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Abstract: Jaw defects can have a variety of causes, including tumors, trauma, and osteomyelitis.
The reconstruction of jaw defects has been improved with the free flap technique and sophisticated
microvascular techniques. A deep circumflex iliac artery (DCIA) flap provides a large amount of
bone for the reconstruction of the mandible. However, various complications and side effects, such
as abnormal hip contour, hernia, severe bleeding tendency, gait disturbance, and hypoesthesia, can
occur. Iliac bone fracture is not a common complication after DCIA flap harvesting, because the
anterior superior iliac spine (ASIS) can include the harvested flap. If an iliac avulsion fracture occurs,
various treatment options exist. If severe dislocation of the bone fragment exists, open reduction and
internal fixation are required. At this time, orthopedic implants composed of various materials can
be used. Among these, when using a 3D-fabricated implant using a TigAl4V alloy, the accuracy of the
size and shape is excellent, and it can have mechanical-biocompatible advantages. In this study, we
report cases of iliac bone fracture after reconstruction of the jaw with a DCIA flap and the treatment
modality using a 3D-printed, patient-specific titanium implant.

Keywords: 3D printing; computer-assisted surgery; iliac bone fracture; titanium implant; iliac crest
bone flap

1. Introduction

Jaw defects can be caused by tumors, trauma, or infectious diseases. Oral squamous
cell carcinoma (SCC) of the mandibular gingiva and ameloblastoma are included for the
purpose of resection of the mandible. Generally, when these destructive lesions occur, we
can perform a marginal mandibulectomy or segmental mandibulectomy. The mandible is
resected segmentally or marginally and then reconstructed with complex reconstruction
using various free flaps. In the case of segmental mandibulectomy, reconstruction of
the mandible also requires rehabilitation of dentition for occlusion and linguistic ability.
Therefore, the reconstruction of bone and soft tissue through free flap transfer is regarded
as the best treatment to restore function [1].

In the case of a patient with a severely atrophic mandible or who has undergone a
marginal mandibulectomy and requires implant treatment, the inadequacy of the bony
height and volume of soft tissue may be a challenge [2]. Vascularized or non-vascularized
bone grafts, distraction osteogenesis, and guided bone regeneration have been used to
install implants for rehabilitation [3].

Jaw defects can be reconstructed using microvascular composite free flaps with the
scapula, radial forearm, fibula, and deep circumflex iliac artery(DCIA) flap [4]. The sur-
geon chooses the donor site considering various factors, such as the size, location, and
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condition [5]. A DCIA flap has been used for the reconstruction of the jaw defect due to
the natural shape of the arch, sufficient width and height, and the possibility of obtain-
ing bicortical bone with good-quality cancellous bone [5]. In particular, it is useful for
the reconstruction of severe bone defects such as segmental mandibulectomy and hemi-
mandibulectomy [6]. Donor-site morbidity is another important factor to consider when
choosing donor sites [5]. However, DCIA is known to have various minor complications,
including gait disturbance, hernia, and fracture. In particular, large bony defects at the
ilium area cause weakening of the supporting tissue, leading to complications such as gait
disturbance, iliac fracture, and hernia [6]. The use of a bicortical DCIA flap when large
amounts of bone segments must be harvested can sometimes cause abnormal hip contour,
hernia, a tendency to exhibit severe bleeding, and gait disturbances [7]. Monocortical
DCIA flaps can reduce donor-site morbidity for the harvesting of large amounts of bone
segments [7]. In addition, the monocortical DCIA flap has the advantage of minimizing
gait disturbances, preserving the contour of the hip, and speeding up the patient’s post-
operative recovery [7]. Iliac bone fracture is not a common complication after DCIA flap
harvesting, because the ASIS (anterior superior iliac spine) can include the harvested flap.
However, when including the ASIS, the patient may lose the hip contour and suffer from
gait disturbance.

Generally, iliac bone fractures can be treated by open reduction and internal fixation.
Orthopedic implants need to possess important properties, such as biocompatibility, rele-
vant mechanical properties, high corrosion and wear resistance, and osseointegration, to
ensure safe and effective use [8]. A variety of implant materials have been used according
to requirements in various fields of medicine, such as metals, alloys, ceramics, and poly-
mers [8]. Among them, titanium and titanium alloys are widely used as orthopedic implant
materials due to their mechanical and biological properties [9-13]. Moreover, a porous
titanium structure allows bone ingrowth into the pores to gain stable osseointegration be-
tween the implant and surrounding bone [14,15]. Recently, computer-aided and 3D-printed
guided surgery has become popular. Thus, iliac bone fractures can be treated with this
modality. The introduction of computer-aided design (CAD) and computer-aided manufac-
turing (CAM) systems has led to several advantages for both clinicians and patients, and
commercial software offers reliable methods to simulate and perform the procedure [16].
TigAl4V alloy orthopedic implants produced by 3D printing have the advantage of be-
ing able to manufacture complex structures that cannot be manufactured by traditional
techniques and maintaining the excellent physicochemical properties of titanium and its
alloys [17]. Using these techniques, surgeons can manufacture implants with excellent
mechanical and biological properties in the exact shape and size that they desire.

The purpose of this study is to introduce cases of reconstruction of an iliac avulsion
fracture using a patient-specific, 3D-fabricated implant.

2. Case Presentation

We followed the Helsinki Declaration throughout this study. We obtained approval
from the Chosun University Institutional Review Board (2-1041055-AB-N-01-2019-08).

All 27 patients underwent reconstruction using the iliac bone at Chosun Dental Hos-
pital from February 2013 to July 2019, of which 3 patients had iliac avulsion fractures.
The complication rate was 13.64%. Old age, obesity, osteoporosis, comorbidities, and an
improper harvesting technique are risk factors for the fracture of the iliac crest after bone
grafting [18-21]. However, no correlation was observed between the fracture patients in
this study and the above factors.

2.1. Case 1: SCC on Right Mandibular Buccal Mucosa

A 70-year-old male presented at the department of oral and maxillofacial surgery with
the complaint that the right lower gingiva was not healed (Figure 1).

Incisional biopsy results were diagnosed as SCC. CT and PET-CT were taken. The
lesion was confined to soft tissue and lymph nodes in the right submandibular node, with
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intense fluorodeoxyglucose (FDG) uptake observed on the radiological images. There-
fore, marginal mandibulectomy and selective neck dissection (I-III) were planned for the
management of the SCC, and a DCIA-based iliac crest flap was planned to reconstruct the
resected mandibular site.

(b)

Figure 1. Initial examinations: (a) intraoral photograph showed the granulomatous lesion on right

lower gingiva; (b) no bone invasive lesion was seen in the panoramic view.

Marginal mandibulectomy was performed. Monocortical DCIA flaps were harvested
with the left iliac crest bone and internal oblique muscle. Micro-anastomosis with the
facial artery and external jugular vein was performed, and fixation was conducted for the
reconstruction of the mandible. Two weeks after the operation, the patient was able to walk
without assistance. From 35 days postoperatively, the patient was complaining of pain in
the donor site while walking downhill. An anterior superior iliac spine (ASIS) avulsion
fracture was seen in the X-ray of the pelvis. An open reduction using a titanium implant
fabricated based on pre-surgical CT data was planned.

2.1.1. Computer-Assisted Surgical Planning

For computer-assisted surgery, CT data of the patient’s pre-surgical ilium and fractured
ilium were collected. The collected CT data were saved as a DICOM file and superimposed
onto an ilium using Mimics software 18.0 (Materialize, Leuven, Belgium). After setting
the threshold value based on the bone HU value, we performed 2D masking. Segment
separation in the ROI area and artifact removal were performed, and 2D masking was
laminated to produce a 3D shape. We created a natural bone shape through smoothing
work. We reconstructed the defect area using the CT data of the patient before the fracture,
and applied the porous structure of the interior and designed the fixation part. Using the
electron beam melting (EBM) technique, a high-energy electron beam was exposed inside
the vacuum chamber to melt metal powder (TigAl,V alloy powder) and print the final
implant (Q10 Plus, GE Additive). Sanding was performed to remove the powder of the
final printed implant, and removal of the support of the printed implant was carried out.
The TigAl4V alloy implant reproduced the shape of the natural ilium, while the interior was
porous so as to improve cell proliferation and mesenchymal stem cell differentiation. On
the outer surface, a plate shape with a hole for fixation with iliac bone was added (Figure 2).

(b) (c)

Figure 2. (a) Fractured iliac bone; (b,c) computer-based planning and designed titanium implant.
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2.1.2. Surgical Technique

Open reduction of the fractured iliac crest bone was performed by applying a 3D-
printed titanium implant to the external surface. A preformed 3D-printed porous titanium
implant was inserted into the bone defect of the fractured iliac bone. The titanium implant
was fixed to the iliac bone with 2.4 mm diameter screws through the pre-designed hole
(Figure 3).

(b)

Figure 3. (a) Intraoperative photograph; open reduction using customized titanium implant.
(b) Postoperative iliac AP X-ray.

From 2 weeks postoperatively, the patient was able to stand and walk and was able to
live without any discomfort for up to 1 year postoperatively. There was no recurrence of
the primary tumor and no other complications were observed (Figure 4).

Figure 4. Postoperative radiograph: (a) patient-specific implant shown on left iliac bone after
3 months; (b) well-reconstructed mandible after 4 months.

2.2. Case 2: Ameloblastoma on Left Mandibular Body and Angle

A 58-year-old male presented at the department of oral and maxillofacial surgery with
an infection of the retromolar trigone area (Figure 5).

Incisional biopsy results diagnosed a plexiform type of ameloblastoma. Segmental
mandibulectomy was planned for the management of the lesion, and a DCIA flap was
planned to reconstruct the resected site.

Osteotomy was performed at the planned location using a pre-designed 3D-printed
surgical guide. Bicortical DCIA flaps were harvested by applying a 3D-printed surgical
guide to the external surface, and an internal oblique muscle was also harvested (Figure 6).

Micro-anastomosis with the facial artery and the facial vein was performed, and
fixation was conducted with a titanium miniplate for the reconstruction of the mandible.
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From 2 weeks postoperatively, the patient was complaining of pain in the donor site
while walking. A radiograph of the pelvis was taken and the patient was diagnosed with
an ASIS avulsion fracture.

(@) (b)

Figure 5. Initial examinations: (a) intraoral photograph showed the granulomatous lesion on the left
retromolar triangle; (b) panoramic view showed the impacted tooth and multilocular radiolucency
lesion.

@ | ®)

Figure 6. Intraoperative photograph: (a) a resection guide was applied on the mandible; (b) iliac crest
bone and internal oblique muscle flap were harvested using resection guide.

2.2.1. Computer-Assisted Surgical Planning

CT data of the patient’s pre-surgical and fractured pelvis were taken and saved as
a raw DICOM file. Using Mimics software 18.0, superimposition into one image was
performed. The patient-specific titanium implant was designed to reconstruct the original
shape of the ilium (Figure 7).

®) (©)

Figure 7. (a) Fractured donor site; (b) the 3D-fabricated titanium implant; (c¢) computer-based
planning and designed titanium implant.
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2.2.2. Surgical Technique

The fractured iliac bone was reconstructed to its original shape by inserting a cus-
tomized 3D-printed titanium implant based on the preoperative CT. The titanium implant
was fixed to the iliac bone with 2.4 mm screws (Figure 8).

Figure 8. Applied 3D-printed titanium implant for iliac crest reconstruction.

From 1 month postoperatively, the patient was able to stand and walk and was able to
live without any discomfort for up to 1 year postoperatively. There was no recurrence of
the ameloblastoma and no other complications were observed, so implants were placed
1 year after the operation (Figure 9).

Figure 9. Postoperative radiograph after 1 year: (a) patient-specific implant shown on right iliac bone
after 1 year; (b) well-reconstructed mandible and implants were installed 1 year after the operation.

2.3. Case 3: Verrucous Carcinoma on Right Upper Gingiva

A 78-year-old female presented at the department of oral and maxillofacial surgery
with a growing mass on the right upper gingiva (Figure 10).

An incisional biopsy diagnosed a verrucous carcinoma. CT and PET-CT were taken. A
palatal lesion with intense fluorodeoxyglucose (FDG) uptake was observed on the radiological
images. Therefore, a partial maxillectomy and DCIA flap reconstruction were planned.

A monocortical DCIA flap was harvested with internal oblique muscle. Micro-
anastomosis was performed on the right facial artery and vein. Harvested iliac bone
was fixed with a miniplate and screws.

The patient complained of pain in the donor site on the 16th postoperative day when
moving out of bed. A fracture line on the iliac donor site was seen on the radiograph of the
iliac bone (Figure 11).
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@) | (b)

Figure 10. Initial examinations: (a) intraoral photograph showed the proliferative lesion with
indistinct borders on the right upper gingiva; (b) panoramic view.

Figure 11. Radiograph of left ilium; fracture line on iliac donor site was seen.

Conservative Treatment of Avulsion Fracture

Considering the patient’s old age and condition, the patient was managed by conser-
vative treatment. The patient was placed on absolute bed rest for four weeks, and received
symptomatic treatment and physical therapy in the department of rehabilitation medicine.
One month after the fracture, callus formation was seen on a radiograph. After 4 weeks,
she could walk and experienced no pain during walking practice.

3. Discussion

As microvascular anastomosis techniques become more sophisticated and microsurgi-
cal instruments are developed, reconstruction using free flaps for oral and maxillofacial
defects is the best option [22]. There is a disadvantage in that the plate is fractured and
exposed when using a reconstruction plate, and soft tissue for reconstruction in a long-term
prognosis [23,24]. In addition, reconstruction using plates has some limitations. It cannot
be used for complex defects, such as defects involving soft tissue and hard tissue [5]. In
these cases, the hard tissue and additional soft tissue must be treated simultaneously. The
oral cavity has a variety of masticatory muscles and facial expression muscles, and it moves
to perform various functions, such as emotional expression, mastication, or pronunciation.
For this reason, when oral defects are directly reconstructed with a plate, various complica-
tions may occur, such as plate exposure, infection, and loosening of the fixing screw [5].
Moreover, it is challenging to recover masticatory function when reconstruction uses a re-
construction plate [5]. On the other hand, the osseous-free flap achieves long-term survival
through normal bone remodeling by osseointegration with the existing bone tissue within
2~3 months [25]. Reconstruction using free vascularized flaps provides an environment
similar to normal oral tissue, which changes naturally with the surrounding bone tissue,
enabling the remodeling of the occlusion using implant placement, bone grafting, removal,
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and replanting [5]. Therefore, vascularized free flaps using hard and soft tissues are mainly
used, and the use of reconstruction plates is becoming a secondary option [5].

Donor sites used mainly for jaw reconstruction include the fibula, iliac crest, and
scapula [21]. Each donor site differs in the amount and quality of bone and soft tissue
available, as well as the volume of the vascular pedicle, and the availability of the two-team
approach. The surgeon should consider several factors and choose the best treatment
option for the patient and surgical outcome [26].

Taylor and Sanders first introduced the DCIA flap in 1979 [27,28]. In 1989, Urken
first used a combination of iliac crest bone and internal oblique muscle to reconstruct an
oral and maxillofacial defect. The iliac crest flap has been used to reconstruct oral and
maxillofacial defects due to good bone quality and sufficient soft tissue [29]. However,
DCIA flaps have also reported various donor-site morbidities. Boyd and HS Kim reported
a hernia on a DCIA donor site [30,31]. Ling and Peng reported on DCIA flaps considering
the possibility of gait disturbance and hip contour defects when harvesting a large amount
of the iliac bone [32].

Research on how to prevent donor-site morbidity that can occur in DCIA flaps has also
been conducted in various ways. Using a monocortical DCIA flap while preserving the ASIS
minimized tissue defects in support of the donor site, thereby minimizing complications
caused by bone weakness [7]. Igbal et al. used Protack (titanium tacks) and Prolene
(polypropylene mesh) to prevent a hernia due to the reconstruction of bone defects in the
donor site [33]. Halsnad proposed a method of repairing bone defects using a 0.4 mm thick
titanium sheet [34].

In this report, we proposed an open-reduction method using a patient-specific, 3D-
printed titanium implant. This method restored the ilium as closely to the original shape of
the patient’s iliac bone as possible using the pre-harvested CT data. The patient-specific
titanium implant presented in our study can be manufactured in a size as similar as
possible to the size of the fracture site and the peripheral bone defect site. This can reduce
the possibility of additional surgery for soft tissue cover or the possibility of infection due
to exposure. In particular, it is possible to prevent various disorders such as hip contour
loss, gait disturbance, limitation of mobility, and recurrence of the ASIS avulsion fracture.
In addition, it can shorten the operation time, and the porous structure improves cell
proliferation and mesenchymal stem cell differentiation, promoting anchorage with the
surrounding bone [35]. Even in the event of an infection, implant removal, bone grafts, and
replanting are possible and safe.

4. Conclusions

In conclusion, by using a patient-specific titanium implant it is possible to restore the
shape of the patient’s normal iliac bone and the bone is reduced to its original shape; no
additional force is applied to the surrounding soft tissue in jaw reconstruction patients.
When using the preoperative CT data to manage the postoperative fracture and reconstruct
the defect, the patient-specific titanium implant can be a useful tool to reduce the fracture
and reconstruct the defect accurately at the same time. In addition, when using this method
in conventional fracture surgery, preoperative CT could be used to perform a reduction
through a computer-aided simulation, and we could fabricate a suitable plate of the reduced
bone by additive manufacturing, and then the plates and guides could be used during the
surgery.
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