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Abstract: The advent of zirconia ceramics with excellent mechanical, biomechanical and optical properties has
made it an attractive metal-free substitute for titanium implants. Both animal and human studies have
documented shortcomings with titanium implants. A mapping review of the current literature on 3 iterations
of zirconia implant designs has been challenging due to heterogeneous success data and limited follow-up.
Zirconia implants hold promise for a new generation of dental implants, but technical developments are
needed for design and material enhancements that will need to be validated by long-term rigorous studies.
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1. Introduction

When Branemark introduced osseointegration to North America at the Toronto Conference, in
1982, it was considered a quantum leap in the replacement of missing teeth with an implant that
could mimic nature. With the continual optimization of macro- and microgeometry of dental
implants and clinical techniques, implant survival rates have reached 96.4% in al0-year follow-up.!
However, the prevalence of peri-implantitis and its intractability to treatment has called into question
whether titanium is the “gold standard” for dental implants.? In fact, there has been a growing
confluence of forces, catalyzed by a cosmetic zeitgeist, in support of a metal-free alternative such as
zirconia that could potentially address biological, esthetic, and sensitivity concerns with titanium
implants.

Accumulations of titanium particles have been detected in regional lymph nodes, bones and
distant organs after implant placement in the jaw.>* Moreover, when titanium was placed in contact
with fluoride in the saliva, a corrosion process has been demonstrated.’ Sridhar et al. also found that
bacterial biofilms potentiated oxidation on the surface of titanium implants in an acidic environment.¢
The longer implants were in situ, researchers found higher concentrations of corrosion products.
There was also a synergistic effect of bacteria biofilm and cyclic occlusal loading (tribocorrosion),
negatively affecting the surface of titanium dental implants. It has been reported that early formed
biofilms have shown a higher accumulation on titanium implants compared with zirconia implants.”
Furthermore, zirconia has been documented to have a lower surface energy and wettability than
titanium.5°

Another limitation of titanium is its grey color which is difficult to mask in patients with a thin
gingival biotype, compromising the cosmetic outcome.!® A 5-year cumulative esthetic complication
rate of 7% has been reported with titanium implants.! Continual craniofacial growth has been shown
to lead to labialization of anterior implants over a lifetime.’> Given the growing cosmetic demand by
12% per year, fueled by the media, patients are becoming highly discriminating when there is even a
slight discrepancy in the gingival color scalloping an implant restoration in the esthetic zone.!34
Using the Pink Esthetic Score (PES), the esthetic superiority of zirconia implants has been established,
compared to titanium.’> Without soft tissue grafting, zirconia implants led to less discoloration of the
mucosa than titanium implants.’¢

Allergy to metals has also been implicated in autoimmunity and a putative link to
neuroendocrinology.”® Investigators have postulated that in vivo, metal ions activate T-cells, via
cytokines, affect the hypothalamus-pituitary-adrenal axis. While titanium allergy has been estimated
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at a low prevalence (0.6%), a significantly higher risk of an allergic reaction was found in patients
with a predilection for a post-operative allergy compatible response.?? For these patients, an allergy
test would be propitious to perform. Hypersensitivity reactions to zirconia, on the other hand are
rare.?!

Zirconium dioxide (ZrO2), a chemically inert material, is most often applied in dentistry as 3
mol% yittria-stabilized tetragonal zirconia polycrystal (3Y-TZP) to afford a flexural strength similar
to titanium alloy, while having comparable osteoconductivity.222 This strength is achieved through
a mechanism of phase transformation toughening with an opportune 4% volume expansion to
counteract crack propagation.?#?> However, a legitimate concern about zirconia is its low temperature
degradation (LTD) in the presence of water, resulting in a slow transformation from the tetragonal
phase to the monoclinic phase, causing degradation.?

The phenomenon of LTD is influenced by the porosity of the material, inclusion of residual
stresses, yittrium segregation, status of cubic phase, and grain size (<1 micron is ideal), stabilizer
content of processed material, duration and temperature of sintering, and the use of dental
procedures such as sandblasting or grinding.?” The concomitant use of lower-grade powders, higher
sintering temperatures and direct exposure to oral fluids has the potential to trigger LTD, but clinical
documentation of LTD has yet to be established.?? Attempts have been made to enhance the
physical characteristics of zirconia ceramics by adding 20% of alumina to the material.* This new
compound has been identified as alumina-toughened zirconia. Initial short-term clinical data have
been encouraging.’!

Zirconia implants are generally fabricated by a subtractive manufactured technique by grinding
in a pre-sintered or fully sintered state.?? This technique, however, requires a post-processing phase
such as sandblasting or laser treatment to achieve the microtopography of a roughened surface and
quicker bone apposition compared with machine surfaces.?*%** However, reduced survival rate of
zirconia implants has been documented using a post-production surface roughening method.®s A
promising alternative method of production is ceramic injection molding, allowing the shape of the
molds to deliver definitive surface characteristics.?*¥ Another workflow for production of zirconia
implants without post-processing treatment is of additive manufacturing, or 3D printing.3¥ In
addition to eliminating a source of LTD, these manufacturing techniques are markedly more cost
effective, due to the lack of waste and precipitous wear of grinding machinery. However, more
studies will be needed to assess dynamic loading and aging of these alternative techniques for the
predictable production of zirconia implants.

Geometry and diameter also play a significant role in the success of zirconia implants. Excessive
implant thread depth is not recommended as the surgical placement might generate high bending
forces on the implant body when engaging the bony perimeter of the osteotomy, especially in patients
with dense bone (Figure 1).% Additionally, narrow diameter zirconia implants (<3.75 mm) have been
reported to have a higher incidence of fracture compared with the regular diameter implants.4-42
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Figure 1. Excessive thread depth design on Straumann TLX titanium implant which is not
recommended for zirconia implants.

The purpose of this mapping review is to present the breadth of evidence to answer the question,
“What do studies reveal about the efficacy of zirconia implants”? This includes primary preclinical
and clinical research as well as reviews.

2. Search Strategy

An electronic search of Pubmed and Web of Science databases was performed to select articles
from January 1, 2000 to October 1, 2023, using zirconia implants as specific search term. From 6474
titles, 426 abstracts and 85 full-text articles were screened. Additional hand searches were included
from the following journals: International Journal of Oral & Maxillofacial Implants, Journal of Clinical
Periodontology, Journal of Periodontology, Clinical Oral Implants Research, Clinical Implant Dentistry and
Related Research, and Journal of Prosthodontics. A total of 73 articles were included, from the time period
bracketed, that met eligibility criteria of outcome measures with zirconia implants and stipulated the
design of the implant system (Figure 2).

Titles identified by Pubmed search Titles identified by Web of Science search
(n=2810) (n=3664)
Titles after duplicates removed
(n=4316)
A v
Titles screened % Titles excluded
(n=4316) - (n=3890)
Abstracts screened Abstracts excluded
(n=426) [ (n=341)
Full-text articles assessed Full text articles excluded with
e
for eligibility (n=85) reasons (n=12)

|

Studies included in the Mapping Review
(n=73)

Figure 2. Search strategy and selection process of included studies.
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3. One-piece Zirconia Implants

Most of zirconia implants have been produced and clinically researched as one-piece implants
(Figure 3A—C).#4 The advantage of this design is that by eliminating the abutment-implant microgap
and micromovements, marginal bone loss (MBL) may be diminshed.*> Nevertheless, the design has
several drawbacks. Surgical placement is more challenging to meet both the bony compartment
parameters and prosthetic design requirements. Grafting and augmentation options are also more
limited. No angled abutments are available and secondary corrections of shape by grinding must be
avoided because of the impact on reducing the fracture strength (from 2084 N to 804N).464
Furthermore, one-piece implants cannot be protected from mastication after placement. Patients with
parafunction, or those who are not compliant with admonitions of dietary limitations, would not be
candidates. One-piece implants also tend to be inserted more deeply in the esthetic zone to hide the
crown margin which compromises cement extrusion removal, potentiating peri-implant disease.*

(©

Figure 3. A. Zirconia one-piece implant. B. One-piece zirconia implant in situ. C. Restored one-piece
zirconia implant.
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A prospective multicenter clinical investigation evaluating the 5-year outcome of single-tooth
zirconia one-piece implants divulged a similar success and survival rate reported for titanium
implant restorations.?2 Balmer et al. reported 5-year results of a prospective cohort investigation with
a survival rate of 98.4% and the mean marginal bone loss was 0.7 mm + 0.6 mm.* The authors
observed that after the initial mean MBL before loading the implants, no additional significant
marginal bone level change was evident. Hassouna et al. compared the restorations of one-piece
fusion-sputtered zirconia implants with one-piece titanium implants in a clinical and radiological
study, with a 5-year follow-up.*® There was no significant difference between marginal bone loss of
the immediately loaded titanium or zirconia implants placed in the maxillary first premolar site.
However, when evaluating specific survival and success data for one-piece zirconia implants after an
8-year follow-up, there were differences between immediately placed and delayed placement
zirconia implants.>* While the survival was 100% for both groups, the immediately placed implants
had a success rate of 94.7% and the delayed implants 87.5%. The PES also revealed a more favorable
esthetic score for the immediate zirconia implants, compared with the delayed methodology. The
inclusion criteria for immediate placement of zirconia implants in this study included adequate bone
volume and strict compliance, while the exclusion criteria included no inflammation, no
hypermastication or clenching, and no untreated periodontal disease during a 3-month healing
period. It must be noted that the inclusion/exclusion criteria were not as stringent for the delayed
placement approach. This may help to explain why other investigations with different criteria for
patient candidacy found no significant differences in survival and complications in immediate and
delayed placement of titanium or zirconia implants.?53

Overall, a recent systematic review and meta-analysis performed on 11 studies has established,
in the short-term, one-piece ceramic implants achieve osseointegration similar to titanium implants,
with a stable marginal bone response.> For the long-term, the MBL change was on average 1.24 mm
+0.16 mm. The risk of implant fracture is low for current commercially available implants. Immediate
loading or temporization of the implants does not appear to interfere with the course of
osseointegration. However, it is important to note that significant heterogeneity, limited sample sizes,
and lack of long-term randomized clinical studies compromise definitive conclusions regarding
single-piece zirconia implant comparisons with titanium implants.>

4. Two-piece Zirconia Implants

Two-piece implants (Figure 5A-D) are designed for submerged healing which may minimize
the initial bone resorption.® A prospective randomized clinical trial (RCT) of two-piece titanium and
zirconia implants followed for 80 months, albeit in a small sample (28), divulged no significant
differences in peri-implant disease, bleeding on probing, MBL, PES, implant or abutment fractures,
or debonding of crowns.”” Moreover, investigations with shorter observational periods ranging from
18-30 months were in agreement with this RCT and the survival ranged between 93.3% and 96.6%. A
cohort study on 46 patients restored with two-piece zirconia implants in the posterior maxilla and,
with a mean follow-up time of 9 years, reported a high survival rate. However, this study did report
frequent mechanical and technical complications. Furthermore, a contemporaneous prospective
cohort study on two-piece zirconia implants, with at least a 6-year follow-up, revealed a troubling
83% cumulative implant survival rate and a 63% success rate.® Implant failure was noted with 5
patients due to “aseptic loosening” or a sudden mechanical breakdown of the interface between the
bone and the implant. Fracture of a standard diameter implant and a rapid progression of peri-
implantitis were responsible for 2 more implant failures. Abutment fracture, using an adhesive
material for the design, was the second most common technical complication. Using a two-piece
implant design of a lobular connection mated with a PEEK abutment screwed to the implant, a
retrospective cross-sectional 5-year study divulged a 73% implant survival rate, 82% success rate
(Figure 4). Machined zirconia components have not been shown to reach the same precision as
titanium counterparts.® All these studies are limited by their heterogenous methodology applied,
lack of randomization, relatively small sample size and lack of blinding of the participants or
examiner.
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Figure 4. A. Two-piece zirconia implant with healing abutment in place. B. Radiograph of two-piece
zirconia implant with healing abutment in site #29. C. Definitive restoration on two-piece zirconia
implant. D. Radiograph of definitive crown on two-piece zirconia implant.
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(D)

Figure 5. A. Two-piece zirconia implant analog with abutment in place on cast. B. Crown seated on
lobular abutment before and after staining and glazing cervical aspect of abutment. C. 2-piece zirconia
implant with crown in place and abutment shaded in cervical region. D. Screw-retained design using
2-piece zirconia implant (Courtesy of Alex Rugh).

5. Custom-made Root-analogue Zirconia Implants

The concept of replacing a tooth upon removal with an analogue that mimics the contours of its
predecessor has many potential benefits. These include uncomplicated immediate implant
placement, a minimally invasive surgical approach, decreased number of surgeries, and an absence
of a microgap for bacterial adherence.%-¢2 While root analogue implants using titanium were
introduced in 1992 by Lundgren, zirconia has offered esthetic and biological enhancements, without
giving up strength. This includes no metal aura in thin mucosal biotypes, increased corrosion
resistance, high biocompatibility, and hypoallergenicity.64¢5

The manufacturing of a custom-made root analogue zirconia implant can be accomplished by
using computer aided design/computer aided manufacturing as well as additive or subtractive
manufacturing combined with cone beam computed technology (CBCT).% This technique is limited
to cases of periodontally sound teeth with a sufficiently deep socket, an atraumatic extraction and
absence of periapical disease. The root analogue is manufactured after a crown preparation is
completed, the application of micro-retentions limited to the interdental space, and the diameter of
the analogue is reduced (Figure 6).43%

Figure 6. Root analogue with macro-retentions.
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A scoping review on custom-made zirconia root analogue implants has concluded that this
technique is promising and may prevent a loss of alveolar bone volume with maintenance of the peri-
implant soft tissues, while attaining ideal optical and mechanical properties.®2 Nonetheless, there is a
need for investigations that can assess how zirconia-based surfaces can be enhanced to promote the
absorption of proteins preparatory to migration of osteogenic cells. Since the usual acid-etching
procedures cannot used with zirconia-based materials without aging, novel micro- and
nanotechnologies are warranted to assure the percentage of osseointegration is acceptable along the
time of bone healing, especially when subtractive manufacturing is used.®” More long-term, clinically
controlled studies should follow.

6. Discussion

While a 2023 systematic review and meta-analysis has concluded that commercially available
zirconia implants demonstrated reliable clinical outcomes based on survival rates, pocket depth and
MBL values. the preponderance of studies was evaluating one-piece implants.’ Their conclusion was
more well-designed clinical studies and randomized clinical studies comparing zirconia and titanium
implants are needed. When attempting to compare the survival and success of zirconia compared
with titanium implants, a recent meta-analysis has highlighted the poor evidence available as the
authors were relegated to only 2 RCTs with 12-month follow-up data.®® A 2021 European Academy
of Osseointegration Consensus Conference suggested that titanium implants may present relatively
higher survival and success rates than zirconia implants over a short-term follow-up, but longer term
controlled studies are lacking to clarify the superiority. Nonetheless, previous systematic reviews
have reported a higher 5-year survival rate for titanium implants with single crowns.” This has likely
been the result of combining data between the one-piece and two-piece zirconia implants. Survival
of one-piece implants for that follow-up period have been 98.4%,% but the survival of two-piece
zirconia implants, which offer more restorative flexibility, in multiple studies has still averaged below
titanium implants at 87%.71.72

While implant survival is homogeneously reported, success criteria has not been well defined
for zirconia implants. Short-term investigations have indicated that success for zirconia implants
ranges from 93-100%,"'7® but longer follow-up studies have success rates ranging from 57.5% to
93.3%.% This is likely due to differences in implant position, combining data from one- and two-piece
implants and variation in observation time.

Root analogue zirconia implants offer a minimally invasive and simplified technique for
replacing a tooth, but the design is limited to patients without a pre-existing periodontal defect and
an atraumatic extraction. Moreover, this approach requires a CBCT, scanning and manufacturing
armamentaria. Only short-term follow-up on a small number of patients have demonstrated 100%
survival and minimal marginal bone loss.”

The three iterations of zirconia implants all offer advantages and disadvantages in their design.
Opverall, zirconia has outstanding mechanical flexural and compressive strengths, excellent wear
resistance and is esthetic. One-piece zirconia implants eliminate a microgap that can be the source for
an inflammatory infiltrate. Medium and long-term studies have corroborated the high success rate
of the one-piece zirconia implants. On the other hand, they do not offer flexibility in design and
require immediate loading protocol for all patients. Two-piece zirconia implants have been designed
to offer surgical and restorative latitude in placement. However, the fit of machined components has
been problematic and is the source of lower success rates compared to the one-piece implant. Root
analogues have the advantage of a simplified surgical operation, but longer-term studies are lacking.

The promise of zirconia as a biocompatible, esthetic and fracture resistant replacement for
titanium implants with similar or greater success has not been clearly realized in the literature. Future
work on standardizing the zirconia implant and its surface to meet osseointegration needs, two-piece
design improvements, more longitudinal comparative studies with titanium implants assessed with
definitive success criteria/patient related outcomes, and a careful evaluation the effects of guided
bone regeneration and regenerative procedures would be instrumental in promoting enhanced
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outcomes and a broader acceptance. The use of three-dimensional imaging to evaluate the bony
adaptation around zirconia implants would also divulge substantive data for future improvements.

The limitation of this review has been the need to draw on heterogeneous evidence. The lack of
data on number of zirconia implants, populations, operators, randomization, type of complications,
zirconia material/design, and long-term comparative follow-up with titanium implants have
compromised more reliable deductions about the present state of the art of zirconia implants in its
various iterations. Future directions should include more robust N-sizes for randomized clinical trials
and split mouth design methodology to assess the long-term success of the 3 different iterations of
zirconia implants compared to titanium implants.

7. Conclusions

Zirconia implants offer a potential solution to esthetic and biological limitations of titanium
implants, but a combination of design and material enhancements, as well as more rigorous
comparative long-term studies are needed before validating their more universal application.
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