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Abstract: In the area of dentistry, there is a wide variety of designs of dental implant and materials,
especially titanium, which aims to avoid failures and increase their clinical durability. The purpose of
this review was to evaluate fatigue behavior in different connections and implant materials, as well
as their loading conditions and response to failure. In vitro tests under normal and dynamic loading
conditions evaluating fatigue at implant and abutment connection were included. A search was
conducted in PubMed, Scopus, and Science Direct. Data extraction was performed independently by
two reviewers. The quality of selected studies was assessed using the Cochrane Handbook proposed
by the tool for clinical trials. Nineteen studies were included. Fourteen studies had an unclear
risk and five had high risk of bias. Due to the heterogeneity of the data and the evaluation of the
quality of the studies, meta-analysis could not be performed. Evidence from this study suggests
that both internal and morse taper connections presented a better behavior to failure. However, it is
necessary to unify criteria in the methodological design of in vitro studies, following methodological
guidelines and establishing conditions that allow the homogenization of designs in ISO (International
Organization for Standardization) standards.
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1. Introduction

The use of dental implants has become a common practice for replacing missing teeth in different
clinical situations [1,2]. The used materials are chosen according to both their mechanical and chemical
properties, as well as to their biocompatibility [3]. Commercially, pure titanium and its alloys are
widely used for manufacturing dental implants because of excellent mechanical and physical properties,
and favorable rates for long-term clinical survival [4]. In addition, titanium-based implants have a
good resistance to corrosion with an excellent biocompatibility and high modulus of elasticity [5,6].
The use of Ti–6Al–4V [7] alloy is employed for biomedical application and, also, in dental implants
due to its high mechanical resistance, which ensures load transmission to bone tissues over a long time,
which is necessary when damaged hard tissues are replaced by prostheses [3]. This alloy presents a
drawback due to the use of vanadium and aluminum that can cause some toxic effects. Other titanium
grades can be employed in dental implants but they also have disadvantages like the Young modulus,
relatively low mechanical strength, poor wear resistance and difficulty to improve the mechanical
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properties without reducing biocompatibility. New β-type titanium alloys for dental implants have
been developed. These have good properties and less toxicity, good ductility, high resistance. They
also have elastic modules closer to those of human bone compared to other alloys [7].

Although the mechanical strength of dental implants is important, they must also present adequate
stiffness to avoid shielding the bones from stress. This stress shielding induces loss of bone density,
leading to bone atrophy. Moreover, the interaction between titanium and tissues is a key factor in
the success of dental implants and, for this reason, surfaces of used alloys are conveniently treated.
If the implant is manufactured with titanium grade 5, those implants must have a surface treatment to
improve the corrosion [3]. This interaction between titanium and tissues is affected by the implant
surface composition, as well as by its hydrophilicity, morphology, and roughness [8]. Different surface
treatments have been tried and developed with the aim of obtaining titanium surfaces with better
biological properties. This surface treatment yields a good osseointegration and obtain an improvement
on the success of dental implants [9] with a change in the chemical composition. Nano roughness,
texture, and porosity are some of the most important factors in the surface of an implant because they
affect the ability of cells to adhere to a solid substrate [10].

The manufacturing process also influences the alloy’s characteristics. The tensile strength of
titanium alloy can range from 369 to 3267 MPa depending on the process employed. Fatigue behavior
is also affected by the manufacturing process and it can be also improved by combining the material
properties, surface properties, and design optimization of implants.

Despite all the advantages of titanium, considered as the “gold standard” material for the
manufacture of dental implants, its biggest drawback are aesthetic considerations. Therefore,
manufacturers began to use other types of materials such as ceramics [4,11] or polymers [4].

Osseointegrated dental implants are described in detail in a great number of studies [12], although
implant-supported connection have been less disclosed in the literature [13].

Nowadays, a vast number of implant designs are available. The first dental implants had an
external connection, where the hexagonal anti-rotational component is the most common design.
Figure 1a shows an example of this connection. Due to the high rate of rejected implants, a new
connection was designed. In this case, internal connection (Figure 1b) allowed a better union between
the implant and the abutment. Finally, morse taper connection (Figure 1c), which is another option for
an internal connection, was introduced because of its improvement on screw loosening [14–16].

These designs are different in terms of the connection of the implant-abutment (external or
internal connections) [17,18], which from a mechanical point of view, is the weakest area of the implant
system [19].

Applying static load tests to evaluate the strength of the implants and their components is a
common practice. However, these tests do not simulate real situations for implants [2]. Considering
that masticatory forces are cyclic, a fatigue testing should be carried out to predict how long
an implant system is going to function properly [20]. In vitro tests should better simulate the
clinical situations [21–23] and allow clinicians to understand the probability of survival of prosthetic
components and implants [13]. Before implant components are launched to the market, they should
satisfy the ISO 14801 specifications [24]. This ISO recommendation was planned for single, endosteal,
transmucosal dental implants tested under worst case applications. Nevertheless, several testing
protocols for evaluating the mechanical reliability of dental implants are available in the literature [25].
Different loading angles, frequency of loads, and application load levels have been employed in several
published cyclic testing protocols [26].

The fracture of an implant or of any of its components is an important complication which limits
the lifetime of the reconstruction. Although most of the studies available are limited to 5–7 years of
follow-up [26], Snauwaert et al. found in a 15-year study, an early implant fracture (up to one year
after abutment connection) in 3.4% and late implant failures of 7.4% [27]. Considering that implants
should serve for decades, these type of studies are inadequate to analyze implant failure or fracture
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and make essential to examine dental implants under fatigue testing approaches. Once the number of
cycles an implant can support until failure are known, its expected life can be predicted accurately [28].

The aim of this systematic review was to evaluate fatigue behavior in different connections
and types of implants, their loading conditions, and their response to failure between implant
and abutment.
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2. Materials and Methods

This systematic review follows the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines [29].

2.1. Focused Questions

First question (A): Does a certain number of cycles and a certain force (Newtons) exist between a
defined implant connection and abutment failure?

Second question (B): How many cycles does a certain implant connection and abutment fail?

2.2. Inclusion and Exclusion Criteria

Inclusion criteria were in vitro clinical studies on dental implants in which fatigue at the implant
and abutment connection were evaluated by subjecting them to dynamic cyclic loads. Studies were
been carried out under normal environmental conditions. Dental implants are included disregarding
the type of connection. There were no restrictions on the language or date of publication.

Exclusion criteria were all designs of observational studies, reviews, thermal fatigue assessment,
static tests, or using incorrect units of measure.

2.3. Search Strategy

In this paper the research questions were elaborated considering each of the components of
the PICO(S) [30] strategy research questions which is explained as follows: (P) dental implants and
abutments; (I) cyclic loads; (C) studies with or without a comparison group where external, internal
or morse taper connections were evaluated with implant materials and/or abutment of titanium,
zirconium or others; (O) the evaluation of fatigue in terms of failure; (S) in vitro study.



Metals 2018, 8, 313 4 of 16

An electronic search was performed in MEDLINE/PubMed, Scopus and Science Direct, database
until the 15 March 2018. The search strategy used is detailed in Table 1.

Table 1. Search strategies carried out in databases.

Database Search Strategy Search Data

MEDLINE/PubMed

(dental AND (implant OR abutment) OR tooth implant)
AND (cyclic loading) AND ((internal OR external)

connection) AND (fatigue OR moment OR stress) AND
(“in vitro” OR “experimental study”) NOT (review)

15 March 2018

Scopus

(dental AND (implant OR abutment) OR tooth implant)
AND (cyclic loading) AND ((internal OR external)

connection) AND (fatigue OR moment OR stress) AND
(“in vitro” OR “experimental study”) AND NOT (review)

15 March 2018

Science Direct

(dental AND (implant OR abutment) OR tooth implant)
AND (cyclic loading) AND ((internal OR external)

connection) AND (fatigue OR moment OR stress) AND
(“in vitro” OR “experimental study”) AND NOT (review)

15 March 2018

2.4. Study Selection

Two authors (Rosa Rojo and María Prados-Privado) performed all the search operations and
selected articles fulfilling the inclusion criteria independently and in duplicate. Additionally,
the references of the articles included in this work were manually reviewed. Disagreements between
the two authors were reviewed in a complete text by a third author (Juan Carlos Prados-Frutos) to
make the final decision. The level of agreement between the reviewers regarding study inclusion was
calculated using Cohen’s kappa statistic.

2.5. Data Extraction

Two of the authors (María Prados-Privado and Rosa Rojo) collected all the data from the selected
articles in duplicate and independently.

2.6. Study Quality Assessment

The assessment of risk of bias from clinical in vitro studies was evaluated by two of the authors
(María Prados-Privado and Antonio José Reinoso), who were previously trained by an expert in
evaluation of systematic reviews. For the assessment of risk of bias the Cochrane Handbook [31] was
followed which incorporates seven domains: random sequence generation (selection bias); allocation
concealment (selection bias); masking of participants and personnel (performance bias); masking of
outcome assessment (detection bias); incomplete outcome data (attrition bias); selective reporting
(reporting bias); and other bias.

The articles that did not achieve consensus between the two authors were reviewed by a third
author (Rosa Rojo) to make the final decision.

The studies were classified into the following categories: low risk of bias—low risk of bias for
all key domains; unclear risk of bias—unclear risk of bias for one or more key domains; high risk of
bias—high risk of bias for one or more key domains.

2.7. Statistical Analysis

To evaluate the agreement between the inter-examiner, the statistic Cohen’s kappa and the
interpretation proposed by Landis & Koch [32] was used. Statistical calculations were performed
with R software version 3.4.1 (R Core Development Team, R Foundation, Vienna, Austria) with the
interrater reliability (irr) package.
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3. Results

3.1. Study Selection

Figure 2 shows a flowchart of the study selection. All electronic search strategies provided
161 potential articles. Two of the authors (Rosa Rojo and María Prados-Privado) independently
identified 48 eligible documents. The general agreement of eligibility of the studies between the
authors was high (k = 0.87; p = 0.049.) Specifically, agreement between authors on the selection of
articles in each considered database was high for all of them: Medline/PubMed (k = 0.93; p = 0.046),
Scopus (k = 0.80; p = 0.043), and Science Direct (k = 0.82; p = 0.05). A total of 38 studies were excluded
because they did not meet the defined inclusion criteria. Additionally, a manual search has been carried
out to analyze the references cited in 10 of the articles that were included in this work. We reviewed
342 references. After removing duplicates, we analyzed the titles, abstracts and, when required, the
full-text from 272 citations. A total of 263 studies were excluded as they did not match the inclusion
criteria. As a result, nine additional articles were incorporated from the manual search. Finally, a total
of nineteen in vitro studies were analyzed.
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3.2. Relevant Data from Studies

Two of the authors (María Prados-Privado and Rosa Rojo) extracted all the data from the selected
works whose characteristics are shown in Table 2. The 19 in vitro studies analyzed [20,33–50] were
carried out in several countries: Japan, Italy, Germany, Australia, Brazil, Switzerland, Turkey, Republic
of Singapore, Greece, and the United States.

For all the studies, we collected the most important variables that could affect the results,
such as sample size, the existence of funding, main characteristic of dental implants (connection,
material, diameter and length), main properties of abutments (material and length), and applied load
(magnitude, angulation, frequency and cycles).

Table 3 shows the 14 studies that answered the first question (A). The best behavior analyzed
corresponded to a study where the zirconium-based implant hardened with alumina-doped
yttrium-stabilized yttrium zirconium polyurethane and abutment of the same material was applied
with a force of 98 N to 10,000,000 cycles [48]. No fault displayed.

Moreover, were are studies where the zirconium-based implant and abutment with an applied
force of 50 N at 100 N, 45◦ of the axial axis of the dental implant and from 1,200,000 [46] to 3,600,000
cycles [50], respectively, showed failure under similar conditions.

It was observed that the titanium had a better behavior if the implant and the abutment were
made of the same material [42,44,46,50]. The results also suggest that the behavior of the titanium
worsens when the materials of the implant and the abutment are different [20,36,38].

Table 4 shows the six studies that answer the second question (B). The maximum number
of reported cycles where the connection between the implant and the pillar fails is 5,000,000
cycles [33,41,45]. From the studies presenting better behavior fatigues, it has been found that the
implant and the abutment are both made from titanium [33,45], or the abutment is combated with
zirconium [41].

For both questions, Tables 3 and 4 show that the implant and the abutment behave better
in the internal connections [33,41–46,48,50] and morse taper [41,47,49]. The study conducted by
Mitsias et al. [47] answers the two research questions addressed in this work.

3.3. Study Quality Assessment

Evaluation of selection bias: They were only included in two of the analyzed studies of the
method of randomization used [43,45]. However, it does not indicate whether there was concealment
of this allocation.

Evaluation of performance bias: In all the studies analyzed there was no blinding of staff or
assessors. Moreover, we found that in [34] the evaluator who prepared the specimens and who
performed the tests were the same person. This fact may lead to a high risk of bias.

Assessment of detection bias: The results were not blinded in any of the studies.
Evaluation of attrition bias: All studies reported the complete results of the specimens defined in

the clinical trial, although some reported inaccurately without indicating in the results the variable
descriptions in their methodology [39,42].

Evaluation of notification bias: All studies provide detailed results with the exception of one,
this study did not describe correctly whether the variables are quantitative or qualitative [39].

Evaluation of other bias: Funding was considered as another possible risk of bias in study
designs. Eleven trials were funded by commercial firms [20,35,36,40–43,46,48–50], five were not
reported [33,34,37,38,44], and three reported that no funding existed [39,45,47].

Using the evaluation of the seven domains for risk of bias it was determined that five had a high
risk of bias [20,33–36], 14 an unclear risk [37–50], and none had a low risk of bias. Figure 3 shows a
detailed description of the risk assessment of bias in the included studies.
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Table 2. Main characteristics of the included studies.

Author/Year Country Journal n G Financing

Balfour et al. [33] 1995 United States Journal of Prosthetic Dentistry 21 3 U
Khraisat et al. [34] 2002 Japan Journal of Prosthetic Dentistry 14 2 U
Çehreli et al. [35] 2004 Turkey Clinical Oral Implants Research 8 1 Y

Butz et al. [36] 2005 United States Journal of Oral Rehabilitation 48 3 Y
Gehrke et al. [37] 2006 Germany Quintessence International 7 1 U
Kohal et al. [38] 2009 Germany Clinical Implant Dentistry and Related Research, 48 3 U

Scarano et al. [39] 2010 Italy Italian Oral Surgery 20 1 N
Magne et al. [40] 2011 Switzerland Clinical Oral Implants Research 28 2 Y
Seetoh et al. [41] 2011 Republic of Singapore The International Journal of Oral & Maxillofacial Implants 30 6 Y

Dittmer et al. [20] 2012 Germany Journal of Prosthodontic Research 60 2 Y
Stimmelmayr et al. [42] 2012 Germany Dental Materials 6 2 Y

Foong et al. [43] 2013 Australia Journal of Prosthetic Dentistry 22 2 Y
Pintinha et al. [44] 2013 Brazil Journal of Prosthetic Dentistry 48 2 U

Marchetti et al. [45] 2014 Italy Implant Dentistry 15 2 N
Rosentritt et al. [46] 2014 Germany Journal of Dentistry 64 8 Y

Mitsias et al. [47] 2015 Greece The International Journal of Prosthodontics 36 2 N
Spies et al. [48] 2016 Germany Journal of the Mechanical Behavior of Biomedical Materials 48 3 Y

Guilherme et al. [49] 2016 United States Journal of Prosthetic Dentistry 57 3 Y
Preis et al. [50] 2016 Germany Dental Materials 60 6 Y

n: sample size; G: Number of groups; Y: Yes; N: No; U: Unclear.

Table 3. Variables analyzed from the answer to question A.

Author/Year
Implant Abutment Applied Load

Cycles Failure
Connection Material Diameter Length Material Length Magnitude (N) Angulation (◦) Frequency (Hz)

Çehreli et al. [35] 2004 - - 10 - - - 75 ± 5 20 0.5 500,000 N

Butz et al. [36] 2005
E - 4 13 Ti - 30 130 1.3 1,200,000 Y
- - 4 13 Zr - 30 130 1.3 1,200,000 Y
- - 4 13 Ti - 30 130 1.3 1,200,000 Y

Gehrke et al. [37] 2006
I - 4.5 18 Zi - 100–450 - 15 5,000,000 Y
I - 4.5 18 Zi - 100–450 - 15 5,000,000 Y
I - 4.5 18 Zi - 100–450 - 15 5,000,000 Y

Kohal et al. [38] 2009
M Zr - - Zi - 45 - - 1,200,000 Y
M Zr - - Zi - 45 - - 1,200,000 Y
M Ti - - P - 45 - - 1,200,000 Y

Scarano et al. [39] 2010 M Ti 4 13 - - 5–230 30 4 1,000,000 N
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Table 3. Cont.

Author/Year
Implant Abutment Applied Load

Cycles Failure
Connection Material Diameter Length Material Length Magnitude (N) Angulation (◦) Frequency (Hz)

Magne et al. [40] 2011 I - 4.1 12 Metal 12 80–280 30 5 20,000 Y

Dittmer et al. [20] 2012

I - 4.5 13 Ti 1.5 100 30 2 1,000,000 Y
I - 4.5 13 Ti 4.1 100 30 2 1,000,000 Y
E - 4.3 13 - 11 100 30 2 1,000,000 Y
I - 4.5 14 - - 100 30 2 1,000,000 Y
E - 4 13 - 1 100 30 2 1,000,000 Y
I - 4.1 14 Ti 5.5 100 30 2 1,000,000 Y

Stimmelmayr et al. [42] 2012 I Ti 3.8 13 Ti 10 100 - 1.2 1,200,000 N
I Ti 3.8 13 Zr 10 100 - 1.2 1,200,000 N

Pintinha et al. [44] 2013
I Ti 4 10 Ti 8.7 100 ± 5 20 2 500 N
I Ti 4 10 Ti 9 100 ± 5 20 2 500 N

Rosentritt et al. [46] 2014

I Zr 4.1 10 Zr - 50 45 1.6 1,200,000 Y
I Zr 4 10 Zr - 50 45 1.6 1,200,000 N
I Zr 4.1 11 Zr - 50 45 1.6 1,200,000 Y
I Zr 4.1 14 Zr - 50 45 1.6 1,200,000 Y
I Ti 4 10 Ti - 50 45 1.6 1,200,000 Y
I Ti 4.1 15 Ti - 50 45 1.6 1,200,000 N
I Zr 4.5 12 Zr - 50 45 1.6 1,200,000 N
I Zr 4 10 Zr - 50 45 1.6 1,200,000 N

Mitsias et al. [47] 2015
M - - - Y-TZP - 400 30 - 100,000 Y
M - - - Y-TPZ - 400 30 - 100,000 Y

Spies et al. [48] 2015
E ATZ 4.4/4.1/4.2 12 - - 98 - 2 10,000,000 N
I Y-TZP-A 4.1 12 Y-TZP-A 6 98 - 2 10,000,000 N
E Y-TZP-A 4.2 12 ATZ 6 98 - 2 10,000,000 N

Guilherme et al. [49] 2016
M - 4.3 10 Zr - 150–200 - 2 100 N
M - 4.3 10 LD - 150–200 - 2 100 N
M - 4.3 10 R-BC - 150–200 - 2 100 N

Preis et al. [50] 2016

I Zr 4.1 10 Zr - 100 45 1.6 3,600,000 N
I Zr 4.1 10 Zr - 100 45 1.6 3,600,000 Y
I Zr 3.8 11 Zr - 100 45 1.6 3,600,000 Y
I Zr 4.6 11 Zr - 100 45 1.6 3,600,000 Y
I Zr 4.1 10 Zr - 100 45 1.6 3,600,000 Y
I Zr 4.1 10 Zr - 100 45 1.6 3,600,000 Y
I Ti 4.1 12 Ti - 100 45 1.6 3,600,000 N

I: Internal connection; E: external connection; M; morse taper connection; Ti: Titanium; Zr: Zirconia; ATZ: alumina-toughened zirconia; Y-TZP-A: yttrium stabilized tetragonal zirconium
dioxide polycrystal doped with alumina; LD: lithium disilicate; R-BC: resin-based composite; Y: Yes; N: No; -: No data.



Metals 2018, 8, 313 9 of 16

Table 4. Variables analyzed from the answer to question B.

Author/Year
Implant Abutment Applied Load

Cycles Failure
Connection Material Diameter Length Material Length Magnitude Angulation Frequency

Balfour et al. [33] 1995
E Ti - - Ti - 242 30 14 5,000,000 Y
I Ti - - Ti - 400 30 14 5,000,000 Y
I Ti - - Ti - 367 30 14 5,000,000 Y

Khraisat et al. [34] 2002
E Ti 4 10 Ti 3 100 90 1,25 1,800,000 Y (1,178,023 and

1,733,526)
M Ti 4.1 10 Ti 10 100 90 1,25 1,800,000 Y (more 1,800,000)

Seetoh et al. [41] 2011
M - 4.5 15 Zr/Ti - 21 45 10 5,000,000 Y
I - 4 15 Zr/Ti - 21 45 10 5,000,000 Y

M - 4.1 14 Zr/Ti - 21 45 10 5,000,000 Y

Foong et al. [43] 2013 I Ti 4 9 Ti 1.5 50–400 30 2 to 5 5,000–20,000 Y (mean of 81,935)
I Ti 4 9 Zr 1.5 50–400 30 2 to 5 5,000–20,000 Y (mean of 26,926)

Marchetti et al. [45] 2014
I Ti 3.8 13 Ti - 400 30 ± 2 15 5,000,000 Y (12,678 and 15,387)
I Ti 3.8 13 Ti - 300 30 ± 2 15 5,000,000 Y (more 27,732)

Mitsias et al. [47] 2015
M - - - Y-TZP - 400 30 - 100,000 Y (less than 50,000)
M - - - Y-TPZ - 400 30 - 100,000 Y (less than 50,000)

I: Internal connection; E: external connection; M; morse taper connection; Ti: Titanium; Zr: Zirconia; Y: Yes; N: No; -: No data.
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4. Discussion

There are several factors that influence the behavior of dental implants such as the biological effects
of the location and magnitude of applied force [51], occlusal forces following implant treatment [52],
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immediate or early implant loading [53], the influence of bone quality, effects of prosthesis type,
prosthesis material, or implant support [51].

The clinical long-term success of restorations in oral implantology depends, among other factors
on the stable connection between the dental implant and the abutment [54]. Therefore, a good
knowledge of the biomechanical behavior of dental implants is essential for clinical decision making
and thus, avoid mechanical failures. These are mainly due to fatigue caused by overload or loss of
bone around the implant [55–57].

The most common connections between the implant and the prosthesis are the external, internal
hexagon and morse taper connections [58]. The main advantages of the external connection are the
compatibility with a wide variety of implants, its economical price, the long-term follow-up data
available, and the literature provides solutions to the main drawbacks associated with its use. However,
among the main disadvantages of this connection are the loosening of the screws, the possibility of
screw fracture, worse aesthetic results, and an inadequate microbial seal [59–61].

The appearance of the internal connections was due to the interest in trying to reduce the aesthetic
and microbial filtration problems of the external connection, while improving the behavior of the
implant and peri-implant bone against masticatory forces [60]. The main advantages of these internal
connections are less or no screw loosening, less risk of screw fracture, aesthetic improvement, microbial
sealing, and the stability of the implant-prosthesis connection. Among the disadvantages are a higher
economic cost and long-term monitoring data lower than the external connection [59,62].

In the morse taper connections, all the components that make up the implantoprosthesis assembly
behave as a single whole, the forces are adequately distributed, the stability of the prosthesis is
guaranteed, and the areas of greatest mechanical suffering are protected, such as the crestal region of
the implant [17,63].

Other factors that influence the fracture of the dental implant are the materials, the diameter and
length of the implant, the material and length of the abutment, the applied force, its frequency, and the
angulation with respect to the implant [51]. This work includes all the parameters described above
even though there is a considerable amount of heterogeneity.

Titanium is still the most used material and it is also supported by long-term clinical studies [4], but
also in vitro studies since 1995 [33] introduced zirconium with the gold standard, titanium, to evaluate
the fatigue of dental implants. Although the results were favorable, its biggest drawback is its high
degree of quality requirement during production and its delicate clinical management [4].

The materials most used for dental implants were titanium and zirconia, with ranges of measures
in relation to diameter and height, of 3.8 mm to 4.6 mm and 10 mm to 15 mm, respectively. For the
abutment the most used materials were also titanium and zirconia but in the one study [49] also
used lithium disilicate and resin-based composite. There is no homogeneous criterion regarding the
magnitude, angulation, frequency, and number of cycles applied in the dynamic loads to the implants.
Therefore, with the data reported it is not possible to report conclusive results from the different
in vitro studies analyzed.

There are several engineering methods to evaluate the fatigue behavior of dental implants
such as finite elements [64], mathematical models for probabilistic fatigue [65], or other in vitro
studies. These type of study designs have developed, before their use in patients, new materials
to understand their physical, chemical, mechanical, and biological properties. These designs can
be developed under normal conditions or under other conditions such as in water [66,67] or
hydrothermal [68,69] environments.

There is not a large number of studies evaluating fatigue in dental implants in the scientific
literature. However, a greater number of in vitro studies which evaluated the same objectives under
normal conditions have been addressed. It is therefore desirable to conduct a systematic review.

The main disadvantage of the evaluation of the articles of this work is the high heterogeneity of
the confounding factors collected as the different materials, lengths, diameters, or dynamic loading
conditions. There is no homogeneity in the design criteria established by each study in this regard.
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With the objective of obtaining more clinically relevant information, future studies should
incorporate and analyze the same parameters. Otherwise, there heterogeneity will continue creating
doubt in the scientific literature in the field of dentistry [2]. Therefore and, in view of the
results obtained in this systematic review, future in vitro analysis should have the same implants
dimensions (diameter and length) and cyclic loading conditions (number of cycles, magnitude of
force, angle, and medium). The no homogeneity found in these studies contribute to realize that it is
necessary to standardize the criteria for carrying out the studies in order to make more concise and
reliable comparisons.

Some studies [39,45,46,48,49] use ISO 14801 [24] which specifies the conditions that each type of
implant must support to obtain certification. However, these conditions indicate that they should
exceed a minimum number of cycles but say nothing about how to conduct experimental studies of
implants that are already on the market, and therefore have already been certified.

In systematic reviews, a qualitative analysis of the included studies is required. This is done
through the risk assessment of bias. This ensures that the data collected and analyzed have been
managed in a controlled manner, avoiding all possible methodological errors in clinical trials.
When the data are homogeneous, in addition, a quantitative analysis can be carried out, through
meta-analysis [31].

This means that each study conditions to decide which subjects its implants, without any specific
criteria, which makes it very difficult to know which of the implants have better mechanical behavior
under certain conditions. This fact is evident in Tables 3 and 4 in which it is possible to observe the
great variety of conditions used in the articles included in this review.

We used the Cochrane Handbook tool to assess the risk of bias in the studies, noting that in
most domains, no data are given that give transparency to the studies. Generally, the criteria for
randomization and allocation masking, and blinding of staff and data assessors are not indicated.
Together with these detected defects and under recommendations some authors [70] in vitro studies
should be treated to promote the quality of the tests: simple size calculation, meaningful difference
between groups, sample preparation and handling, allocation sequence, randomization and blinding,
statistical analysis.

The heterogeneity of data available in the scientific literature does not allow a meta-analysis
in the field of in vitro fatigue and fracture of dental implants. As in the design of clinical trials in
humans with the CONSORT (Consolidated Standards of Reporting Trials) guidelines [71], we consider
it advisable to follow guidelines for in vitro studies such as the CRIS (Checklist for Reporting in vitro
Studies) guidelines [70]. Also, define the criteria and conditions of applied loads (magnitude, angle,
frequency, cycles . . . ) and are contained in an ISO standard.

Nevertheless, we have found, in the present review that the internal connections [42,44], and
those based on the morse taper system [34,39,49,72] show a better performance against resistance
to fracture in the dental implant compared to the external connection [34,48]. Moreover, the results
revealed that the implant and the abutment have better behavior if both materials are the same.

In addition, these studies assessed a range of materials, but the most frequently used materials
are still in order of use, titanium and zirconium, with a behavior similar to fatigue.

5. Conclusions

The limitations found in this review do not allow us to report consistent evidence. The results
suggest that the internal and morse connections are the best for resisting the fracture of the dental
implants and the most commonly used materials are titanium and zirconium. However, it is necessary
to unify criteria in the methodological design of this type of in vitro studies.
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