 pm).
Interestingly, the difference between the same type of titanium im-
plants compared to zirconia implants that were sintered using a rough

mold (Ra = 0.4 um) was statistically not significant (Kohal et al., 2009).
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In addition, significantly higher values were reported for electrochemi-
cally anodized titanium implants (Sa = 1.3 pm) compared to zirconia
implants with a machined (Sa=0.2 pm) or a sandblasted and acid-
etched surface (Sa = 1.0 um) after 4 weeks of healing. Interestingly,
the sandblasted and acid-etched zirconia implants demonstrated sig-
nificantly increased results compared to machined titanium implants
(Sa =0.6 pm; Kohal et al., 2013). In contrast to the findings of the lat-
ter study, in one investigation, significantly decreased Pl values for
zirconia implants sintered with pore-building polymers compared to
electrochemically anodized titanium implants after 2 weeks of healing
were associated with an increased surface roughness value (titanium:
Sa = 1.3 pm; zirconia: Sa = 1.5 pm; Kohal et al., 2016).

Meta-analysis estimation revealed a mean Pl value of 25.1 N
(Cl: 20.2-30.0) for titanium and 22.0 N (Cl: 13.2-30.7) for zirconia.
For the evaluated studies, a high degree of heterogeneity was eval-
uated (titanium: I = 81.6%, p < 0.01; zirconia: 1> = 98.5%, p < 0.01,
Figure 10).

The meta-regression analysis showed that implant material (zir-
conia compared to titanium and YTZP compared to ATZ) did not have
any significant effect on the evaluated Pl values. In addition, a longer
follow-up period was associated with an increase in Pl. However, the
differences were statistically not significant (p > 0.05, Figure 11).

3.5 | Soft tissue integration

With regard to quantitative and qualitative peri-implant soft tissue
dimensions, six studies using three different animal models were in-
cluded in the present review. Unloaded, immediately and conven-
tionally loaded implants were investigated for follow-up periods
between 8 and 56 weeks (Table 7).

Qualitatively, typical epithelial structures such as keratinized
oral epithelium, not keratinized sulcular epithelium, and a thin layer
of junctional epithelium in direct contact with the implant surface
could be observed around zirconia implants. However, single obser-
vations reported a keratinized sulcular epithelium around unloaded
tissue-level zirconia implants after 8 weeks of follow-up (Linares
et al., 2016). Below the epithelial tissue, a connective tissue zone
separates the bone tissue from the junctional epithelium (lgarashi
etal, 2015; Koch, Weng, Kramer & Wagner, 2013; Kohal etal.,
2004; Linares et al., 2016). In the connective tissue zone, collagen
fibers are mainly aligned parallel to the zirconia implant surface
(Igarashi et al., 2015).

Quantitatively, for zirconia, mean values of 1.4-3.6 mm, 0.5-
1.6 mm, and 2.7-5.1 mm were reported for ETL, CTC, and BW
dimensions. The mean values for titanium were 1.3-2.9 mm, 1.2-
2.4 mm, and 2.8-5.2 mm, respectively, for corresponding param-
eters (Delgado-Ruiz et al., 2014a; Igarashi et al., 2015; Koch et al.,
2013; Kohal et al., 2004; Linares et al., 2016; Thoma et al., 2015).

3.5.1 | Pigs

Only one study investigated unloaded implants after 8 weeks of

healing. The authors evaluated comparable soft tissue parameters
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RTQ, Rabbits

Weeks Weeks Standard Bulk %

Author follow-up loading error material ES (95% Cl) Weight
1

Titanium 1
1

Shin et al. (2011) 6 0 Reported Ti —— : 10.90 (6.05, 15.75) 6.63

Hoffmann et al. (2012) 6 0 Reported Ti —0—1- 39.82 (34.18, 45.46) 6.59

Hoffmann et al. (2012) 12 0 Reported Ti :+ 51.91 (45.45, 58.37) 6.55

Park et al. (2013) 4 0 Reported Ti < : 10.56 (8.24, 12.88) 6.70
1

Salem et al. (2013) 4 0 Reported Ti * 43.58 (42.73, 44.43) 6.72
1

Salem et al. (2013) 8 0 Reported Ti 1 * 74.26 (73.05, 75.47) 6.72
1

Salem et al. (2013) 12 0 Reported Ti 1 * 74.96 (73.63, 76.29) 6.71

Subtotal (/-squared = 99.9%, p = 0.000) <> 43.75 (26.11, 61.40) 46.62
1
1

Zirconia |
1

Rocchietta et al. (2009) 4 0 Reported YTZP - 38.10 (33.36, 42.84) 6.63
I

Shin et al. (2011) 6 0 Reported 102 * ! 18.20 (16.53, 19.87) 6.71
1

Hoffmann et al. (2012) 6 0 Reported YTZP -0 : 27.10 (22.75, 31.45) 6.64

Hoffmann et al. (2012) 12 0 Reported YTZP —— : 36.34 (30.25, 42.43) 6.57

Park et al. (2013) 4 0 Reported ATZ : - 54.31 (50.75, 57.87) 6.67
I

Salem et al. (2013) 4 0 Reported YTZP ‘I 40.98 (39.91, 42.05) 6.72
1

Salem et al. (2013) 8 0 Reported YTZP 1 * 70.59 (69.67, 71.51) 6.72
1

Salem et al. (2013) 12 0 Reported YTZP i * 71.17 (70.11, 72.23) 6.72

Subtotal (/-squared = 99.9%, p = 0.000) <> 44.65 (29.57, 59.72) 53.38
1

Overall (/-squared = 99.8%, p = 0.000) ¢ 44.24 (33.74, 54.74) 100.00
1

NOTE: Weights are from random effects analysis !
1

| I
10 80

FIGURE 7 Forest plot of the RTQ analysis of titanium and zirconia implants placed in rabbits

resulting in similar ETL, CTC, and BW proportions for titanium
(BW = 3.7 mm) and zirconia (BW = 3.6 mm). However, a signifi-
cantly shorter sulcular and a longer junctional epithelium for zirconia
(0.8 mm = 0.3 and 1.2 mm £ 0.5, respectively) compared to titanium
(1.4 mm £ 0.6 and 0.8 mm = 0.5, respectively) were evaluated after
8 weeks. Moreover, the authors reported a significantly increased
collagen organization on zirconia compared to titanium and con-
cluded a more mature and pronounced soft tissue integration for
this ceramic implant than for a standard titanium implant (Linares
etal., 2016).

3.5.2 | Canines

Four studies evaluated unloaded as well as loaded implants.
Comparable ETL, CTC, and BW values were reported for titanium
and zirconia after follow-up periods between 8 and 56 weeks
(Table 7). In detail, submerged or non-submerged healing did not
have any significant effect on soft tissue integration and BW pro-
portions of unloaded 1-piece tissue-level zirconia and titanium im-
plants after 16 weeks of healing. Interestingly, the position of the
micro-gap seemed to be relevant since the submerged implants
that required a 0.5-1 mm deeper placement of the implant shoulder

tended to have a lower mucosal height compared to non-submerged
implants. However, this difference was statistically not significant
(p > 0.05; Koch etal.,, 2013). In addition, unloading or immediate
loading of non-submerged 1-piece tissue-level zirconia and 2-piece
bone-level titanium implants did not have any significant effect
(p > 0.05) on the total BW proportions after 12 weeks of healing.
However, detailed information with regard to SD, JE, and CTC di-
mensions was not provided (Delgado-Ruiz etal., 2014a). Similar
results were shown when different zirconia implant materials (yt-
tria-stabilized zirconia implants compared to partially stabilized
zirconia/alumina nanocomposite implants) were investigated and
compared to titanium implants after 12 weeks of immediate loading
in canines. No significant differences were reported between the
evaluated implants with regard to ETL, CTC, and BW. Interestingly,
increased epithelial tissue length was associated with decreased
BW and CTC (lgarashi et al., 2015). Moreover, one study compared
1-piece tissue-level and 2-piece bone-level zirconia implants using
2-piece titanium tissue-level implants as control. Overall, after
48 weeks of follow-up and 24 weeks of loading, similar results with
regard to ETL and BW were reported. However, the individual zirco-
nia implant design had an effect on the peri-implant mucosal height
(Thoma et al., 2015).
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RTQ, Pigs

Weeks Weeks Standard Bulk

Author follow-up loading error material
Titanium

Gahlert et al. (2007) 4 0 Imputed Ti
Gabhlert et al. (2007) 8 0 Imputed Ti
Gabhlert et al. (2007) 12 0 Imputed Ti
Gabhlert et al. (2010) 4 0 Reported Ti
Gabhlert et al. (2010) 8 0 Reported Ti
Gahlert et al. (2010) 12 0 Reported Ti
Schliephake et al. (2010) 4 0 Reported Ti
Schliephake et al. (2010) 13 0 Reported Ti
Bormann et al. (2012) 4 0 Reported Ti
Bormann et al. (2012) 8 0 Reported Ti
Bormann et al. (2012) 12 0 Reported Ti

Subtotal (/-squared = 99.2%, p = 0.000)

Zirconia

Gabhlert et al. (2007) 4 0 Imputed YTZP
Gabhlert et al. (2007) 8 0 Imputed YTZP
Gahlert et al. (2007) 12 0 Imputed YTzZP
Gahlert et al. (2010) 4 0 Reported YTZP
Gahlert et al. (2010) 8 0 Reported YTZP
Gabhlert et al. (2010) 12 0 Reported YTZP
Schliephake et al. (2010) 4 0 Reported YTZP
Schliephake et al. (2010) 13 0 Reported YTZP
Bormann et al. (2012) 4 0 Reported YTZP
Bormann et al. (2012) 8 0 Reported YTZP
Bormann et al. (2012) 12 0 Reported YTZP

Subtotal (/-squared = 98.1%, p = 0.000)

Overall (/-squared = 99.1%, p = 0.000)

NOTE: Weights are from random effects analysis

%

ES (95% Cl) Weight
|
- 75.70 (60.29, 91.11) 450
: - 132.80 (117.39, 148.21) 450
-0:- 98.90 (83.49, 114.31) 450
- 1 42.10 (34.62, 49.58) 458
- : 75.00 (65.26, 84.74) 456
- : 73.10 (58.62, 87.58) 452
I =9~ 24450 (230.54, 258.46) 452
: - 221.90 (211.06, 232.74) 455
: < 131.60 (121.83, 141.37) 456
I & 132.60 (125.44, 139.76) 4.58
: - 177.60 (163.44, 191.76) 452
I<> 127.77 (89.82, 165.72) 49.91
1
i
- : 29.75 (18.54, 40.96) 455
- 1 33.55 (22.34, 44.76) 455
- : 26.30 (15.09, 37.51) 455
& : 42.40 (37.17, 47.63) 459
* 69.60 (60.90, 78.30) 457
> : 69.30 (60.92, 77.68) 457
-0-: 83.85 (71.69, 96.01) 454
- 99.85 (84.27, 115.43) 450
:0 109.90 (103.26, 116.54) 458
0;- 97.40 (89.36, 105.44) 458
| - 139.60 (124.06, 155.14) 450
O : 72.67 (52.60, 92.73) 50.09
1

é 100.22 (78.00, 122.44) 100.00
T
1

I I
10 250

FIGURE 8 Forest plot of the RTQ analysis of titanium and zirconia implants placed in pigs

3.5.3 | Monkeys

One study investigated zirconia and titanium implants with a 2-piece
tissue-level design, respectively. The authors reported no significant
differences between both types of implants after 56 weeks of fol-
low-up and 20 weeks of functional loading (p > 0.05). However, zir-
conia implants revealed decreased CTC (1.5 mm) and BW (4.5 mm)
but similar ETL (2.9 mm) proportions compared to titanium (CTC:
2.4 mm; BW: 5.2 mm; ETL: 2.9 mm (Kohal et al., 2004)).

3.5.4 | Meta-analysis and meta-regression for BW
including all animal models

The meta-analysis for BW proportions estimated mean values of
3.5 mm (Cl: 2.9-4.2) and 3.2 mm (Cl: 2.7-3.7) for titanium and zir-
conia, respectively. For the included studies, a high degree of het-
erogeneity was evaluated for titanium (1 =92.9%, p < 0.01) and for
zirconia (I? = 93.0%, p < 0.01, Figure 12).

The meta-regression showed that implant material (zirconia

compared to titanium and YTP compared to ATZ) and time period of

follow-up respectively loading period did not have any significant ef-
fect on the reported BW dimensions (p > 0.05, Figure 13). Moreover,
unloaded and conventionally loaded protocols showed similar BW
values. Interestingly, significantly increased BW dimensions were
evaluated for immediately loaded compared to conventionally
loaded implants (p < 0.05, Figure 13).

4 | DISCUSSION

BIC was evaluated as one of the primary outcomes. Statistically sig-
nificant differences between titanium and zirconia were observed
in only 10 out of the 31 included studies, whereas significantly
higher values were reported for unloaded zirconia (Aboushelib
et al.,, 2013b; Park et al., 2013; Salem et al., 2013; Schierano et al.,
2015; Siddiqi et al., 2016) as well as for unloaded titanium implants
(Chappuis et al., 2016; Kohal et al., 2013, 2016; Lee et al., 2009;
Schliephake etal.,, 2010). Surprisingly, when directly comparing
both materials, similar BIC values were not always associated with
equivalent quantitative surface topography characteristics (Gahlert
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FIGURE 9 (a, b) Effects of single factors on RTQ analysis

of zirconia implants. lllustrated are the estimated coefficients,
including 95% confidence intervals. Coefficients >0 imply a positive
effect on RTQ, and coefficients <0, a negative effect on RTQ. All
single 95% confidence intervals crossing the zero line imply no
significant effect on RTQ

et al., 2009, 2012; Janner et al., 2018). Thus, also zirconia implants
with decreased surface roughness values compared to control ti-
tanium implants can reach similar BIC results. This finding may be
based on a high osseointegrative/osseoconductive capacity of zir-
conia implants. The meta-analyses and meta-regressions revealed
no significant differences between titanium and zirconia within the
individually evaluated animal models as well as when the different
animal models were combined (titanium: 59.1%, Cl: 53.3-64.8; zirco-
nia: 55.9%, Cl: 51.6-60.1, Figures 2-6). Thus, both types of implant
materials showed a similar osseous integration from a histomorpho-
metrical point of view and not only quantitative surface roughness
but also the manufacture processes creating micro-rough surface to-
pographies seem to be important factors for the osseous integration
process of zirconia implants. The evaluated results are in accordance
with previously published systematic reviews, which reported simi-
lar mean BIC values for zirconia implants (Andreiotelli et al., 2009b;
Pieralli et al., 2018; Wenz, Bartsch, Wolfart & Kern, 2008). Presently,
the meta-regression showed that implant loading protocols, length

of follow-up, respectively, loading period, and animal type had sig-
nificant effects on the evaluated BIC outcomes. Thus, comparing
results from experimental studies using different animal models
is rather controversial. However, it should be noted that zirconia
tended to demonstrate lower BIC values compared to titanium ac-
cording to the results of the meta-regressions.

As additional primary outcomes, RTQ and Pl were analyzed.
Combining all animal models, the statistical analysis revealed sig-
nificantly decreased RTQ values for zirconia compared to titanium.
However, it must be noticed that the type of animal model and the
length of the follow-up and loading period had significant effects
on the RTQ outcomes. Regarding the individual animal models, con-
tradictory results were evaluated, whereas significant differences
between titanium and zirconia could only be evaluated for implants
placed in pigs. In contrast, the differences between both materi-
als were statistically not significant for implants placed in rabbits.
Thus, the reported results might not just be based on material
characteristics—titanium compared to zirconia—but also on the in-
dividual study protocol and animal species. Similar findings were re-
ported in a previously published meta-analysis (Pieralli et al., 2018).
Moreover, significant differences between both materials were
also attributed to surface roughness and not to material character-
istics, indicating reduced RTQ values for implants with decreased
quantitative implant surface characteristics (Bormann et al., 2012;
Delgado-Ruiz et al., 2014b; Ferguson et al., 2008; Gahlert et al.,
2007; Park etal., 2013; Schliephake etal., 2010). Interestingly,
contradictory results were evaluated in single studies. The authors
reported that zirconia implants with decreased surface roughness
could reach equivalent RTQ values compared to control titanium
implants with increased surface roughness (Bormann et al., 2012;
Gahlert et al., 2010). A previously published meta-analysis evalu-
ated no significant differences between titanium and zirconia im-
plants regarding RTQ combining different animal models. However,
the individual animal models had significant effects on the reported
outcomes (Pieralli et al., 2018).

With regard to Pl evaluations, the presently performed meta-
analysis estimated comparable results for unloaded titanium and
zirconia implants, indicating similar biomechanical shear strength for
both materials. A previously published meta-analysis reported mean
values of more than 50 N (Pieralli et al., 2018). However, the latter
review included more studies and did not exclusively focus on ex-
periments directly comparing titanium and zirconia implants. In the
present review, significant Pl differences between titanium and zir-
conia were related to surface topography characteristics and not to
material properties (Kohal et al., 2009, 2013). Moreover, one study
reported that significantly decreased Pl values for zirconia compared
to titanium were associated with an increased surface roughness
value (Kohal et al., 2016). However, this contradictory finding might
be explained by a different push-in testing protocol that was used in
the latter study and not by surface topography characteristics of the
investigated implants.

The peri-implant soft tissue integration was evaluated as

secondary outcome. For titanium implants, experimental studies
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Push, Rats
Weeks Weeks Standard Bulk %

Author follow-up loading error material ES (95% Cl) Weight

1
— 1

Titanium 1
1

Kohal et al. (2009) 4 0 Imputed Ti —— 20.65 (15.08, 26.22) 8.85
1
1

Kohal et al. (2013) 2 0 Reported Ti —-0'— 22.65 (17.83, 27.47) 9.02
1

Kohal et al. (2013) 4 0 Reported Ti e 28.15 (25.67, 30.63) 9.43
1

Kohal et al. (2016) 2 [} Reported Ti —0-—: 20.00 (15.63, 24.37) 9.12
1

Kohal et al. (2016) 4 0 Reported Ti | e—— 39,00 (29.02, 48.98) 7.57
1

Subtotal (/-squared = 81.6%, p = 0.000) O 25.11 (20.18, 30.03) 43.99
1
1
1

Zirconia !
1
1

Kohal et al. (2009) 4 0 Imputed YTZP | ——  45.80 (41.52, 50.08) 9.14
1

Kohal et al. (2009) 4 0 Imputed ATZ - ! 9.30 (7.04, 11.56) 9.45
1
|

Kohal et al. (2013) 2 0 Reported YTZP —_—— 22.35 (17.61, 27.09) 9.04
1

Kohal et al. (2013) 4 0 Reported YTZP - 19.95 (17.28, 22.62) 9.40
1
1

Kohal et al. (2016) 2 0 Reported ATZ - | 10.00 (8.1, 11.89) 9.49
1

Kohal et al. (2016) 4 0 Reported ATZ - 25.00 (22.98, 27.02) 9.48
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FIGURE 10 Forest plot of the Pl analysis of titanium and zirconia implants placed in rats
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FIGURE 11 Effects of single factors on Pl analysis of zirconia
implants placed in rats. lllustrated are the estimated coefficients,
including 95% confidence intervals. Coefficients >0 imply a positive
effect on PI, and coefficients <0, a negative effect on PI. All single
95% confidence intervals crossing the zero line imply no significant
effect on Pl

have reported that the epithelial tissue consists of a keratinized
oral epithelium, which turns into a not keratinized sulcular epi-
thelium at the top of the papilla, and a junctional epithelium in

direct contact with the implant surface. Below the junctional
epithelium, there is a gingival connective tissue that separates
bone from epithelium (Cochran et al., 1997). Same qualitative
results were reported in the present review for 1- and 2-piece
tissue-level zirconia implants, indicating similar qualitative soft
tissue integration (lgarashi et al., 2015; Koch et al., 2013; Kohal
et al.,, 2004, Linares et al., 2016). However, faster maturation
processes of epithelial and connective tissues around zirconia
implants were assumed in single observations indicated by a
shorter sulcular epithelium and a higher grade of collagen organi-
zation (Linares et al., 2016). The presently performed meta-anal-
ysis estimated a similar quantitative soft tissue integration for
zirconia compared to titanium implants. In addition, the meta-re-
gression showed that implant material and an increased follow-
up respectively loading period did not have significant effects
on BW dimensions. Consequently, the BW is a stable structure
that forms around both types of materials. Interestingly, imme-
diate loading caused a statistically significant increase in BW
compared to conventional loading and might be explained with
a faster soft tissue maturation process for immediately loaded
implants. However, it must be noticed that BW dimensions are
not just dependent on material properties but also on implant

design—tissue level compared to bone level (Hermann et al.,
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FIGURE 12 Forest plot of the BW analysis of titanium and zirconia implants placed in all included animal models [Colour figure can be

viewed at wileyonlinelibrary.com]

2001). Additionally, the present review has shown that BW di-
mensions are independent from loading (unloading or immedi-

ate loading) and surgical protocol (submerged or non-submerged

-0.2
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0.014
ATZ A
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FIGURE 13 Effects of single factors on BW analysis of zirconia
implants. lllustrated are the estimated coefficients, including 95%
confidence intervals. Coefficients >0 imply a positive effect on
BW, and coefficients <0, a negative effect on BW. All single 95%
confidence intervals crossing the zero line imply no significant
effect on BW

healing) but dependent on implant design and position of the
micro-gap between implant and prosthetic suprastructure. Same
observations were previously reported in experimental studies
investigating titanium implants (Bakaeen, Quinlan, Schoolfield,
Lang & Cochran, 2009; Hermann, Buser, Schenk, Higginbottom
& Cochran, 2000; Hermann et al., 2001).

As limiting factor for the present review, it must be noticed
that implant surface characteristics were not considered as con-
founding factors regarding the meta-analyses since quantita-
tive surface roughness parameters were infrequently reported
in the included studies. This lack of information with regard to
the implant surface makes a comparison and interpretation of
the results between specific experimental investigations hardly
possible, since a machined surface in one study could be equiv-
alent with a moderately roughened surface in another. Similar
lack of information was reported in previous systematic reviews
on the preclinical performance of zirconia implants (Hafezeqoran
& Koodaryan, 2017; Manzano et al.,2014). Moreover, it must be
noted that a comparison of single surface roughness parameters
reported in different studies is not reasonable since standards
and techniques of the used surface metrology may substantially
vary and a successful osseointegration is not exclusively linked to
one particular surface feature (Jarmar et al., 2008; Wennerberg &
Albrektsson, 2010).
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5 | CONCLUSIONS

Micro-rough zirconia implants demonstrate a similar osseointegra-
tive capacity compared to micro-rough titanium implants under un-
loaded and loaded conditions. However, titanium tended to show a
faster initial osseointegration process compared to zirconia. With
regard to peri-implant soft tissues, qualitatively and quantitatively
similar soft tissue integration was reported for zirconia compared
to titanium implants. Thus, similar physiological processes might
be supposed for both materials with regard to morphogenesis of
peri-implant soft and hard tissues. Importantly, it must be consid-
ered that not only material characteristics—ceramics compared to
titanium—but also predominantly the animal species and the study
protocol can significantly influence the results from experimental
studies.
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