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Abstract

Background: Total temporomandibular joint (TMJ) prosthesis is an effective and reliable method of joint reconstruc-
tion. However, there is still an urgent need to design a new TMJ prosthesis because of no commercially available TMJ
prosthesis appropriate for the clinical application on the Chinese population. This study was introduced to prospec-
tively confirm the safety and effectiveness of a new TMJ prosthesis with customized design and 3D printing additive
fabrication in clinical application.

Methods: Patients with unilateral end-stage TMJ osteocarthrosis were recruited in this study from Nov 2016 to Mar
2017. Computed tomography scans for all patients were obtained and transformed into three-dimensional (3D)
reconstruction models. The customized TMJ prosthesis consisted of three components including the fossa, condylar
head, and mandibular handle units, which were designed based on the anatomy of the TMJ and were fabricated
using the 3D printing technology. The prominent characters of the prosthesis were the customized design of the
fossa component with a single ultra-high-molecular-weight polyethylene and the connection mechanism between
the condylar head (Co-Cr-Mo alloy) and mandibular handle components (Ti6Al4 V alloy). The clinical follow-up, radio-
graphic evaluation and laboratory indices were all done to analyze the prosthesis’outcomes in the clinical application.

Results: 12 consecutive patients were included in the study. There were no complications (infection of the surgical
wound, damage of liver and kidney, displacement, breakage, or loosening of the prosthesis) found after surgery. Pain,
diet, mandibular function, and maximal interincisal opening showed significant improvements after surgery. But the
lateral movement was limited to the non-operated side and the mandible deviated towards the operated side on
opening mouth following surgery.

Conclusions: The presented TMJ prosthesis is considered an innovative product in TMJ Yang's system, which is
unique compared to other prostheses for the special design and 3D printing additive manufacture. Moreover, the
prosthesis is very safe and efficient for clinical use.

Trial registration Prospective reports on Chinese customized total temporomandibular joint prosthesis reconstruction
cases, ChiCTR-ONC-16009712. Registered 22 Nov 2016, http://www.chictr.org.cn/showproj.aspx?proj=16091
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Background

Temporomandibular joint (TM]J) is often affected by a
wide spectrum of disorders, including extra-articular and
intra-articular pathologies which usually present with
various clinical symptoms including pain in the preauric-
ular region, limitation of mouth opening, malocclusion,
or jaw deformity [1, 2]. The former is typically managed
non-surgically, whereas the latter is often managed surgi-
cally. Some of the intra-articular TM] diseases, including
end-staged TM]J osteoarthritis, severe idiopathic con-
dylar resorption, TM] ankylosis, comminuted condylar
fracture, and part of TM]J tumors, have to be treated by
simultaneously removing the lesion and joint together,
with primary joint reconstruction to restore its anatomic
structure and function as much as possible [3-5].

Total alloplastic TMJ prosthesis is one of the effective
and efficient methods of joint reconstruction [3, 5]. With
the development of hip joint prosthesis for the treat-
ment of severe hip lesions, first reported by John Char-
ney in 1961 [6, 7], TMJ prosthesis has also been gradually
applied in the field of craniomaxillofacial surgery with
various rates of successes [8, 9]. Up till now, there are two
main commercially available TM] prostheses for clinical
applications: the stock or custom-made Zimmer Biomet
products (Biomet microfixation, Jacksonville, FL, USA)
[10] and the custom-made TMJ Concepts product (TM]
Concepts Inc, Camarillo, CA, USA) [11] (Fig. 1a, b).
Unfortunately, there are no registration certificates avail-
able for the customized Zimmer Biomet and TMJ Con-
cepts prostheses in China, in addition to their higher cost
(20,000 USD per joint), which is far beyond the afford-
ability of most Chinese populations [11]. Although, the
stock Zimmer Biomet has a registration certificate for
clinical use in China, and it is much cheaper than the
customized products, however, it does not always match
the Chinese patient’s TM] anatomy very well [12—14].
For these reasons, the TMJ prosthesis as a better clinical
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solution cannot be satisfactorily applied to the Chinese
patients [15]. Accordingly, various autogenous tissues,
encountering the risks of a second operation for donor
site, including the costochondral graft [16] or sterno-
clavicular joint graft [17], are frequently harvested as an
alternative to the artificial prosthesis in China to replace
the severely diseased joint.

Undoubtedly, there is a great need for the research and
development of Chinese TM] prosthesis in domestic TMJ
surgery. Based on previous experiences, the authors have
designed a newly customized TM] prosthesis (Fig. 1c),
which is completely different from the Zimmer Biomet
and TMJ Concepts [18]. Moreover, the combined appli-
cation of three-dimensional (3D) Printing and computer-
aided design and computer-aided manufacturing (CAD/
CAM) technologies plays a crucial role in manufactur-
ing this prosthesis. In addition, the biomechanical and
biological properties tests, including the fatigue resist-
ance test, functional load capacities, wear testing, and
animal experiments, have been all conducted by School
of Materials Science and Engineering in Shanghai Jiao
Tong University, in accordance to the testing methods
accomplished by the Zimmer Biomet and TMJ concepts
[18-20], and the results proved that this prosthesis func-
tions well both in vitro and in vivo. The purpose of this
study was to evaluate the safety and efficacy of the new
TMJ prosthesis with customized design and 3D printing
additive manufacturing in clinical application.

Methods

Patients

This was a prospective clinical study conducted at the
Department of Oral Surgery, Shanghai Ninth People’s
Hospital between Nov 2016 and Mar 2017. In this study,
patients were recruited for TM] reconstruction with a
new prosthesis based on the indications and contraindi-
cations as follows.

TMJ concepts prosthesis. ¢ The TMJ prosthesis in this study

Fig. 1 The comparison between the new prosthesis and the Zimmer Biomet or TMJ concepts products. a The Zimmer Biomet prosthesis. b The
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Inclusion criteria

a. Unilateral end-stage TM] osteoarthrosis (stage V of
Wilkes-Bronstein Classification) with a stable occlu-
sion relationship [21].

Exclusion criteria

a. Allergy to prosthetic components materials.

b. Uncontrollable masticatory muscle hyperfunction or
parafunctional habits (clenching or grinding).

¢. Active or even suspected infections in or around the
implantation site of the prosthesis.

d. History of previous TM] surgeries.

e. Systemic diseases contraindicating the use of the arti-
ficial prosthesis [22-24].

This study was approved by Shanghai Ninth People’s
Hospital Human Research Ethics Committee. Moreo-
ver, the principles outlined in the Declaration of Hel-
sinki were followed in the study as well. All patients
were informed about the surgical purpose, manage-
ment protocol, recovery period, and possible compli-
cations. An informed consent was obtained from all
participants.

TMJ prosthesis preparation prior to surgery

a. CT scan (GE Heal-thcare, Buckinghamshire, Eng-
land) of the entire mandible, maxilla, and TMJ for all
patients (0.625 mm slice thickness).

b. Processing CT data with DICOM format to create
the 3D craniomaxillofacial model in Mimics software
18.0 (Materialize Co, Leuven, Belgium).

c. Cutting the lower part of the eminence and entire
condyle with the aid of Mimics software.

d. Designing the prosthesis (including the glenoid fossa,
condylar head, and mandibular handle components)
by using 3-Matic research software 9.0 (Material-
ize Co, Leuven, Belgium). The main principles of the
TMJ prosthesis design are focusing on the following
points: (1) the dimension and slope of the articular
surface of the fossa component are ascertained based
on the Chinese TM] anatomy database in our previ-
ous study [25]; (2) the bony surface of the fossa part
is customized to match the anatomic configuration
of the glenoid fossa, zygomatic arch, and remaining
articular eminence; (3) the condylar head component
is cylinder-like shaped with a hollow structure, which
is perfectly fitted in with the predefined cone frus-
tum on the top of the mandibular handle component
according to the machine taper connection mecha-
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nism [26, 27]; (4) the inner surface of the handle
component is also customized to fit with the external
surface of the mandibular ramus [23].

. Manufacturing the three components of the pros-

thesis: The fossa component is fabricated from ultra-
high-molecular-weight polyethylene (UHMWP, GB/
T19701.2) by 5-axis milling device (DMU60, DGM,
Germany). The condylar head component is fab-
ricated from the cobalt-chromium-molybdenum
alloy (Co—Cr—Mo alloy, YY0117.3) by 5-axis mill-
ing device. The mandibular component is fabricated
from titanium alloy (Ti6Al4 V alloy, GB/T13810) by a
3D-printing machine (Arcam A1, MOlnda, Sweden).
Then, all of the components are polished and the
medial surface of the mandibular handle is treated
with the sandblasting technique.

. Fitting the prosthesis in the 3D skull model before

sterilizing and packaging: The three components of
the prosthesis are fitted in the 3D model to check
whether the stability and accuracy of each individual
component are the same with the models in Mimics
software.

. Sterilization and packaging of the prosthesis: All TM]

prosthesis components are provided clean and non-
sterile and therefore, no additional cleaning prior to
sterilization is needed. The glenoid fossa component
is sterilized utilizing ethylene oxide gas sterilization,
and the condylar head and mandibular components
are sterilized using steaming sterilization. Afterward,
The TM] prosthesis components are repackaged
again. The simple processing procedure is showed in
Fig. 2.

Surgical procedure

. All patients received general anesthesia through nasal

intubation.

. A modified preauricular approach was performed in

all patients to expose the zygomatic arch, eminence,
condyle, and lateral mandibular ramus.

. The entire condyle (Fig. 3a) and the lower part of

the articular eminence (Fig. 3b) were osteotomized
guided by the surgical templates with the orientation
holes and planes [14].

. The fossa components were fixed with titanium

screws firstly (Stryker Fixation System, Kalamazoo,
USA) based on the orientation holes of the templates
(Fig. 3¢).

. The mandibular handle with condylar head compo-

nents facilitated the insertion of the titanium screws
with the previous holes in the template. Then, the
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CT Scanning

‘ The customized fossa component 7

¥

Description of the prosthesis

®Glenoid fossa component (blue part)
®Condylar head component (red part)
®Mandibular component (purple part)

‘ Design for prosthesis W
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Materials of the prosthesis

© ®Glenoid fossa component (UHMWP)
®Condylar head component (Ti6AI4V)
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Fig. 2 The processing of the new TMJ prosthesis, including the pre-processing for the craniomaxillofacial model, the design for the prosthesis, and
the manufacture for the prosthesis. The main innovative points of the prosthesis are the customized fossa component with single UHMWP and the
Machine tape mechanism for the connection between the condylar head (Co-Cr-Mo alloy) and mandibular handle components (Ti6Al4 V alloy)

lower resultant holes of the mandibular component
were implanted with the screws with the help of the
endoscope (accessed through the preauricular inci-
sion) and transbuccal retractor (inserted through a
3 mm incision in parotideo-masseteric region) after
the occlusion was guaranteed as stable as preopera-
tively (Fig. 3d, e).

f. A piece of fat graft was harvested from the buccal fat
pad and then placed around the condylar head com-
ponent to obliterate the resultant space and to pre-
vent the formation of heterotopic bone around the
prosthesis (Fig. 3f) [13, 28, 29].

g. The occlusion was checked again, and the wound was
closed in layers with an 18-gauge drain.

Evaluation of clinical safety
The clinical parameters and laboratory investigations were
used to evaluate the clinical safety.

Clinical general check-ups

The maxillofacial general check-ups included (a) infec-
tion, (b) dental malocclusion, and (c) incision healing in
1 week, 1, 3, 6, and 12 months postoperatively.

Radiographic examinations

The displacement, breakage, or loosening of the prosthe-
sis components were checked in CT scans at 1 week and
12 months postoperatively [13, 14].

Laboratory investigations

The laboratory indices included (a) routine blood tests;
(b) kidney function tests; (c) liver function tests; (d) rou-
tine urine tests; and (e) routine stool tests. These tests
were performed and recorded 1 week preoperatively, 1,
and 12 months postoperatively.

Evaluation of clinical efficacy

The subjective and objective indices were used to assess
the clinical efficacy. These data were collected using a
standardized data collection format 1 week preopera-
tively, 1, 3, 6, and 12 months postoperatively. Quanti-
tative measurements were performed by two oral and
maxillofacial surgeons together. When there was a disa-
greement, the consensus was reached by a discussion.

Subjective assessment indices
Subjective data including (a) pain, (b) functions of the
mandible, and (c) diet, were obtained using a 10-length
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space around the prosthesis neck

Fig. 3 The surgical procedure for the new TMJ prosthesis. a, b The resection of the entire condyle and the lower part of the articular eminence by
using the surgical templates. ¢ The fixation of the fossa component with the guide of the holes in the template. d, e The fixation of the mandibular
handle component with the help of the endoscope and transbuccal retractor. f The graft of free fat harvested from the buccal fat pad to fill into the

visual analog scale (VAS). The pain scale ranged from no
pain at 0 to worst pain at 10. The mandibular functions
scale ranged from no loss at 0 to complete loss of func-
tions at 10. The diet scale ranged from no restriction at 0
to only liquids at 10 [22—24].

Objective assessment indices

Objective measurements of the mandibular range of
motion, including (a) maximal interincisal opening, (b)
lateral movements (left and right), (c) forward movement,
and d) mandibular deviation when opening the mouth,
were recorded in millimeters. (MIO means maximal

interincisal opening, MDS means movement towards the
diseased (operated) side; MNS means movement to nor-
mal (non-operated) side, MFM means mandible forward
movement, MOD means mouth opening deviation to the
diseased side) [22, 23].

Statistical analysis

Data were analyzed using the Statistical Package for
Social Sciences software package, version 17.0 (SPSS,
Chicago, IL). The subjective and objective assessment
indices before and after surgery were compared using the
paired t-test of one-way analysis of variance. A P value of
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less than 0.05 was considered statistically significant (* is
P <0.05, ** is P <0.01, *** is P <0.001, **** is P <0.0001).

Results

Patients data

12 consecutive patients were included in the study based
on the inclusion and exclusion criteria. There were 7
females and 5 males. Their mean age was 47.8 years
(range, 35 to 66 years), and the mean duration of the dis-
ease was 4.9 years (range, 0.5 to 15 years). The left side
was affected in 5 patients and the right side in 7 (Table 1).
All patients were treated primarily with the conserva-
tive therapy for an average of 2.37 months (range, 0.4 to
6 months) with no obvious clinical improvements.

Examinations of clinical safety

There was no infection found in any patients after sur-
gery. All patients had a stable occlusion as same as pre-
operative examination. The wounds of all patients healed
well so that there were no serious postoperative scars.

Table 1 Basic data of the unilateral end-stage TMJ
osteoarthrosis patients treated by the new TMJ prosthesis
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There was no displacement, breakage, or loosening of
the prosthesis components in postoperative CT at all fol-
low-up points. Postoperative CT also showed that there
were no any low density images between the prosthe-
sis and host bone in all joints, and the masseter muscle
attachment on the surface of the prosthesis and mandib-
ular ramus was similar with the normal sides, but there
was no lateral pterygoid muscle attachment on the head
of the prosthesis in all operated joints.

The indices of the liver, and kidney function tests,
blood, urine and stool analysis tests for all patients were
within the normal range or with no clinical significance
at all follow-up points.

Examinations of clinical efficacy
Subjective assessment outcomes
The mean preoperative pain level was 7.17 +1.40, while
the postoperative scores were 2.25+1.71, 1.334+1.30,
0.92+£0.90, and 0.6740.78 at 1, 3, 6, and 12 months
postoperative follow-up points.

The mean score of the preoperative mandibular func-
tion was 6.00+£2.37, while, postoperatively, the scores
were 3.83+1.70, 2.92+1.16, 2.25+1.22, and 1.75+1.29
at the respective follow-up points.

No. Sex  Age(years)  Side ?“’ati)m‘ tcr:"‘sec“ti"e The mean preoperative subjective diet level was
years (y:;?sp)y 5.83£1.95 and the postoperative levels were 4.00+1.95,
2.17+0.72, 1.4240.79, and 1.17 +0.94 at the same fol-
! M 65 R 2 15 low-up points.
2 F >4 L 2 15 There were statistically significant improvements for
3 M >3 L 0.75 05 pain, mandibular function, and diet at all postoperative
4 F 40 R 10 2 follow-up intervals, except for the diet level at 1 month
> F 38 R 15 2 after surgery (P <0.05) (Fig. 4).
[§ F 46 L 3 25
7 M 35 L 05 04 Objective assessment outcomes
8 F 66 R 35 3 The mean preoperative MIO was 26.42+9.30 mm and
9 M 36 R 3 25 the postoperative values were 31.42+7.62, 36.92£6.16,
10 F 38 L 25 35 38.67+6.08, and 39.25+517 mm at 1, 3, 6 and
1 F 44 R 45 3 12 months after surgery. There were statistically signifi-
12 M 59 R 12 6 cant improvements for MIO at 3, 6, and 12 months fol-
Mean  / 47.8 / 4.90 237 low-up points (P <0.01).
an Pain b Diet €™  Mandibular function
84 84 84
74 74 74
w w © o © *
T 1T 2 R
44 4 44 e -
N " N N
2 T ”T"* - 24 *:['M = 2 T
1. e i o
o Pre 1M('mth 3 Months SMo'nths 1 Year ¢ Pre 1M“:nlh 3 Months SMo'nths 1 Year . Pre 1Mz'>nth 3 Months GMo'nths 1 Year
Fig. 4 Subjective assessment outcomes over time. a Pain. b Diet. ¢ Mandibular function
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Fig. 5 Objective assessment outcomes over time. a Maximal interincisal opening (MIO). b Mouth opening deviation (MOD). ¢ Lateral movement to
diseased side (MDS). d Lateral movement to normal side (MNS). e Mandible forward movement (MFM)

The mean preoperative MOD was 1.67+1.37 mm with
postoperative means of 4.71 +2.16, 3.83+0.56,4.13+ 1.11,
and 3.831+0.98 mm. There was a statistically significant
deviation to the normal side after surgery (P <0.01).

The mean preoperative MDS was 4.79+£2.17 mm
with postoperative means of 6.50+1.88, 7.08+1.82,
7424+1.69, and 7.50+1.54 mm demonstrating sta-
tistically significant increases after surgery (P<0.05).
Regarding MNS, The mean preoperative value was
7.254+2.21 mm, while the postoperative means were
3.13+1.48, 2.964+1.25, 2.92+1.47, and 3.54+1.10 mm
revealing statistically significant decreases after surgery
(P<0.0001).

The mean preoperative MFM was 6.33+2.14 mm
with postoperative means of 3.96+1.86, 4.00+6.16,
4424+1.72, and 4.63£1.75 mm at the correspond-
ing follow-up points. There were statistically significant
decreases for MFM after surgery (P <0.05) (Fig. 5).

Discussion

This study introduces a new TM]J prosthesis, which is
totally different from the commercially available Zim-
mer Biomet and TM] Concepts prostheses as for the
design perspective, in addition to the manufactur-
ing process. The clinical application of stock Zimmer
Biomet is more common than the customized one. The
stock Zimmer Biomet includes the fossa and mandibu-
lar components, in which the former is made of a grade
of UHMWPE with a spherical articulating surface and
a planar bony surface and the latter is fabricated with a

single Co—Cr—Mo alloy accompanied by an oblate con-
dylar head and planar mandibular handle (Fig. 1a) [10,
24]. TM]J Concept is a custom-made prosthesis, consist-
ing of the fossa and mandibular components. The fossa is
constructed of a pure titanium custom-made sheet with
a welded mesh that interfaced with the dense UHMWPE
articulating surface, and the mandibular component is
constructed of 2 basic materials: Ti6Al4 V alloy coated
with Co—Cr—Mo alloy head (Fig. 1b) [22, 23]. Particu-
larly, the presented prosthesis in the current study is also
a customized one which includes three parts: the fossa,
condylar head, and mandibular handle components.
The fossa component is the first innovative part of this
prosthesis, which is a patient-specific design with single
UHMWPE, which could match the anatomy of the fossa,
zygomatic arch, and articular eminence very well. More-
over, the condylar head and mandibular handle compo-
nents are constructed from Co—Cr-Mo and Ti6Al4 V
alloys, respectively, which are connected together by the
machine taper connection mechanism-a common con-
necting method for different metal materials in orthope-
dic prostheses (Fig. 1c). Based on the design principle, it
is much easier and faster for the processes of manufac-
ture and implantation in clinical application.

The 3D printing, as an additive manufacture method
for the TM] prosthesis, showed the second innovative
point of this prosthesis, which is more consistent with the
trend of medical development compared with the com-
mercial Zimmer Biomet and TM] Concepts prostheses
manufactured by the conventional Casting Co—Cr—Mo
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alloy and wrought Ti6Al4 V alloys, respectively [10, 11,
22, 24]. As well known, a wide variety of 3D printing
technologies have been advocated the medical field over
the last three decades, especially for the fabrication of
hip and knee joint prostheses in Orthopedic surgery [30].
Reviewing the kinds of literature, just one TM] implan-
tation device published in 2017 presented the use of 3D
printing technique to fabricate the TM] prosthesis for
patients requiring joint replacement surgery [31, 32]. Its
mandibular component with an oblate condylar head
(same with TMJ Biomet) was fabricated from only tita-
nium alloy by the 3D printing machine, while the condy-
lar head of our prosthesis is constructed of Co—Cr—Mo
alloy by 5-axis milling device, and only the mandibular
handle component of our prosthesis constructed of tita-
nium alloy by 3D printing. Theoretically, according to the
development of the TM] prosthesis, the functioning sur-
faces of TMJ prosthesis should have low wear, flow, and
fatigue coefficients [9, 33, 34], therefore, the Co—Cr-Mo
alloy has the prominent merits for use as the condylar
head and may even show better outcomes in long-term
follow-ups. In any case, both 3D printing prostheses have
proved that modern 3D printing technology has enabled
the more sophisticated, flexible, and automated produc-
tion of TM]J prosthesis directly from CAD data.

The study is a prospective self-control research with
very strict inclusion and exclusion criteria. Only patients
diagnosed as unilateral end-stage TM] osteoarthro-
sis in combination with a stable occlusion relationship
have been recruited. Since John Murray Carnochan first
reported an alloplastic TMJ reconstruction in the 1840s,
most papers presented for TM]J prosthesis were retro-
spective researches [9, 13-15, 33, 34]. Limited literature
is available addressing the clinical application of Zimmer
Biomet or TMJ Concepts prostheses with the prospective
design [10, 11, 22-24]. In addition, all these articles usu-
ally had a wide range of inclusion criteria, which included
degenerated or resorbed joints, ankylosis, trauma, failed
autogenous grafts, and other end-stage TM] pathologies
[10, 11, 22-24]. In fact, the wide inclusion criteria made
the results offset, which eventually confuses the reader
and also being difficult to understand and interpret the
outcomes well for every specific type of TMJ diseases.
As stated above, the results in the study would be more
accurate and credible than before.

Clinically, in order to confirm the safety of the prosthe-
sis in clinical use, we recorded the surgical complications,
occlusion relationship, CT check after surgery, and some
laboratory indices, including liver, and kidney function
tests, routine blood, urine, and stool tests to determine if
any related complications occurred postoperatively. From
the comprehensive results (no severe maxillofacial com-
plication occurrence, no other systematic organ damages,
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no displacement, breakage, and loosening of the pros-
thesis, and excellent bone contact with host bone), we
realized that the safety of the prosthesis has been veri-
fied. However, Mercuri et al. reported the serum metal
levels in patients who underwent different maxillofacial
implanted metallic objects. The results showed the pos-
sibility of the increases of the metal levels including the
cobalt, titanium, or chromium in the bloodstream after
dental implant placement, orthognathic surgery using
rigid metal fixation plates and screws, and total TMJ
prosthesis. But they did not elucidate the clinical symp-
toms resulting from the metal level increases [35]. Nev-
ertheless, we will also concentrate on the metal level
analysis and possibly relative clinical discomforts for our
patients in future follow-up to further confirm the safety
of the TMJ prosthesis.

Moreover, completely postoperatively subjective and
objective indices have been measured to confirm the
efficacy of the prosthesis in 12 patients without missing
case or in compliance for more than one year following
surgery. The methods of follow-up, which have been
widely used in previous studies for the clinical appli-
cations of Zimmer Biomet or TM] Concepts products,
were referred to the common criteria confirmed by
Kent et al. in 1993 [22, 23, 33]. Based on these criteria or
method, our study showed an average of 90.7% decrease
in pain, 70.8% improvement in mandible function,
79.9% improvement in diet, and 32.8% increase in MIO
at 1 year after surgery. From 1993 to 2017, there were
many studies that evaluated the postoperative efficacy
of TM] prostheses (mainly TM] Biomet and Concepts)
using the same criteria. Their results showed 48-78.1%
decrease in pain, 51-60% improvement in mandible
function, 51.5-69.5% improvement in diet, and 23.9-
66% increase in MIO [10, 11, 22-24]. The improve-
ments in pain, mandible function, and diet in our study
were more obvious compared to other studies. This
could be related to the inclusion criteria. In our study,
patients with TMJ osteoarthrosis were included only,
usually presenting with periarticular pain. Meanwhile,
the mandible functions, diet, and MIO have been lim-
ited due to pain. In other studies, the included patients
were usually recorded with different types of TM]J
pathologies (osteoarthritis, ankylosis, idiopathic condy-
lar resorption, and so on) together, so that the evaluated
indices have been influenced by each other. For lateral
and forward movements, and opening mouth deviation,
we found some negative outcomes, including the signifi-
cant limitations of the mandible forward movement and
lateral movement to the normal side, and the deviation
to the operated side when mouth opening. These were
attributed to the attachment loss of the lateral ptery-
goid muscle, which usually helps the mandible move
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forward and contralaterally. Meanwhile, the finding of
the attachment loss between this muscle and the pros-
thesis in postoperative CT images can further verify this
reason. Actually, these negative results have been found
and explained in previous studies [11, 23]. But they
just found the limitation to the contralateral joint side.
There were no self-control results to show how serious
the problems were, and no postoperative CT to check
the attachment of the muscle. Therefore, the evidence
in this study was more persuasive because of being pro-
spectively self-control project, where only unilaterally
operated patients were included. As a result, the efficacy
of the new prosthesis has been confirmed based on the
subjective and objective indices.

Conclusions

The presented TM] prosthesis is an innovative product in
TMJ Yang’s system due to its special design, 3D printing
additive fabrication, and corresponding surgical proce-
dure with the help of surgical templates and endoscopy.
Moreover, this prospective self-control study proved the
safety and efficacy of the prosthesis by clinical, radio-
logical and laboratory examinations and comparisons in
detail. This study will support the evidence for an exten-
sive clinical application of the innovative prosthesis in the
future.

Abbreviations

TMJ: temporomandibular joint; CT: computed tomography; CAD/CAM:
computer-aided design and computer-aided manufacturing; 3D: three-
dimensional; UHMWP: ultra-high-molecular-weight polyethylene; Co—Cr-Mo:
cobalt-chromium-molybdenum; VAS: visual analog scale; MIO: maximal
interincisal opening; MDS: movement to diseased (operated) side; MNS: move-
ment to normal (non-operated) side; MFM: mandible forward movement;
MOD: mouth opening deviation.

Authors’ contributions

JSZ was involved in designing the prosthesis, acquisition of data, drafting the
manuscript. XZC collected and analyzed the data. WBJ contributed to the

3D printing technical details. SYZ and MJC revised the manuscript critically
for important intellectual content and gave some important suggestions. CY
made substantial contributions to conception and design and performed all
surgeries. All authors read and approved the final manuscript.

Author details

! Department of Oral Surgery, Ninth People’s Hospital, College of Stomatology,
Shanghai Jiao Tong University School of Medicine, Shanghai Key Laboratory
of Stomatology and Shanghai Research Institute of Stomatology, No. 639

Zhi Zao Ju Rd, Shanghai 200011, China. ? Center of 3D-printing Translational
Medicine, Ninth People’s Hospital, Shanghai Jiao Tong University School

of Medicine, Shanghai, China.

Acknowledgements

Authors thank Prof. Ke Chen and XiaoLin Tian (School of Materials Science
and Engineering in Shanghai Jiaotong University, Shanghai, China) for the
mechanical properties tests previously and Dr. Abdelrehem Ahmed (Alexan-
dria University, Alexandria, Egypt) for revising the manuscript for grammar.

Competing interests
The authors declared that they have no competing interests in the authorship
and publication of this contribution.

Page 9 of 10

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Consent for publication
The consents for publication including any individual details, images or videos
with our institutional consent forms.

Ethics approval and consent to participate

This study was approved by the Shanghai Ninth People’s Hospital Human
Research Ethics Committee with the number of Hu Jiuyuan Lunshen [2015]18.
All patients were informed about the surgical purpose, surgical protocol,
recovery period, and possible complications. An informed consent was
obtained from all participants.

Funding

The national key research and development plan (2016YFC1100600), Clinical
Research Program of Shanghai ninth People’s Hospital (JYLJ0O03), Youth Fund
of Medicine and Engineering of Shanghai Jiao Tong University (YG2017QNO05)
and Seed fund of Shanghai Ninth People’s Hospital (JYZZ019). Shanghai Shen-
kang Project (16CR3104B) for funding support.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 8 October 2018 Accepted: 21 December 2018
Published online: 03 January 2019

References

1. Singh RK. Temporomandibular joint disorders. Natl J Maxillofac Surg.
2016;7(1):1-2.

2. McNeill C, Mohl ND, Rugh JD, Tanaka TT. Temporomandibular disorders:
diagnosis, management, education, and research. J Am Dent Assoc.
1990;120(3):253-7.

3. Mercuri LG. Temporomandibular joint total joint replacement-TMJ
TJR—a comprehensive reference for researchers, material scientists and
surgeons. New York: Springer International Publishing; 2016.

4. Katsnelson A, Markiewicz MR, Keith DA. Operative management of
temporomandibular joint ankylosis: a systematic reviewed meta-analysis.
J Oral Maxillofac Surg. 2012;70(3):531-6.

5. Kurtoglu C, Kurkcu M, Sertdemir Y, Ozbek S, Gurbuz CC. Temporomandib-
ular disorders in patients with rheumatoid arthritis: a clinical study. Niger
J Clin Pract. 2016;19(6):715-20.

6. Charnley J. Arthroplasty of the hip. A new operation. Lancet.
1961;1(7187):1129-32.

7. Healy WL, lorio R, Lemos MJ. Athletic activity after joint replacement. Am J
Sports Med. 2001;29(3):377-88.

8. Zwetyenga N, Amroun S, Wajszczak BL, Moris V. Total temporoman-
dibular joint prostheses. Rev Stomatol Chir Maxillofac Chir Orale.
2016;117(4):285-93.

9. Driemel O, Braun S, Muller-Richter UD, Behr M, Reichert TE, Kunkel M,
Reich R. Historical development of alloplastic temporomandibular joint
replacement after 1945 and state of the art. Int J Oral Maxillofac Surg.
2009;38(9):909-20.

10. Westermark A. Total reconstruction of the temporomandibular joint.

Up to 8 years of follow-up of patients treated with Biomet (®) total joint
prosthesis. Int J Oral Maxillofac Surg. 2010;39(10):951-5.

11. Wolford LM, Mercuri LG, Schneiderman ED, Movahed R, Allen W. Twenty-
year follow-up study on a patient-fitted temporomandibular joint
prosthesis: the Techmedica/TMJ concepts device. J Oral Maxillofac Surg.
2015;73(5):952-60.

12. Mercuri LG. Alloplastic TMJ replacement. Rationale for custom devices. Int
J Oral Maxillofac Surg. 2012;41(1):1033-40.

13. ShanYong Z, Liu H, Yang C, Zhang X, Abdelrehem A, Zheng J, Jiao Z, Chen
M, Qiu Y. Modified surgical techniques for total alloplastic temporoman-
dibular joint replacement: one institution’s experience. J Craniomaxillofac
Surg. 2015;43(6):934-9.



Zheng et al. J Trans| Med

20.

21.

22.

23.

24.

(2019) 17:4

Bai G, He D, Yang C, Chen M, Yuan J, Wilson JJ. Application of digi-

tal templates to guide total alloplastic joint replacement surgery

with Biomet standard replacement system. J Oral Maxillofac Surg.
2014;72(12):2440-52.

Lee WY, Park YW, Kim SG. Comparison of costochondral graft and custom-
ized total joint reconstruction for treatments of temporomandibular joint
replacement. Maxillofac Plast Reconstr Surg. 2014,36(4):135-9.

Zhang XH, Yang C, Fang B, Chen MJ, Wu'Y, Wang BL. Simultaneous cos-
tochondral graft and distraction osteogenesis in unilateral TMJ ankylosis
associated with mandibular retrognathia and asymmetry. J Craniofac
Surg. 2012;23(3):682-4.

Chen M, Yang C, Qiu Y, He D, Huang D, Wei W. Superior half of the ster-
noclavicular joint pedicled with the sternocleidomastoid muscle for
reconstruction of the temporomandibular joint: a preliminary study with
a simplified technique and expanded indications. Int J Oral Maxillofac
Surg. 2015;44(6):685-91.

Chen X, Wang Y, Mao Y, Zhou Z, Zheng J, Zhen J, Qiu Y, Zhang S, Qin

H, Yang C. Biomechanical evaluation of Chinese customized three-
dimensionally printed total temporomandibular joint prostheses: a finite
element analysis. J Craniomaxillofac Surg. 2018;46(9):1561-8.

Shen P, Zhang SY, Yang C, Yun B. Stability study of total temporo-
mandibular joint replacement on sheep. J Craniomaxillofac Surg.
2014,42(7):1265-70.

Shen P, Zhang S, Yang C, Huang D. The mandibular symmetry evaluation
of total temporomandibular joint replacement on developing sheep. J
Craniomaxillofac Surg. 2014;42(3):201-5.

Wilkes CH. Internal derangements of the temporomandibular joint: path-
ological variations. Arch Otolargynol head Neck Surg. 1989;115(4):469-77.
Mercuri LG, Wolford LM, Sanders B, White RD, Hurder A, Henderson W.
Custom CAD/CAM total temporomandibular joint reconstruction system:
preliminary multicenter report. J Oral Maxillofac Surg. 1995;53(2):106-15.
Wolford LM, Pitta MC, Reiche-Fischel O, Franco PF. TMJ Concepts/Tech-
medica custom-made TMJ total joint prosthesis: 5-year follow-up study.
Int J Oral Maxillofac Surg. 2003;32(3):268-74.

Giannakopoulos HE, Sinn DP, Quinn PD. Biomet microfixation T
Temporomandibular joint replacement system: a 3-year follow-up

study of patients treated during 1995 to 2005. J Oral Maxillofac Surg.
2012;70(4):787-94.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Page 10 of 10

Zhang LZ, Meng SS, He DM, Fu YZ, Liu T, Wang FY, Dong MJ, Chang YS.
Three-dimensional measurement and cluster analysis for determining
the size ranges of Chinese temporomandibular joint replacement pros-
thesis. Medicine. 2016;95(8):e2897.

Macedo JP, Pereira J, Vahey BR, Henriques B, Benfatti CA, Magini RS, Lopez-
Lopez J, Souza JC. Morse taper dental implants and platform switching:
the new paradigm in oral implantology. Eur J Dent. 2016;10(1):148-54.
Schramm M, Wirtz DC, Holzwarth U, Pitto RP. The Morse taper junction
in modular revision hip replacement—a biomechanical and retrieval
analysis. Biomed Tech. 2000;45(4):105-9.

Wolford LM, Karras SC. Autologous fat transplantation around TMJ total
joint prostheses. J Oral Maxillofac Surg. 1997;55(3):245-51.

Mercuri LG, Alcheikh Ali F, Woolson R. Outcomes of total alloplastic
replacement with peri-articular autogenous fat grafting for management
of re-ankylosis of the TMJ. J Oral Maxillofac Surg. 2008;66(9):1794-803.
Wyatt MC. Custom 3D-printed acetabular implants in hip surgery—
innovative breakthrough or expensive bespoke upgrade? Hip Int.
2015;25(4):375-9.

Ackland DC, Robinson D, Redhead M, Lee PVS, Moskaljuk A, Dimitroulis
G. A personalized 3D-printed prosthetic joint replacement for the human
temporomandibular joint: from implant design to implantation. J Mech
Behav Biomed Mater. 2017;69:404-11.

Dimitroulis G, Austin S, Sin Lee PV, Ackland D. A new three-dimen-
sional, print-on demand temporomandibular prosthetic total joint
replacement system: preliminary outcomes. J Craniomaxillofac Surg.
2018;46(8):1192-8.

Mercuri LG, Wolford LM, Sanders B, White RD, Giobbie-Hurder A. Long-
term follow-up of the CAD/CAM patient fitted total temporomandibular
joint reconstruction system. J Oral Maxillofac Surg. 2002;60(12):1440-8.
Wolford LM, Mehra P. Custom-made total joint prostheses for tem-
poromandibular joint reconstruction. Proc Bayl Univ Med Cent.
2000;13(2):135-8.

. Mercuri LG, Miloro M, Skipor AK, Bijukumar D, Sukotjo C, Mathew MT.

Serum metal levels in maxillofacial reconstructive surgery patients: a pilot
study. J Oral Maxillofac Surg. 2018;76(10):2074-80.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	An innovative total temporomandibular joint prosthesis with customized design and 3D printing additive fabrication: a prospective clinical study
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Patients
	Inclusion criteria
	Exclusion criteria
	TMJ prosthesis preparation prior to surgery
	Surgical procedure
	Evaluation of clinical safety
	Clinical general check-ups
	Radiographic examinations
	Laboratory investigations

	Evaluation of clinical efficacy
	Subjective assessment indices
	Objective assessment indices

	Statistical analysis

	Results
	Patients data
	Examinations of clinical safety
	Examinations of clinical efficacy
	Subjective assessment outcomes
	Objective assessment outcomes


	Discussion
	Conclusions
	Authors’ contributions
	References




