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Purpose: The purpose of this study is to pre-validate an inovative implant concept, and to compare the
behavior of the mandibular condyle against a commercial Biomet implant in an ex vivo model and
present results of the first cadaveric studies.
Materials and methods: Three experimental cadaveric condyles were tested under three conditions: one
intact, another with the Biomet model, and one with the innovative concept. The condyle was tested
with a reaction of 300 N in all situations and the principal strains were measured. Before the geometry of
the cadaveric condyle was reconstructed from a microCT scan, and a finite element model was created.
Finally, a procedure was carried out with the new implant by two expert surgeons on a two cadaveric
head model.
Results: In vitro the mandible condyle presents a linear behavior until maximum load. The strain
measured with Biomet implant indicates a strain shielding effect in the proximal region, inducing bone
loss in the long term. The lingual side of the Biomet implanted condyle presents an increase of þ44% in
strain.
Conclusion: The new concept was evaluated and showed a similar behavior to the intact model, and
better behavior than the Biomet. The innovative concept proves that it is possible to avoid screws for a
TMJ fixation and improve the TMJ alloplastic behavior.

© 2018 European Association for Cranio-Maxillo-Facial Surgery. Published by Elsevier Ltd. All rights
reserved.
1. Introduction

The temporomandibular joint (TMJ) is one of the most active
and complex joint in the human body, and is formed by the bilateral
articulation of the mandible and the temporal bone of the skull. The
incidence of TMJ disorders varies according to different studies but
is reported to affect between 5% and 25% of the world population,
resulting in TMJ diseases being a common problem (Poveda Roda
et al., 2007; Thomas and Matthews, 2012). The resection and
replacement of the diseased TMJ is, however, usually reserved for
patients with irreversible end-stage disorders. Therefore, the TMJ
prosthesis is an option of last resort for replacement of an irre-
versibly damaged TMJ, mainly after several surgeries, failed
axillo-Facial Surgery. Published by
autogenous graft and ankylosis (Wolford et al., 2015). The market
has only a few available solutions, mainly custom-made or
personalized models (Ackland et al., 2017) and only one standard
model on the market, the Biomet Microfixation system (De
Meurechy and Mommaerts, 2018).

The evaluation of performance in TMJ prostheses is a critical
point, and some studies have evaluated the clinical performance of
different TMJ solutions (Aagaard and Thygesen, 2014; Alakailly
et al., 2017; Gonzalez-Perez et al., 2016a,b; Gruber et al., 2015) in
a different average follow-up studies in the long term of 20 years
(Selbong et al., 2016). A review and comparison of 20 years of
published studies since 1995 with different models (Zou et al.,
2018) indicates no clinical differences between brands, presum-
ably because same concept is used in all models.

The results point out that the benefit for the patient is signifi-
cant, consisting mainly of reduced pain, increase in mandibular
movements and improved quality of life (Wojczy�nska et al., 2016;
Elsevier Ltd. All rights reserved.
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DeMeurechy andMommaerts, 2018; Gerbino et al., 2017; Zou et al.,
2018). Gollow-up shows success in 87.5% of cases, with the main
source of failure being mechanical (Schuurhuis et al., 2012).

The actual concepts of TMJ available use screws only to fix and
stabilize TMJ devices, and this has been studied using numerical
models and experimental techniques. These studies show critical
regions around the screws with high strain and screw loosening in
the long term. Some new concepts have been introduced for TMJ,
for example condylar support (Abel et al., 2015), but the implant
fixation is still done with screws.

One of the best-known commercial solutions for TMJ is the
standard concept of Biomet Microfixation (Biomet Microfixation,
Jacksonville, FL), approved by the U.S. Food and Drug Administra-
tion and the solution most widely applied throughout the world.
Several studies were carried out before evaluating the concept,
including clinical follow-up (Ackland et al., 2015; Kanatas et al.,
2012; Sanovich et al., 2014.), and they referenced the critical
aspect of screw fixation and the surgical procedure, adapting the
bone surface, and the difficulty in determining the position of the
implant (Dimitroulis, 2014). In 40 patients the accurate positioning
of condyle component was analyzed, and a maximum of 5.04-mm
incorrect position was observed (Sawatari et al., 2018), which did
not correlate with the accurate position of condyle TMJ solution in
regard to future complications. Another problem is abnormal jaw
movement and click (Leandro et al., 2013), problems related to the
fossa component (Aagaard and Thygesen, 2014).

The aim of this study is to validate the innovative TMJ concept
with a comparative study of a new TMJ condyle implant and a
commercial implant in a stock model. The study compares the
in vitro condyle with a numerical model in intact conditions and
also implements the new concept in cadaveric heads by surgeons.
The main aim is to validate the hypothesis regarding the possibility
of reducing bone loss in the alloplastic device, avoiding screws and
improving load transfer.

2. Materials and methods

The success of each alloplastic TMJ concept is listed and asso-
ciated with the device registers (Sidebottom and UK TMJ
Replacement Surg, 2008). It is important to understand the fixa-
tion procedure and the implications of using experimental and
numerical models before implantation or clinical trials. The ex vivo
trials were developed in four steps. First, we tried the novel concept
and procedure in two cadaveric condyles, and second, three
cadaveric condyles were instrumented. After that, we mounted the
system and tested intact condyles. The third step was testing the
new concept, and in fourth step the commercial model was
implemented and tested in the same condyles.

2.1. In vitro experimental models

Experimental models are used because it is possible to test the
real bone ex vivo and measure bone behavior locally, for example
with a strain gauge or fiberoptic techniques. In a second phase,
numerical models are validated, such as (FEM) (Ramos et al., 2011),
but the ex vivo models present patient variability as to the type of
bone and bone geometry. The experiments in this study were based
on a cadaveric condyle, and two implants were introduced in the
same condyle for comparison with the intact situation.

Three cadaveric mandibles from 45- to 50-year-old men were
provided by the Laboratoire d’Anatomie Fonctionnelle (University
of Bordeaux, France). Mandibles were cleaned and fresh frozen
then cut into two symmetrical parts. The innovative concept pre-
sents the concept of press fitting fixation, but the contact in the TMJ
with the fossa component is like the condyle and the plate. The
condyle component is made of titanium Tie6Ale4V and the fossa
component is in ultra-high-molecular-weight polyethylene
(UHMWPE) fixated by three screws. The innovative concept is easy
to implant, and it allows more bone preservation with high-level
condyle dissection, and does not need screws in the condyle to
fix it in place (Fig. 1).

An instrument, a kind of reamer, was developed to open a hole
and introduce the implant into the right position (Fig. 1). The im-
plantation procedure begins with the cutting of the top of the
condyle. Opening a hole in the condyle is necessary before intro-
ducing a preformed implant using a specific tool. Less cutting of the
bone is required (Fig. 1). The process was validated in two ex vivo
cadaveric condyles and is presented in Fig. 1.

The cadaveric right ramus was then fixed in an apparatus using
polymeric bone cement to maintain the position at a 5-mm mouth
opening. Four rosettes were glued on the ramus surface (Fig. 2a),
one in the posterior side of condyle, two positioned on the labial
surface, the fourth one on the buccal surface, following the same
procedure (Mesnard and Ramos, 2016). The rosette model (KFG-1-
120-D17-11 L3M2S, by Kywoa Electronic Instruments Co., Japan)
measured strains. The intact condyle was maintained in the same
position for all experiments, intact, with a Biomet and with a new
condyle. First the intact condyle was tested, followed by the new
intramedullary condyle concept using a press-fit fixation, which
was introduced because it allows bone preservation for the next
implant the commercial model (Fig. 1b).

The second implant was the Biomet Microfixation system
(Biomet Microfixation, Jacksonville, FL). This was implanted after
the previous new concept implantation (Fig.1c) and the first rosette
was removed with bone dissection. The mandibular ramus surface
was prepared to best fit the surface of the implant. The mandibular
implant was positioned according to the surgical protocol,
respecting themandibular ramus head center position. The implant
was 50 mm in length and fixed with five 6AL/4V titanium screws in
the positions shown in Fig. 2c. These self-tapping 2.7 mm diameter
screws were long enough to establish a bi-cortical support. They
were screwed into the bone with a torque-screwdriver (Stahlwille
no.76/3, range 0e0.3 Nm, Wuppertal, Germany) with a constant
torque of 0.2 Nm, which corresponds to the minimal torque sur-
geons use to test TMJ prostheses (van Loon et al., 2000).

After the implantation and instrumentation, the intact condyle
was fixed on a compression testing machine, and the experiment
was conducted at a constant velocity of 1 mm/min in three con-
tinuum phases and with three stops at 100 N, 200 N and 300 N in
the condyle reaction. The 300 N load was the maximum, defined as
the maximum reaction with a TMJ prosthesis (de Zee et al., 2007),
and the system was stopped for 10 s at each level (100, 200 and
300 N). Ten trials were carried out on eachmodel and the average of
principal maximum and minimum strains and STD were recorded.

2.2. Numerical models

FEMs were created based on a micro-CT scan of the intact
mandibular condyle (scanner G.E. eXplore RS rodent CT), and the
DICOM images were imported to ScanIP software. Cancellous bone
was defined between 600 and 1300 HU and cortical bone between
1300 and 1600 HU (Park et al., 2008; Ramos et al., 2015a). The
computer-aided design (CAD) model and the FEM with Biomet
implant are shown in Fig. 3. The FEM model runs were performed
with an MSc MARC solver with a nonlinear package. The mesh was
built with tetrahedral and hexahedral linear elements, with
144,000 elements for the intact condyle. The mechanical properties
of the models were as follows: cortical bone E ¼ 14.7 GPa, y ¼ 0.3,
cancellous bone E ¼ 400, y ¼ 0.35 MPa, and the innovative concept,
whichwas in titanium, E¼ 110 GPa, y¼ 0.3 (Ramos et al., 2014). The



Fig. 1. Experimental procedure to implant the novel concept and the instrumental developed to introduce the novel concept in condyle.

Fig. 2. Experimental models of mandible, a) intact model, b) implanted with new intramedullary concept, c) Biomet microfixation implant.

Fig. 3. Finite element models of mandible and rosette positions, a) CAD of intact model, b) implanted condyle with an intramedullary concept, c) Biomet Microfixation implant and
screw positions.
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materials were considered isotropic and linear elastic with respect
to the load magnitudes applied experimentally.

The boneeimplant contact was modeled as a touching contact
with a 0.3 friction factor and contact between implant and screws
with 0.1. Principal strainswere analyzed on the surface of the ramus
in the region of the four rosettes to validate the model. Lines A and
B (Fig. 3b) were for comparison between intact and implanted
condyles.

3. Results

The results are presented in two steps: first, the experimental
results with the cadaveric mandible. Next, a FEM validation was
carried out with experimental principal strains and numerical
model results. The numerical model results were validated around
the experimental cadaveric condyle rosettes, and the values were
taken as an average of 10 nodes in the FEM. The strain pattern in all
condyle models in the FEMs was then analyzed along lines A and B.

3.1. Ex vivo experimental results

The mandible condyle presents a linear behavior until the
maximum experimental load (300 N) and corresponds to the linear
behavior in FEM modes. The vertical displacement at the point of
contact for the maximum load presents an increase in displace-
ment in the implanted condyles, with a difference of around 2.8%
for Biomet and 2.6% in the new condyle, representing a decrease in
stiffness in the implanted condyle; maximum displacement for the
intact model was 1.18 mm (SD ± 0.01).

In all load conditions, maximum strain values with the
implanted condyle were observed in rosette #3, with a maximum
principal strain value of 1487 mε (SD ± 25.9) for the new concept
implant, 1308 mε for Biomet and 1235 mε for the intact condyle. This
value does not take into account the strain generated by the screws
in the Biomet alloplastic experiments.

Rosette #1 presents an increase in strain for the new concept
629 mε, but the values are smaller than the maximum observed in
other rosettes. Minimum compressionwas in the lingual side of the
mandible in rosette #4 with �1014 mε (SD ± 30.5) for the new
concept, but the Biomet presents a higher value with �1120 mε. The
strain results demonstrate total recovery of the mandible after the
experiment in all rosettes.

The differences in the three experimental models in the rosette
positions are presented in Fig. 4. The influence of the new concept,
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Fig. 4. eComparison of experimental principal strains in rosettes for maximum load
(300 N).
with an increase inmaximum andminimum principal strains at the
surface in the proximal region, is more critical in rosette #3 (þ20%).
The critical region is in rosettes #3 and #4, where the maximum
difference was observed in the Biomet implant with þ44%. This
indicates more load transfer proximally with the new concept and
more distally with Biomet on the lingual side.

The experimental results presented do not take the implanta-
tion process into consideration or the strain concentration around
the screws in the Biomet model, which will increase. After
analyzing the experimental results in the cadaveric models, we
observed the influence of the two concepts; to analyze the results
in other regions, it is necessary to validate the FEM models.
3.2. Validation of the finite element model

Overall, the FEM and average experimental strains for the
maximum load presents a correlation in the three models, the
intact and the two implanted condyles (Fig. 5). Linear regressions
were performed for the maximum and minimum principal strains.
The correlation value R2 and slope of the regression line are 0.95
and 0.899 for all models. The intercept value in origin is small (3 mε)
and the normalized root-mean-square deviation (NRMSD) value of
the measured strains is 6.5%. This comparison indicates that the
validation of the numerical models and the numerical results could
represent condyle behavior.
3.3. Numerical results

Results in lines A and B (Fig. 3) present the behavior for the three
models. The condyle implanted with the innovative concept (Fig. 6,
lines A) presents behavior similar to that of the intact condyle, and
major differences are observed proximally with an increase in
principal strain of around 12% in the middle region of line (A),
suggesting an implant tip effect, with a small decrease near the
dissection plane.

The Biomet implant condyle presents a strain-shielding effect
proximally with a reduction of around 10 times less strain, sug-
gesting bone loss in the condyle in the long term. The effect of
strain shielding disappears after screw #2, and the behavior is
similar.

On the external lateral surface of the condyle (line B, Fig. 3), the
principal strain distribution shows that the global behavior of the
condyle is similar in the threemodels (Fig. 7), and the strain pattern
y = 0,8989x + 3,7179
R² = 0,9531
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changes in the proximal region when the Biomet implant is
implanted.

The maximum value observed in the implanted condyle is not
critical, �2130 mε, and is around 14% less than the maximum
observed in the intact model. The condyle with the Biomet implant
presents an increase in strain before screw #1, decreasing as far as
the region of screw #5, and then with lower strains than the intact
condyle. In both implants, results far from the fixation show a small
decrease in principal strains, suggesting a greater transfer from the
lingual side of the bone.

When analyzing the minimum principal strain pattern of the
condyle (Fig. 8) a great difference in distribution was observed
between intact and implanted, and between the two implanted
models. A dashed line in the figure was added to show the principal
line of load transfer, and to present the same orientation in the
intact condyle and the new concept implant. The Biomet implanted
condyle presents a different behavior, with a concentration in the
region around screws #1, #3 and #5.

4. Discussion

The alloplastic TMJ prosthesis is a complex form of surgery and
is the last solution for a severely damaged TMJ with extensive
destruction when no joint components are salvageable. Only a few
systems are available and very well known: the TMJ Concepts
System (Ventura, CA, USA), the Biomet System (Biomet/Lorenz
Microfixation, Jacksonville, FL, USA) and the Christensen System
(Nexus, CMF, USA) is no longer available (Idle et al., 2014; De
Meurechy and Mommaerts, 2018). However, a new model from
OMX custom made and with new technologies with 3D print has
appeared in the recent years, but with same concept of screw fix-
ation (Dimitroulis et al., 2018).

The purpose of this study is to validate a novel concept of an
intramedullary condyle TMJ implant, comparing it with intact and
commercial standard models. The goal of this new concept is to
preserve bone and to improve load transfer.

The solutions currently on the market require complex surgery,
great care with screw positions, and condyle position. They need a
well-prepared condyle surface and the correct screw sizes, and in
addition a very high strain concentration is observed experimen-
tally in the screws and some critical aspects related to the nerve and
screw positions (Ackland et al., 2017). The best solution is therefore
to avoid using screws altogether. The critical aspect with themarket
solutions is bone loss; the dissection plane is in a very low position,
and the stability of the articulation is lost. The new concept has the
advantage of preserving bone and removing just 20% compared to
the Biomet implant procedure; revision surgery could be possible
with commercial concept. The novel concept of TMJ is not a solu-
tion for everything, but only in the case of good bone condition and
mainly in cases of ankyloses.

The intramedullary concept condyle uses a press-fit stem, which
changes the fixation status compared with solutions on the market
(Gonzalez-Perez et al., 2016a,b). With the current fixation system,
which requires screws in the condyle component, screw fixation is
critical in order to guarantee implant stability. Some studies have
suggested using more screws, which may reduce screw stress
(Ackland et al., 2015), or they have positioned the screws in a zigzag
formation (Chowdhury et al., 2011). However, screw fixation causes
higher strain concentrations than the normal load, as previously
observed (Mesnard and Ramos, 2016) and depending of geometry
some screws are critical (Ackland et al., 2017). Screw #1 presents



Fig. 8. a) Minimum principal strain pattern in lateral side of condyle, b) major principal strains in lingual and posterior region.
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the highest strain, at around �7600 mε, suggesting fracture and
screw loss, as observed in some clinical cases (Gonzalez-Perez et al.
2016a,b).

The experimental results point out the influence of the implants
on condyle behavior. Condyle stiffness decreased experimentally
less than 3% in both cases, and the implant was introduced in the
same contact point position. Experimental results show different
behavior between the new concept and Biomet, where the new
concept presents an increase in strain proximally and the Biomet
model presents a decrease in the posterior region of the condyle.
The novel concept increases strains in the proximal region by
around 140%, but this value is lower compared with the maximum
in rosettes #3 and #4 and will be important to guarantee bone
stimulation in this region. Meanwhile, the Biomet implant induces
bone loss and bone atrophy.

The critical region for the Biomet implant is the distal region in
the lingual side with aþ44% increase in strain, but this effect can be
explained by the proximity of the screw. However, in this case, the
defect of self-tapping screwswas not considered, and if both effects
are combined this could create bone microfractures. The Biomet
implant induces strain concentration in the lateral surface from
screws #1 to #5, indicating a change in load transfer and resulting
in some condyle bending. The strain pattern in the lateral surface of
the condyle results in different behavior between models, and the
intramedullary concept presents a similar line of load transfer.

Some recent clinical studies compare the custom-made and
standard TMJ models, which have the same concept (Gerbino et al.,
2017), and conclude that these solutions present good results but
indicate the application of custom-made implants with CAD/CAM
technology (Ackland et al., 2018). This custom made presents the
major disadvantage the cost, surgical skills needed and potential
wear, but no significant difference in terms of results. In our
opinion, a custom-made or a patient-specific implant is the best
solution for a complex case (Chaurand and Pacheco-Ruíz, 2018),
because of the specificity.

Overall, the innovative concept presents a similar distribution
pattern on the external face of the mandible. This is important for
maintaining the same load effect and ensuring that bone structure
is maintained in the long term. The new concept presents some
positive points, such as the possibility of maintaining the same
contact point position in the condyle, and maintaining kinematics
is also an important factor in the success of the alloplastic TMJ,
unlike the Groningen implant solution (van Loon et al., 1999),
where rotation of the mandible is possible.

To validate the implantation protocol and the procedure, four
cadaveric in vitro surgeries were carried out in two head models in
the Department of Oral and Maxillofacial Surgery, Virgen Del Rocio
University Hospital. The first and the second experiments (Fig. 9)
proved that the implantation was possible and the protocol has
been improved. The instruments developed have made it possible
to implement the implant but need more improvements. However,
the first trial points out a less invasive surgery, and some aspects as
bone quality and thickness need to be checked beforehand with a
CT scan. If the patient presents a degenerative condyle or disease in



Fig. 9. Cadaveric experiments on the new concept implantation.
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condyle bone, this innovative concept will be not a solution. Two
trials pointed out a difficulty to center the implant into the condyle
and to open the hole if the patient presents a limited cancellous
bone volume.

The fossa component is in the UHMWPE and fixed by a
maximum of three screws.

There are some limitations to this study, mainly related to bone
condyle geometry, and the fact that there is no muscular action in
the in vitro models; however, the results are in agreement with
previous studies. In future work, we will analyze the custom-made
implant behavior in comparison with the novel concept.
5. Conclusion

The results from the in vitro experiments suggest that the
behavior of the novel intramedullary concept is more similar to the
intact condyle than to the Biomet concept. The Biomet presents a
strain shielding effect near the condyle region and bone loss in the
long term and, as a result, also loosening of screws.

This innovative concept requires less complex surgery and en-
sures more accuracy in the implant position, which can improve
the kinematics of the mandible.

This first ex vivo trial has successfully demonstrated the concept
potential and validated the implantation procedure; now the
concept validation leads to clinical trials to analyze the long-term
stability.
Sources of support
The present works was supported by Portuguese Foundation of

Science grant, C493311468-00090130.
Conflict of interest
None to declare. There was no funding for this work.
References

Aagaard E, Thygesen T: A prospective, single-centre study on patient outcomes
following temporomandibular joint replacement using a custom-made Biomet
TMJ prosthesis. Int J Oral Maxillofac Surg 43(10): 1229e1235. https://doi.org/
10.1016/j.ijom.2014.05.019, 2014

Abel Eric W, Hilgers Andr�e, McLoughlin Philip M: Finite element analysis of a
condylar support prosthesis to replace the temporomandibular joint. Br J Oral
Maxillofac Surg 53(4): 352e357. https://doi.org/10.1016/j.bjoms.2015.01.016,
2015
Ackland D, Robinson D, Lee PVS, Dimitroulis G: Design and clinical Outcome of a
novel 3D-printed prosthetic joint replacement for the human temporoman-
dibular joint. Clin Biomech 56. https://doi.org/10.1016/j.clinbio-
mech.2018.05.006, 2018

Ackland David C, Robinson Dale, Redhead Michael, Lee Peter Vee Sin,
Moskaljuk Adrian, Dimitroulis George: A personalized 3D-printed prosthetic
joint replacement for the human temporomandibular joint: from implant
design to implantation. J Mech Behav Biomed Mater 69: 404e411. https://
doi.org/10.1016/j.jmbbm.2017.01.048, 2017

Ackland David C, Moskaljuk Adrian, Hart Chris, Lee Peter Vee Sin,
George Dimitroulis: Prosthesis loading after temporomandibular joint
replacement surgery: a musculoskeletal modeling study. J Biomech Eng 137(4):
41001. https://doi.org/10.1115/1.4029503, 2015

Alakailly X, Schwartz D, Alwanni N, Demko C, Altay MA, Kilinc Y, Baur DA,
Quereshy F: Patient-centered quality of life measures after alloplastic tempo-
romandibular joint replacement surgery. Int J Oral Maxillofac Surg 46(2):
204e207. https://doi.org/10.1016/j.ijom.2016.11.002, 2017

Chowdhury, Roy Amit, Kashi Ajay, Saha Subrata: A Comparison of Stress Distribu-
tions for Different Surgical Procedures, Screw Dimensions and Orientations for
a Temporomandibular Joint Implant. Journal of Biomechanics 44(14):
2584e2587. https://doi.org/10.1016/j.jbiomech.2011.06.002, 2011

Chaurand J, Pacheco-Ruíz L: Bilateral total mandibular reconstruction with patient
specific implants for temporomandibular joint ankylosis. J Stomatol Oral
Maxillofac Surg. https://doi.org/10.1016/j.jormas.2018.05.003, 2018

De Meurechy N, Mommaerts MY: Alloplastic temporomandibular joint replacement
systems: a systematic review of their history. Int J Oral Maxillofac Surg. https://
doi.org/10.1016/j.ijom.2018.01.014, 2018

de Zee Mark, Dalstra Michel, Cattaneo Paolo M, Rasmussen John, Svensson Peter,
Melsen Birte: Validation of a musculo-skeletal model of the mandible and its
application to mandibular distraction osteogenesis. J Biomech 40(6):
1192e1201. https://doi.org/10.1016/j.jbiomech.2006.06.024, 2007

Dimitroulis G: Comparison of the outcomes of three surgical treatments for end-
stage temporomandibular joint disease. Int J Oral Maxillofac Surg 43(8):
980e989. https://doi.org/10.1016/j.ijom.2014.02.004, 2014

Dimitroulis George, Austin Stephen, Lee Peter Vee Sin, Ackland David: A new three-
dimensional, print-on-demand temporomandibular prosthetic total joint
replacement system: preliminary outcomes. J Craniomaxillofac Surg. https://
doi.org/10.1016/J.JCMS.2018.05.028, 2018 May. Churchill Livingstone

Gerbino Giovanni, Zavattero Emanuele, Bosco Gianfranco, Berrone Sid,
Ramieri Guglielmo: Temporomandibular joint reconstruction with stock and
custom-made devices: Indications and results of a 14-year experience.
J Craniomaxillofac Surg 45(10): 1710e1715. https://doi.org/10.1016/
j.jcms.2017.07.011, 2017

Gonzalez-Perez LM, Fakih-Gomez N, Gonzalez-Perez-Somarriba B, Centeno G,
Montes-Carmona JF: Two-year prospective study of outcomes following total
temporomandibular joint replacement. Int J Oral Maxillofac Surg 45(1): 78e84.
https://doi.org/10.1016/j.ijom.2015.08.992, 2016a

Gonzalez-Perez Luis Miguel, Gonzalez-Perez-Somarriba Borja, Gabriel Centeno,
Vallellano Carp�oforo, Montes-Carmona Jose Francisco: Evaluation of total
alloplastic temporo-mandibular joint replacement with two different types of
prostheses: a three-year prospective study. Med Oral Patol Oral Cir Bucal 21(6):
e766ee775. https://doi.org/10.4317/medoral.21189, 2016b

Gruber EA, McCullough J, Sidebottom AJ: Medium-term outcomes and complica-
tions after total replacement of the temporomandibular joint. Prospective
outcome analysis after 3 and 5 years. Br J Oral Maxillofac Surg 53(5): 412e415.
https://doi.org/10.1016/j.bjoms.2014.12.010, 2015

https://doi.org/10.1016/j.ijom.2014.05.019
https://doi.org/10.1016/j.ijom.2014.05.019
https://doi.org/10.1016/j.bjoms.2015.01.016
https://doi.org/10.1016/j.clinbiomech.2018.05.006
https://doi.org/10.1016/j.clinbiomech.2018.05.006
https://doi.org/10.1016/j.jmbbm.2017.01.048
https://doi.org/10.1016/j.jmbbm.2017.01.048
https://doi.org/10.1115/1.4029503
https://doi.org/10.1016/j.ijom.2016.11.002
https://doi.org/10.1016/j.jbiomech.2011.06.002
https://doi.org/10.1016/j.jormas.2018.05.003
https://doi.org/10.1016/j.ijom.2018.01.014
https://doi.org/10.1016/j.ijom.2018.01.014
https://doi.org/10.1016/j.jbiomech.2006.06.024
https://doi.org/10.1016/j.ijom.2014.02.004
https://doi.org/10.1016/J.JCMS.2018.05.028
https://doi.org/10.1016/J.JCMS.2018.05.028
https://doi.org/10.1016/j.jcms.2017.07.011
https://doi.org/10.1016/j.jcms.2017.07.011
https://doi.org/10.1016/j.ijom.2015.08.992
https://doi.org/10.4317/medoral.21189
https://doi.org/10.1016/j.bjoms.2014.12.010


A. Ramos et al. / Journal of Cranio-Maxillo-Facial Surgery 47 (2019) 112e119 119
Idle Matthew R, Lowe Derek, Rogers Simon N, Sidebottom Andrew J,
Bernard Speculand, Worrall Stephen F: UK temporomandibular joint replace-
ment database: report on baseline data. Br J Oral Maxillofac Surg 52(3):
203e207. https://doi.org/10.1016/j.bjoms.2013.12.004, 2014

Kanatas AN, Needs C, Smith AB, Moran A, Jenkins G, Worrall SF: Short-term out-
comes using the Christensen patient-specific temporomandibular joint implant
system: a prospective study. Br J Oral Maxillofac Surg 50(2): 149e153. https://
doi.org/10.1016/j.bjoms.2011.01.020, 2012

Leandro LF Lobo, Ono HY, de Souza Loureiro CC, Marinho K, Garcia Guevara HA:
A ten-year experience and follow-up of three hundred patients fitted with the
Biomet/Lorenz microfixation TMJ replacement system. Int J Oral Maxillofac
Surg(8): 1007e1013, http://linkinghub.elsevier.com/retrieve/pii/
S0901502713002038?showall¼true; 2013

Mesnard M, Ramos A: Experimental and numerical predictions of Biomet® allo-
plastic implant in a cadaveric mandibular ramus. J Craniomaxillofac Surg 44(5).
https://doi.org/10.1016/j.jcms.2016.02.004, 2016

Park Hyo Sang, Lee Youn Ju, Jeong Seong Hwa, Kwon Tae Geon: Density of the
alveolar and basal bones of the maxilla and the mandible. Am J Orthod Dentofac
Orthop 133(1): 30e37. https://doi.org/10.1016/j.ajodo.2006.01.044, 2008

Poveda Roda R, Bagan JV, Diaz Fernandez JM, Hernandez Bazan S, Jimenez Soriano Y:
Review of temporomandibular joint pathology. Part I: classification, epidemiology
and risk factors. Med Oral Patol Oral Cir Bucal 12(4): E292eE298, 2007

Ramos a, Ballu a, Mesnard M, Talaia P, Simoes JA, Sim~oes JA: Numerical and
experimental models of the mandible. Exp Mech 51(7): 1053e1059. https://
doi.org/10.1007/s11340-010-9403-x, 2011

Ramos, Ant�onio, Mesnard Michel: Load Transfer in Christensen® TMJ in Alloplastic
Total Joint Replacement for Two Different Mouth Apertures. Journal of Cranio-
Maxillofacial Surgery 42(7): 1442e1449, 2014 Churchill Livingstone

Ramos A, Duarte RJ, Mesnard M: Prediction at long-term condyle screw fixation of
temporomandibular joint implant: a numerical study. J Craniomaxillofac Surg
43(4): 469e474. https://doi.org/10.1016/j.jcms.2015.02.013, 2015a

Sanovich R, Mehta U, Abramowicz S, Widmer C, Dolwick MF: Total alloplastic
temporomandibular joint reconstruction using Biomet stock prostheses: The
University of Florida Experience. Int J Oral Maxillofac Surg (0). https://doi.org/
10.1016/j.ijom.2014.04.008, 2014

Sawatari Yoh, Marwan Hisham, Alzahrani Shadi, Peleg Michael, Marx Robert: Does
accurate positioning of the temporomandibular joint titanium condylar
prosthesis prevent complications? J Oral Maxillofac Surg. https://doi.org/
10.1016/J.JOMS.2018.05.010, 2018 May. W.B. Saunders

Schuurhuis Jennifer M, Dijkstra Pieter U, Stegenga Boudewijn, de Bont Lambert GM,
Spijkervet Fred KL: Groningen temporomandibular total joint prosthesis: an 8-
year longitudinal follow-up on function and pain. J Craniomaxillofac Surg 40(8):
815e820. https://doi.org/10.1016/j.jcms.2012.03.001, 2012

Selbong U, Rashidi R, Sidebottom A: Management of recurrent heterotopic ossifi-
cation around total alloplastic temporomandibular joint replacement. Int J Oral
Maxillofac Surg 45(10): 1234e1236. https://doi.org/10.1016/j.ijom.2016.02.017,
2016

Sidebottom AJ, UK TMJ Replacement Surg: Guidelines for the replacement of
temporomandibular joints in the United Kingdom. Br J Oral Maxillofac Surg
46(2): 146e147. https://doi.org/10.1016/j.bjoms.2006.12.001, 2008

Thomas Sangeetha M, Matthews N Shaun: Current status of temporomandibular
joint arthroscopy in the United Kingdom. Br J Oral Maxillofac Surg 50(7):
642e645. https://doi.org/10.1016/j.bjoms.2011.11.023, 2012

van Loon JP, Falkenstrom CH, de Bont LGM, Verkerke GJ, Stegenga B: The Theoretical
Optimal Center of Rotation for a Temporomandibular Joint Prosthesis: A Three-
Dimensional Kinematic Study. Journal of Dental Research 78(1): 43e48, 1999

van Loon JP, M de Bont LG, Spijkervet FKL, Verkerke GJ, Liem RSB: A short-term
study in sheep with the Groningen temporomandibular joint prosthesis. Int J
Oral Maxillofac Surg 29(5): 315e324. https://doi.org/10.1016/S0901-5027(00)
80044-2, 2000

Wojczy�nska A, Leiggener CS, Bredell M, Ettlin DA, Erni S, Gallo LM, Colombo V:
Alloplastic total temporomandibular joint replacements: do they perform like
natural joints? Prospective cohort study with a historical control. Int J Oral
Maxillofac Surg 45(10): 1213e1221. https://doi.org/10.1016/j.ijom.2016.04.022,
2016

Wolford Larry M, Mercuri Louis G, Schneiderman Emet D, Movahed Reza,
Allen Will: Twenty-year follow-up study on a patient-Fitted temporomandib-
ular joint prosthesis: the techmedica/TMJ concepts device. J Oral Maxillofac
Surg 73(5): 952e960. https://doi.org/10.1016/j.joms.2014.10.032, 2015

Zou Luxiang, He Dongmei, Ellis Edward: A comparison of clinical follow-up of
different total temporomandibular joint replacement prostheses: a systematic
review and meta-analysis. J Oral Maxillofac Surg. https://doi.org/10.1016/
j.joms.2017.08.022, 2018

https://doi.org/10.1016/j.bjoms.2013.12.004
https://doi.org/10.1016/j.bjoms.2011.01.020
https://doi.org/10.1016/j.bjoms.2011.01.020
http://linkinghub.elsevier.com/retrieve/pii/S0901502713002038?showall=true
http://linkinghub.elsevier.com/retrieve/pii/S0901502713002038?showall=true
http://linkinghub.elsevier.com/retrieve/pii/S0901502713002038?showall=true
https://doi.org/10.1016/j.jcms.2016.02.004
https://doi.org/10.1016/j.ajodo.2006.01.044
http://refhub.elsevier.com/S1010-5182(18)30629-2/sref21
http://refhub.elsevier.com/S1010-5182(18)30629-2/sref21
http://refhub.elsevier.com/S1010-5182(18)30629-2/sref21
http://refhub.elsevier.com/S1010-5182(18)30629-2/sref21
https://doi.org/10.1007/s11340-010-<?thyc=10?>9403-x<?thyc?>
https://doi.org/10.1007/s11340-010-<?thyc=10?>9403-x<?thyc?>
http://refhub.elsevier.com/S1010-5182(18)30629-2/sref36
http://refhub.elsevier.com/S1010-5182(18)30629-2/sref36
http://refhub.elsevier.com/S1010-5182(18)30629-2/sref36
http://refhub.elsevier.com/S1010-5182(18)30629-2/sref36
http://refhub.elsevier.com/S1010-5182(18)30629-2/sref36
https://doi.org/10.1016/j.jcms.2015.02.013
https://doi.org/10.1016/j.ijom.2014.04.008
https://doi.org/10.1016/j.ijom.2014.04.008
https://doi.org/10.1016/J.JOMS.2018.05.010
https://doi.org/10.1016/J.JOMS.2018.05.010
https://doi.org/10.1016/j.jcms.2012.03.001
https://doi.org/10.1016/j.ijom.2016.02.017
https://doi.org/10.1016/j.bjoms.2006.12.001
https://doi.org/10.1016/j.bjoms.2011.11.023
http://refhub.elsevier.com/S1010-5182(18)30629-2/sref37
http://refhub.elsevier.com/S1010-5182(18)30629-2/sref37
http://refhub.elsevier.com/S1010-5182(18)30629-2/sref37
http://refhub.elsevier.com/S1010-5182(18)30629-2/sref37
https://doi.org/10.1016/S0901-5027(00)80044-2
https://doi.org/10.1016/S0901-5027(00)80044-2
https://doi.org/10.1016/j.ijom.2016.04.022
https://doi.org/10.1016/j.joms.2014.10.032
https://doi.org/10.1016/j.joms.2017.08.022
https://doi.org/10.1016/j.joms.2017.08.022

	Ex-vivo and in vitro validation of an innovative mandibular condyle implant concept
	1. Introduction
	2. Materials and methods
	2.1. In vitro experimental models
	2.2. Numerical models

	3. Results
	3.1. Ex vivo experimental results
	3.2. Validation of the finite element model
	3.3. Numerical results

	4. Discussion
	5. Conclusion
	Sources of support
	Conflict of interest
	References


