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Abstract. The application of additive manufacturing (AM) 
technology has been widely used in various medical fields, 
including craniomaxillofacial surgery. The aim of the present 
study was to examine the surgical efficiency and post‑operative 
outcomes of patient‑specific titanium mandibular recon‑
struction using AM. Major steps in directly designing and 
manufacturing 3D customized titanium implants are discussed. 
Furthermore, pre‑operative preparations, surgical procedures 
and post‑operative treatment outcomes were compared among 
patients who received mandibular reconstruction using a 
customized 3D titanium implant, titanium reconstruction 
plates or vascularized autologous fibular grafting. Use of a 
customized titanium implant significantly improved surgical 
efficiency and precision. When compared with mandibular 
reconstruction using the two conventional approaches, patients 
who received the customized implant were significantly more 
satisfied with their facial appearance, and exhibited minimal 
post‑operative complications in the 12‑month follow‑up period. 
Patients who underwent mandibular reconstruction using a 
customized titanium implant displayed improved mandibular 
contour symmetry, restored occlusal function, normal range of 
mouth opening and no temporomandibular joint related pain; all 
complications frequently experienced by patients who undergo 
conventional approaches of mandibular reconstruction.

Introduction

Additive manufacturing (AM) has become integral to modern 
rapid prototyping. Based on computer‑aided design (CAD), 
AM uses layer‑based manufacturing technology to directly 
produce end products (1,2). In medicine, by utilizing digital 
slicing of CAD, a 3D scan (generated by Mimics or InVesalius 
software programs) and microcomputed tomography (µCT) 
data, AM enables direct fabrication of customized biological 
models for various clinical applications (3,4). These biological 
models can be used in disease diagnosis, surgical planning, 
clinical teaching and patient communication (5,6). The process 
of AM is continuously evolving with advances in the design and 
manufacturing of customized implants according to patient 
needs (7). AM provides a bridge that transfers the simulated 
surgical plan accurately to the surgical site. Therefore, high 
accuracy, and efficiency in planning and execution of surgical 
procedures are achieved (8‑10). There are >20 individual 
AM processes, which vary in their method of layering and 
manufacturing (1,2). Among these processes, both selective 
laser melting and electron‑beam melting (EBM) have been 
extensively developed and improved upon for fabrication of 
surgical metal implants in various clinical settings (11,12).

Metallic biomaterials, such as 316L stainless steel, 
cobalt‑chromium‑based alloy and titanium, have been used 
extensively in manufacturing of surgical implants (13). In 
contrast to other biocompatible metals, titanium has improved 
fatigue resistance and a modulus of elasticity comparable 
to bone (14). Ti6AI4V extra low interstitial (ELI) is an α‑β 
alloy containing 6% aluminum and 4% vanadium. Controlled 
interstitial element levels are designated as an ELI; hence the 
designation Ti6Al‑4V ELI (15,16). Ti6Al‑4V ELI is one of the 
most widely used titanium alloys in the production of surgical 
implants (17). A previous study has shown that Ti6AI4V ELI 
exhibits a number of advantages compared with pure titanium, 
including higher tensile strength and improved fatigue resis‑
tance (14). Furthermore, Ti6AI4V ELI has improved tensile 
strength, suitable stiffness, a high degree of resistance to 
corrosion and an enhanced porous structure that possesses 
excellent mechanical properties similar to those of human 
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bone (18). Considerable research efforts have been undertaken 
to evaluate the biocompatibility of Ti6AI4V ELI using EBM 
(Ti6AI4V ELI EBM) in the physiological environment (19,20). 
Ti6AI4V ELI EBM exhibits promise for fabrication of hip 
joints and knee joints for use clinically (21,22).

The mandible is the largest bone in the human skull, and 
it holds the lower teeth in place, assists in mastication and 
forms the lower jawline (23). The mandible is composed 
of the body and the ramus, and is located inferior to the 
maxilla. The body is the horizontally curved portion that 
creates the lower jawline (24). Mandibular defects caused by 
inflammation, trauma and maxillofacial tumors can cause 
dysfunctions in chewing and facial deformities, and may 
severely affect a patient's quality of life (25). Due to various 
sizes of defects and the effect of radiation therapy (in case 
of cancer treatment) on the blood supply of the surrounding 
tissues, the repair and reconstruction of mandibular defects 
has always been a challenging task for surgeons (26). With 
the development of modern medicine, significant progress 
has been made in the reconstruction of mandibular defects. 
At present, there are a variety of repair methods, including 
commercial reconstruction titanium plates (for example the 
Stryker Leibinger universal system), non‑vascularized autog‑
enous bone grafts, pedicled bone grafts and vascularized 
fibula free grafts (27,28); however, the existing repair methods 
often do not perfectly restore the continuity and integrity 
of the mandible, which may result in a second trauma (29). 
Using digital medical imaging technology and metal 3D 
printing technology, according to CT scan data of patients, 
porous titanium alloy bone tissue substitute materials that 
are similar in shape, size and weight to the bone defect area 
can be designed and manufactured to achieve personalized 
repair and reconstruction of bone defects (30). At present, this 
technology has been applied in the field of hip, knee, spine 
and skull reconstruction (31,32); however, to the best of our 
knowledge, there are limited studies reporting its use in oral 
and maxillofacial defects (33). The present study included 
4 patients with individualized titanium alloy implants and 
the outcomes were compared with 16 patients who received 
traditional reconstructed titanium plates and vascularized 
fibula free flaps through a retrospective controlled study. The 
conclusion of the present study may provide clinicians with a 
powerful design and manufacturing technique, to improve the 
availability of implantable mandibular solutions that overcome 
the shortcomings of typical fixation plate‑based treatment 
options, thereby improving overall patient outcomes.

Materials and methods

Workflow. The workflow of reconstruction of mandibular 
discontinuity using AM technology consisted of several 
stages: i) 3D digital imaging; ii) data transfer; iii) processing 
and segmentation; iv) evaluation of design; and v) AM model 
production and evaluation. In the present study, pre‑operative 
preparations, surgical procedures and post‑operative treat‑
ment outcomes were compared among patients who received 
mandibular reconstruction using a customized 3D titanium 
implant, and two other conventional approaches; titanium 
reconstruction plates and vascularized autologous fibular 
grafting (Fig. 1). 

Selection criteria. The present study included patients 
with mandibular defects caused by non‑malignant tumors. 
These tumors have a clear invasive pattern and margin, and 
radical therapy is recommended, which has high immediate 
cure success rates (34). Furthermore, patients who did not 
exhibit tumor recurrence within 1 year of surgery and did 
not receive radiation therapy were also included. Cases with 
any condition of uncontrolled inflammation were excluded. 
The surgical outcome in the prospective cohort of patients 
was compared with the retrospective cohort of patients 
who received mandibular reconstruction using two other 
conventional approaches: Titanium plates or vascularized 
autologous fibular grafting. The same inclusion and exclu‑
sion criteria were also applied to the retrospective cohort 
cases. The surgical pathology database from Stomatological 
Hospital of Jiangsu was searched for reported cases of benign 
oral tumors between January 2014 and February 2017. A total 
of 16 retrospective cases were identified and follow‑up time 
periods were recorded (Table SI). Among these retrospective 
cases, 6 patients received implantation of titanium plates, and 
10 patients received vascularized autologous fibular grafting. 
All patients underwent mandibular reconstruction, and their 
patient files containing pre‑ and post‑operative µCT scans 
were reviewed. All patients were introduced different types 
of implants including advantages and disadvantages for each 
type. The treatment was based on the patient's preference 
after consultation with surgeons. 

Written informed consent for participation in the study 
was obtained from participants according to the policy of the 
Stomatological Hospital of Jiangsu Ethical Review Board, and 
the data were anonymized for analysis and research publica‑
tion. The present study was approved by the Stomatological 
Hospital of Jiangsu Ethical Review Board (approval 
no. PJ2016‑003‑01). 

Patient information. A total of 4 patients (mean age, 33 years; 
age range, 21‑50 years) were recruited prospectively at The 
Affiliated Hospital of Stomatology of Nanjing Medical 
University (Nanjing, China) between March 2016 and March 
2017. The patients included 2 men and 1 woman who devel‑
oped recurring ameloblastoma, and another woman who 
was diagnosed with squamous cell carcinoma. According to 
the classification scheme proposed by Urken et al (35), the 2 
males were classified as having a ‘RB’ mandibular defect, 1 
female was classified as having a ‘BS’ mandibular defect, and 
the other female was classified as having a ‘BSS’ mandibular 
defect. Based on CT scans, the 2 male cases exhibited local 
invasion in the lower mandibular ridge and the buccal, and 
the lingual walls were notably resorbed (Fig. 2A and B). 
The tumors had spread to the anterior mandibular ascending 
branch and the soft tissue of the posterior molar. The treat‑
ment plans included a combination of mandibular segmental 
resection and reconstruction following tumor removal. In the 
case of the female patient with recurring ameloblastoma, the 
tumor had spread to the mandibular canal, and the treatment 
plan included a mandibular osteotomy preserving the lower 
mandibular ridge (Fig. 2C). The female case with squamous 
cell carcinoma involved large segmental defects within the 
jaw due to invasion by the gingival squamous cell carcinoma 
(Fig. 2D). No tumor recurrences were observed within 1 year 
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after surgery, and therefore this patient was recommended for 
customized titanium mandibular implantation.

In the present study, the four prospective patients who 
received customized titanium implants were included in 
group A (Table SI). Of the remaining cases that were analyzed 
retrospectively, 6 cases underwent titanium plate implanta‑
tion and were included in group B, and 10 cases underwent 
vascularized autologous fibular grafting and were included in 
group C (Fig. S1 and Table SI). Group B included 3 males and 
3 females, and the age range was 18‑77 years, with a mean age 
of 41.5 years. Group C consisted of 8 males and 2 females, and 

the age range was 19‑65 years, with a mean age of 36.8 years. 
The breakdown of the benign oral tumor subtypes is presented 
in Figure S1 nad Table SI. Among all cases, mandibular 
ameloblastoma was the most common subtype (14 cases), 
followed by osteofibroma (2 cases), keratocystic odontogenic 
tumor (2 cases), mandibular cyst (1 case), and squamous cell 
carcinoma (1 case). The diagnosis of benign oral tumor was 
confirmed in each case.

3D medical imaging acquisition. Full 3D digital dental 
models were obtained using integrating cone‑beam computed 

Figure 1. A summary of the workflow for the construction of the complete mandible implant. CT, computed tomography; EBM, electron‑beam melting.
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tomography (CBCT; NewTom VG, SRL Company). These 
data were handled, stored and transmitted according to 
the standards of Digital Imaging and Communications in 
Medicine (36). The geometric data obtained from the CBCT 
scans were imported into medical image processing software, 
including Materialise's interactive medical image control 
system (Mimics®; version 15.0; Materialise) and Analyze® 
(Mayo Foundation). Using Mimics®, a 3D digital anatomical 
model comprising the patient's mandible was constructed by 
imaging processing and segmentation. This was followed by 

construction of a triangular model of bone structure from 
the volume data by performing a series of computed steps, 
including region growing, mask formation and 3D model 
calculation. The anatomical region of mandibular defects was 
isolated from the entire data, and the selected bone structure 
was imported and processed using Unigraphics NX (version 
10.0; Siemens AG) or Solidworks (version 2014; Dassault 
Systèmes) for prosthesis design, including refinement of the 
internal porous structures and the patient‑specific 3D mesh 
structure through topology optimization. The position and 

Figure 2. Oral tumor and pre‑operative computed tomography images showing mandibular defects for cases 1‑4 in group A. (A) Facial appearance, (B) intra‑
oral and (C) panoramic image before surgery in case 1. (D) Facial appearance, (E) intraoral and (F) panoramic image prior to surgery in case 2. (G) Facial 
appearance, (H) intraoral and (I) panoramic image prior to surgery in case 3. (J) Facial appearance, (K) intraoral and (L) panoramic image prior to surgery 
in case 4. 
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model of the personalized implant was designed and deter‑
mined according to the patient's mandible and occlusion 
defects. Furthermore, the surgical guide was customized 
and refined for each reconstruction. After the corresponding 
stereolithography (STL) file was generated, the obtained STL 
file was imported into Magics (version 20; Materialize) for 
data error fixing, positing the part in the build envelop, and for 
creating the scaffold and slicing. Finally, the corrected STL 
file was sent for production of implants using Ti6AL4V ELI 
(Arcam AB; model 2016), which meets the national standards 
GB/T 13810 of titanium alloy for surgical implants in China. 
The implants were produced by Beijing Aikang Co., Ltd., 
and were casted in titanium alloy according to the design 
of position during printing. (Fig. 3) The entire design and 
manufacturing process of personalized porous titanium alloy 
implant took ~3 weeks. 

Surgery. All patients received pre‑operative antiseptic oral 
rinsing and treatment was maintained with intravenous anti‑
biotics (Cefazolin Sodium Pentahydrate Inj Pwd F/Sol; 1 g). 
For patients in group A (Figs. 4 and 5), customized titanium 
implants were designed using computer‑aided software and 
constructed using an EBM system (37). Prior to surgery, the 
titanium implants were cleaned using ultrasonic vibration 
and then sterilized using high temperature steam. During 
the operation, osteotomy was performed according to the 
surgical guide, which controlled the position and direction of 
resection. Segmental resection of the mandible including the 
benign tumor was removed. After the customized titanium 
plate was inserted and fixed with 4‑8 titanium screws (10‑mm; 
Stryker Leibinger GmbH & Co.), the oral tissues were stitched 
back into place using dissolvable stitches. Patients received 

antibiotics after surgery [Cefoxitin, 1 g, intravenously (i.v.), 
once a day for 5 days]. For patients in group B, the mandibu‑
lectomy area was measured and confirmed based on µCT 
images. The sterilized titanium reconstruction plate was 
pre‑bent to fit the resected mandible. After the benign tumor 
was removed, the prebent titanium reconstruction plate was 
fixed on residual bone using 3‑4 titanium screws on each side. 
Patients received antibiotics after surgery as aforementioned. 
For patients in group C, the defects were confirmed by µCT 
scans. A two‑team approach was used for the surgery; one 
team focused on resection of the benign tumor; the other team 
focused on mandibular reconstruction using vascularized free 
fibular flap grafting. Harvesting and contouring of the fibula 
free flap took ~120 min. The modelled fibula flap was placed 
between the mandibular stumps and fixed to the titanium plate 
with multiple screws. Finally, the micro‑anastomoses were 
constructed and the skin was sutured into its definitive posi‑
tion. Patients received immediate post‑operative special care 
(Ceftriaxone, 1 g, IV, once a day for 5 days; Ornidazole, 0.5 g, 
IV, twice a day for 3 days) with anti‑inflammatory (dexametha‑
sone sodium phosphate injection, 10 mg, i.v., once a day for 
3 days) and anti‑coagulant medications (hemocoagulase injec‑
tion, 1 KU, intramuscular injection, once a day for 3 days).

Post‑operative outcome assessment. The main clinical 
outcome was evaluated using assessment scale and measures 
referring to the EORTC QLQ‑C30/QLQ‑H&N35 question‑
naires (38,39), and the University of Washington Quality 
of Life questionnaire (40,41). The items related to head and 
neck tumors were selected, and modified to the specific situ‑
ation to formulate the prognostic evaluation form (Table SII). 
The questionnaire contained seven categories: Facial 

Figure 3. 3D images showing the customized mandibular implant prototype design for cases 1‑4 in group A. (A) Case 1, (B) case 2, (C) case 3 and (D) case 4. 
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Figure 5. Post‑operative recovery of patients in group A. (A) Case 1, (B) case 2, (C) case 3 and (D) case 4. Cases 1‑3 had good postoperative dental restoration. 
Case 4 had a smaller range of maximum opening due to scar formation from a previous operation, but the continuity of the mandibular was restored, and the 
patient was satisfied with her facial appearance.

Figure 4. Mandibular reconstruction and post‑operative computed tomography scans of patient cases 1‑4 in group A. (A) Case 1, (B) case 2, (C) case 3 and (D) case 4. 
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appearance, occlusal force and chewing, pain [as deter‑
mined by verbal rating scale (42)], opening degree, speech, 
swallowing/eating and mentality. Each category was given 
a score. The total score of seven categories ranged between 
7‑28, and was subsequently divided into 4 grades. Higher 
scores corresponded to worse symptoms and, consequently, 
a worse quality of life. The prognosis was classified into 
one of four grades (grade I‑IV). Briefly, grade I (score 7‑12) 
was characterized as satisfied facial appearance, balanced 
mandibular contour symmetry, normal occlusal force and 
chewing efficiency, no temporomandibular joint related pain 
and normal maximum mouth opening. Grade II (score 13‑17) 
was characterized as slightly unilateral facial depression or 
bulging, restored occlusal function with chewing efficiency 
of 60‑80%, mild temporomandibular joint related pain, two 
finger mouth opening, and slight difficulty to communicate, 
eat and socialize. Grade III (score 18‑22) was characterized 
as unilateral facial asymmetry with obvious depression 
or bulging, implant fracture, reduced occlusal force with 
chewing efficiency of 40‑60%, one finger mouth opening 
and a high degree of masticatory difficulty, and difficulty to 
communicate, eat and socialize. Grade IV (score 23‑28) was 
characterized as extreme facial asymmetry with significant 
depression or bulging, significantly reduced occlusal force 
associated with <40% chewing efficiency, severe pain, 
severely limited mouth opening, and considerable difficulty 
communicating, eating and socializing, implant removal due 
to post‑operative infection, implant loosening and tumor 
recurrence. Patients with a total score between 7 and 12 were 
classified as grade I (best outcome); patients with a total 
score between 13 and 17 were classified as grade II; patients 
with a score between 18 and 22 were classified as grade III; 
and patients with a total score of 23 and 28 were classified as 
grade IV (the worst outcome). 

Statistical analysis. Associations between groups were 
analyzed using SPSS version software 19.0 (IBM Corp.). The 
post‑operative outcomes among group A, B and C were scored 
according to prognostic evaluation (Table SII) and analyzed 
using Kruskal‑Wallis H non‑parametric test followed by 
Dunn's test for intergroup comparisons. P<0.05 was consid‑
ered to indicate a statistically significant difference. 

Results

In group A, mandibular defects were repaired using custom‑
ized titanium implants in patients. The mean operative time 
of group A was ~130 min (range, 90‑160 min), and the mean 
length of follow‑up was 12 months (range, 3‑19 months). In 
group A, all patients had post‑operative µCT scans verifying 
the accuracy of positioning of customized titanium implants 
and complete tumor removal (Fig. 4). The continuity of the 
mandible of all 4 patients was restored (Fig. 4). Furthermore, 
they almost fully recovered the ability to ingest the same 
foodstuffs they were able to ingest prior to surgery, along 
with normal maximum mouth opening (25‑40 mm) (Fig. 5). 
Among these 4 patients, 2 males and 1 female had good post‑
operative dental restoration (Fig. 5). One female (case 4) had 
a significantly shorter follow‑up time. This female patient 
had a smaller range of maximum opening range due to scar 

formation from a previous operation, but the continuity of 
the mandibula was restored, and the patient was satisfied 
with their facial appearance (Fig. 5). Overall, postopera‑
tive dental rehabilitation was completed with satisfactory 
results in all patients in group A. No tumor recurrences were 
observed.

According to the criteria on facial appearance, occlusal 
force and chewing, pain, opening degree, speech, swal‑
lowing/eating and mentality, the prognosis was classified 
into four different grades (Table SII). Group A patients had 
improved post‑operative outcomes compared with both 
groups B and C (Table I). In group A (n=4), 3 patients were 
grade I and 1 patient was grade II; however, groups B and 
C rarely obtained a grade I clinical outcome score (Table I). 
In group B (n=6), 3 patients were grade II, 2 patients were 
grade III and 1 patient was grade IV. In group C (n=10), 
1 patient was grade I, 5 patients were grade II, 3 patients were 
grade III and 1 patient was grade IV. The outcomes among 
groups A, B and C were analyzed using Kruskal‑Wallis H 
non‑parametric test, which revealed that post‑operative treat‑
ment outcomes were significantly different among the three 
groups (P=0.033). Subsequently, the outcomes were compared 
between two groups by Dunn's test (Table II). This demon‑
strated that operative treatment outcomes were significantly 
different between groups A and B (P=0.0191), and between 
groups A and C (P=0.0378). However, no significant differ‑
ence was identified between groups B and C (P=0.873).

In summary, patients who underwent mandibular recon‑
struction using a customized titanium implant exhibited 
improved mandibular contour symmetry, restored occlusal 
function, a normal range of mouth opening and no temporo‑
mandibular joint related pain (Table SIII). This was in contrast 
to the increased risk of unilateral facial asymmetry, limited 
mouth opening, decreased chewing function as well as implant 

Table I. Summary and analysis of post‑operative outcomes 
among group A, B and C.

 Four‑grade clinical outcome
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Group Ⅰ Ⅱ Ⅲ Ⅳ

A 3 1 0 0
B 0 3 2 1
C 1 5 3 1

Total 4 8 5 2
 

Table II. Statistical analysis of the post‑operative outcomes 
among groups A, B and C.

Group A B C

B 0.0191 NA NA
C 0.0378 0.873 NA

NA, not applicable.
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loosening observed in patients who received one of the other 
two conventional approaches (Table SIII).

Discussion

The mandible serves a critical role in several physiological 
aspects, including craniofacial growth and development, masti‑
cation, swallowing and breathing (23). Accurate mandibular 
reconstruction has always been a challenge (43). Mandibular 
defects may result from radioactive osteonecrosis, trauma, 
inflammation, oral cavity carcinoma and cysts. The reconstruc‑
tion of mandibular defects following surgical extirpation of oral 
cavity carcinoma accounts for 80% of clinical cases (40,41). 
The goals of mandibular reconstruction are re‑establishment 
of mandibular continuity and completeness, correction of 
mandibular deformity and restoration of mandibular func‑
tions (44). Current trends in mandibular reconstruction with 
modern medical applications aim to take into consideration 
several factors, including accurate reconstruction of the normal 
anatomy, the degree of occlusion and proper biomechanical 
compatibility with the surrounding bone tissues (45).

The use of titanium plates in mandibular reconstruction has 
been widely implemented (46‑48). The primary advantages of 
this approach are: i) Lower‑complexity surgical procedures; 
ii) reduced fatigue of the metal; and iii) improved adaptation of 
reconstruction plates (49,50). However, disadvantages include, 
decreased rigidity and fracturing of titanium plates (51,52). 
Furthermore, if any radiotherapy patient has inadequate soft 
tissue coverage over the operative site, the individual may be 
at high‑risk for plate protrusion and thus infection, requiring 
removal of implant and thus surgical failure (51,53). Although 
titanium plate systems for maxillofacial surgery are currently 
available from several different manufacturers, the choice of 
systems from various manufacturers always results in differences 
in clinical outcome. Several of the placed titanium implants 
later negatively influence denture repair (54). Autologous bone 
grafting can be categorized as non‑vascularized and vascularized. 
Non‑vascularized autologous bone grafting is less demanding, 
less invasive and has fewer common complications (55‑57). 
However, the major limitation of this approach is that the implant 
has no blood supply of its own, which is followed by severe graft 
resorption. A notable reduction in bony height further compli‑
cates predictable implant rehabilitation (58). Furthermore, the 
bone graft is avascular making it susceptible to delayed union 
and infection, and may result in permanent damage to soft tissues 
thereby increasing the chances of failure in patients (59,60). By 
contrast, vascularized autologous bone grafting overcomes these 
limitations by virtue of its inherent own vasculature and can 
be harvested with soft tissues (61). This explains the increased 
popularity of vascularized autologous bone grafting as the stan‑
dard option (62). Multiple reconstructive options have emerged 
for mandibular reconstruction, including iliac crest, rib and 
fibula (63). The fibula was first utilized by Hidalgo et al (64) 
for mandibular reconstruction in 1989. Compared with other 
options, the fibula has gained widespread use, owing to its versa‑
tility by offering great length and thickness of bone, intraosseous 
and segmental blood supply, and reliable skin paddle for simul‑
taneous soft tissue reconstruction (65,66). Therefore, the use of 
the fibula for mandibular reconstruction is well accepted among 
numerous oral maxillofacial surgeons (62). However, despite its 

merits, harvesting and contouring of the fibula demands tremen‑
dous skill and expertise. Furthermore, post‑operative facial 
symmetry is an important aesthetic aspect, which is very difficult 
to achieve (67). Previous studies have reported that harvesting 
the fibula increases the risk of donor‑site morbidity, and lowers 
walking endurance in the short‑term and decrease the ability to 
do strenuous activity in the long‑term (68,69). Certain patients 
may also experience mild lameness, and the loss of bony height 
always results in notable challenges to post‑operative denture 
restoration (70). Although there have been some successes, 
tissue engineering is not yet ready for mandibular reconstruc‑
tion in terms of clinical outcomes. Current obstacles remain 
to develop an ideal biocompatible bone repair scaffold that 
possesses suitable microstructure. Natural biological materials, 
such as chitosan‑fibrin and hydroxyapatite, possess excellent 
cell adhesion and growth support properties (71,72). However, 
these polymers lack mechanical strength and physical stability, 
which limit their application in reconstruction of load‑bearing 
areas of the mandible, and are thus likely to result in the implant 
failure (70).

Recent advances in digital imaging and CAD have made 
it possible to create customized 3D models from medical 
images (73). AM technology, also known as 3D printing, 
allows the use of patient‑specific digital models to manufacture 
anatomically‑specific 3D mesh titanium scaffolds for the recon‑
struction of mandibular defects (74). AM technology offers a 
new level of control over the architecture of porosity and hard‑
ness of titanium to match the Young's modulus to that of the bone 
tissue. As a result, the resulting titanium product has improved 
stress‑shielding effects, which may stimulate osteogenesis, 
thereby significantly enhancing implant‑bone interface stability 
and reducing the risk of implant loosening (75). Furthermore, 
titanium with microporous structure allows better cell adhesion 
and increased bone in‑growth to achieve biological fixation (76). 
3D printing can build complex porous features inside the 
implant to enhance biocompatibility (77), and allows the clini‑
cian the capability to design these implants to aesthetically 
enhance the cosmetic outcome. Indeed, improved post‑operative 
denture restoration was observed in patients with customized 
mandibular implants in the present study. When compared with 
other conventional approaches, the operative time was reduced. 
Among all the treatment groups, group A were the most satis‑
fied in regard to their facial symmetry, and exhibited the most 
improved maximum mouth opening and occlusal function. 
Furthermore, high‑precision 3D printed titanium alloy implants 
can be quickly positioned and fixed during surgery, instead of 
applying traditional finished reconstructed titanium plates to 
repair, it takes less time during the operation to bend to fit the 
mandible ends and restore maxillofacial appearance. Overall, 
in contrast to other treatment options, patients who received the 
customized titanium implant showed improved post‑operative 
life quality.

The strength of AM technology lies in the areas where 
traditional implantation approaches are limited, including 
personalization. However, customized implants should be 
designed with exacting parameters, which require high‑
resolution imaging techniques to optimize the bone‑to‑implant 
interface. The design and manufacture of high‑quality custom‑
ized implants for mandibular reconstruction are complicated, 
and require close collaboration between clinicians and 
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engineers. Although the use of AM technology in mandibular 
reconstruction is promising, the widespread application 
of this technology is limited by several important factors, 
including i) Costly materials and equipment maintenance; ii) 
sub‑optimal porous structure and mechanical performance; 
iii) available techniques for implant surface modification; and 
iv) low resistance to clinically relevant cumulative radiation 
doses in patients with malignant tumors (78). 

In conclusion, 3D printing has been applied in the medical 
field, including in complex surgical procedure design, surgical 
simulation, surgical guide fabrication, implant design and 
manufacturing (79). For the reconstruction of mandibular 
defects, treatment options include reconstruction of titanium 
plates and vascularized autologous bone grafts, but each 
method has its advantages and disadvantages (80). With 
advances in 3D printing technology, it has become possible to 
manufacture custom titanium implants for mandibular recon‑
struction. By obtaining digital image data of patients through 
CT scans, it is possible to construct 3D models, optimize 
surgical schemes, design and manufacture custom titanium 
alloy implants, improve the accuracy of the surgical procedure, 
reduce the operation time and improve the effect of repair and 
reconstruction (81). Advancements in AM technology within 
oral and maxillofacial surgery are positively affecting the 
health of these patients. The present study has elucidated a 
detailed approach of using customized titanium implants for 
reconstruction of mandibular defects. Patients with customized 
titanium implants exhibited improved mandibular contour 
symmetry and functions, with minimum post‑operative 
complications. Taken together, the present study has provided a 
more detailed picture of development of customized implants. 
This will aid future studies to take a more efficient and feasible 
route to the manufacture of such products in order to achieve 
the implant's desired outcomes and complexity. Based on the 
results of the present study, surgeons may be able to formulate 
adequate strategies and contingency plans to control post‑oper‑
ative complications. Notably, this work will lead to heightened 
confidence in this emerging AM technology for its application 
in oral and maxillofacial surgery.
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