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The reconstruction and rehabilitation of jaws following ablative surgery have been transformed by the development of
computer-assisted surgery and virtual surgical planning. With strides made in computer-assisted surgery and patient-
specific implants, the individual functional reconstruction of the jaw is evolving rapidly and the prompt rehabilitation of both
the masticatory function and aesthetics after jaw resection has been made possible.
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| 1. Computer-Assisted Surgery (CAS) and Virtual Surgical Planning

Computer-assisted surgery has revolutionized jaw reconstructive surgeries. Through virtual surgical planning, more
predictable and accurate jaw reconstructions can be achieved. In addition, a significant amount of operative time can be
saved, thus enabling complex functional jaw reconstruction.

1.1. Procedures of Computer-Assisted Surgery

Computer-assisted surgery normally starts from the clinical history-taking and physical examination. The history of
previous surgeries and radiation therapy to the head and neck is crucial for the selection of suitable recipient vessels. A
clinical examination is performed to determine the nature and extent of the lesion and formulate a tentative surgical plan.
An intraoral scan is obtained to register the occlusion and the intraoral extension of the lesion. A CT scan of the head &
neck and a CT angiogram of the donor site are crucial for assessing the vessel’s condition and the suitability of the free
flap donor site.

Three-dimensional models of the donor and recipient sites are built based on the CT and intraoral scans. Virtual
resections and reconstructions may be performed for a better understanding of the intraoperative condition. Based on the
virtual planning, surgical positioning, cutting guides, and/or patient-specific implants are designed. (Figure 1).



Figure 1. A 69-year-old male that presented with carcinoma ex pleomorphic adenoma at the left maxilla. (a) Maxilla
resection guide design. (b) 3D-printed maxilla resection guide fitted intraoperatively. (c) Patient-specific Titanium plate
design. (d) 3D-printed Ti plate fitted intraoperatively. (e) Design showing the location of simultaneous dental implants to be
inserted during fibula free flap harvest. (f) Post-operative orthopantomography. (g) Postoperative 7 months and post-
radiation 4 months—frontal view. (h) Profile view.

A post-operative evaluation that compares the virtual surgical plan and the final surgical outcome is crucial for the
assessment of the accuracy of the computer-assisted surgery and potential future improvements [,

1.2. Advantages of Computer-Assisted Surgery

Since the surgical procedure is well planned before the operation, the efficiency of surgery significantly improves with
CAS. The systematic review and meta-analysis by Powchareon et al. demonstrated a reduced ischemic time to free flaps,
reconstruction time, total operative time, and postoperative hospital stay . The application of CAS also reduces the
burden of decision-making intraoperatively, which helps to achieve adequate tumor resection margins . By performing
virtual surgical planning, the accuracy of the reconstruction is increased [ and inter-segmental bone gaps can be reduced
to a minimum B This could lead to a more predictable reconstructive contour and bone healing. A comprehensive
approach was also developed to systematically assess the spatial deviation of the reconstructed mandible in a computer-
assisted reconstruction €. With the increased efficiency and accuracy of jaw reconstruction, more complicated functional
jaw reconstructions with dental and neurosensory rehabilitation have increased in popularity.



Another advantage of CAS lies in its value for medical education and surgical training. Compared to free hand surgery,
junior and less experienced surgeons can achieve more consistently favorable tumor resections and reconstruction
outcomes, which is important for teaching hospitals &,

1.3. Concerns about Computer-Assisted Surgery

While providing a high predictability and reproducibility, CAS is also challenged for its rigidity and difficult improvisation
during the surgery as most of the planning is performed before the operation.

The first and the most significant concern is for the oncological safety of the predetermination of the surgical margins,
especially in malignant jaw pathologies where positive and close margins can lead to compromised local-regional control
of disease and patient survival . In CAS, virtual resections are performed with reference to the clinical examination,
types of pathology, and preoperative imaging, which might cause uncertainties during the surgery . Positive
intraoperative frozen sections are possible and preoperative resection and reconstruction plans will have to be adjusted
accordingly . A study on ameloblastoma patients also yielded a comparable margin status with or without CAS.
Furthermore, the possible additional advantage of decreasing the occurrence of close or positive margins was reported
with CAS when applied to the resection of benign intraosseous lesions . Compared to benign jaw lesions, CAS for
malignant tumors poses more challenges in terms of the fast progress of disease during the period of virtual surgical
planning and soft tissue margin determination. As reported by Pu et al., compared to the determination of the bone margin
purely from a CT scan, the integration of careful clinical examination, intraoral optical scanning, and MRI was warranted
for a reliable soft tissue margin during virtual surgical planning Bl. The timing of the surgery also plays a crucial role
whereby surgeon dominated planning and in-house printing are very helpful. With the above measures, the study showed
no significant difference in the margin status and survival performance of patients suffering from oral cancer with or
without CAS after the adjustment of other significant risk factors [,

Another concern is the low adherence to the CAS planning when the unexpected change of surgical plans arises
intraoperatively. Wilde et al. 2% and Ma et al. 14 reported the need for an intraoperative change of plans in 19% and
17.6% of cases, respectively. However, a significantly lower rate of 5.1% was reported by Pu et al. 1l Different teams have
different planning protocols which can lead to the significantly different performance of CAS 12, Preoperative patient
assessment and case selection play important parts as margin determination might be more difficult from imaging in
certain cases, such as osteonecrosis of the jaw and tumors with a perineural invasion tendency. For oncological patients,
timely surgery and confirmation of the surgical plan by the responsible surgeon before proceeding to surgery are crucial. A
postoperative evaluation by comparing the preoperative plan to the final surgical outcomes with the feedback from the
surgical team facilitates the rapid improvement in CAS skills.

The steep learning curve of CAS has also been regarded as a challenge when popularizing the technique. A cumulative
sum analysis revealed a three-stage learning curve of CAS, including initial learning, plateau, and overlearning, and
surgical proficiency was obtained after 23 cases 13, This can guide the teaching and training of CAS.

Currently, CAS is used mostly for bony reconstruction. The computer-assisted reconstruction of soft tissue defects after
the resection of malignant tumors is still under investigation.

| 2. Patient-Specific Implants (PSI)

A significant improvement in bone fixation plates has been observed in the past decades. The traditional mass-produced
fixation plates come with universal shapes. Bending and adaptation to the specific defect may be technique sensitive and
time-consuming, especially for complex cases 14l The repetitive bending may also decrease the fatigue and corrosion
resistance of the plates leading to a higher risk of plate fracture, screw loosening, and bone resorption 12, These
complications led to the development of patient-specific implants which are prefabricated to fit the specific shape of the
ideal reconstructed jaw.

Different types of patient specific implants have been fabricated so far, the most common being the patient-specific
fixation plates. Other applications include various types of prostheses used for the reconstruction of the midface,
mandible, and temporomandibular joint 28, However, the application of these prostheses is currently limited to jaw defects
after the ablation of benign lesions with a good soft tissue envelop. The problems of the fatigue and fracture of prostheses
after long-term use and exposure though the skin after radiation therapy remain to be solved. In situations where
implantable PSls are not available, jaw models can be printed, and the surgeons can pre-bend the plates before the
operation 17,



There are two main technologies for the fabrication of PSI: subtractive manufacturing (CAD/CAM) and additive
manufacturing (3D printing) (Figure 1).

2.1. CAD-CAM Patient-Specific Implants

The development of PSIs started with the popularization of the technology of computer-assisted design and computer-
assisted manufacturing (CAD-CAM).

The traditional CAD-CAM technique was developed in the 1960s and started to be used in medical care in the 2000s,
which led to a paradigm shift in head and neck reconstruction 181, It led the frontier of osseous jaw reconstruction in the
2010s with its precision and intraoperative efficiency 121241,

However, traditional CAD-CAM fabrication by subtractive milling from a block of material by computer numerical control
(CNC) causes material waste. Certain complicated shapes cannot possibly be manufactured by subtractive milling, which
led to the introduction and development of additive manufacturing, i.e., 3D printing (211,

2.2. 3D-Printed Patient-Specific Implants

The three-dimensional (3D) printing technique, also known as additive manufacturing, experienced its significant
development phase in the 2010s. Compared to CAD-CAM, 3D printing is a form of additive manufacturing that produces
solid objects by adding materials layer by layer from base to top 22, It offers a more versatile solution for complex
structures and causes less material loss. However, some 3D printing technologies can be time-consuming, and the
machines have a relatively high initial cost. Unlike objects made from a material block by CAD-CAM, 3D-printed objects
cannot accommodate a high internal stress during manufacturing, which can lead to cracking and easy fracturing under
functional stress [24],

Different types of 3D printing technologies have been developed. Each has its own advantages and disadvantages. The
commonly used ones in the medical field include stereolithography (SLA) with liquid resin and selective laser melting
(SLM) with powder materials 22, In jaw reconstruction, the commonly used PSls include reconstruction plates with
Titanium, contour augmentation with porous polyethylene (e.g., Medpor), or polyetheretherketone (PEEK) 23],

2.3. Advantages and Disadvantages of PSI

Compared to commercial stock plates, surgeons can avoid the time-consuming procedure of bending plates
intraoperatively and avoid the risk of fatigue-induced plate fracture from repeated reverse bending. In combination with
patient-specific osteotomy guides, PSIs can save a significant amount of intraoperative time which was previously used to
segmentalize and adjust the bone segments of a bone graft (e.g., fibula flap) to produce an appropriate jaw contour. Yang
et al. and Rana et al. reported increased accuracy with the use of PSls in computer-assisted surgery 231241 with the
increased efficiency and accuracy, PSIs bring opportunities for functional reconstruction such as immediate dental
rehabilitation by simultaneous insertion of dental implants.

However, at the moment, an implantable PSl is still relatively expensive, and the printing technology may not be available
in some parts of the world. Careful post-printing treatments are needed to reduce the chance of infection due to the inborn
rough surface and plate fracture under stress due to possible microcracks inside the PSI 23],

2.4. Guidelines and Regulations

With the popularization of 3D-printing technology, more 3D-printed medical devices are being adopted at the point of care
(PoC). The recent systematic review by Murtezani et al. showed that 35% of studies were based on POC production
methods while 12% were outsourced 28, This has provided the timely production of devices suitable for specific clinical
use. However, this also causes new challenges for the regulatory bodies’ s ability to ensure the safety and effectiveness of
3D-printed medical devices. A discussion paper was published in December 2021 by the U.S. Food & Drug Administration
to seek advice from health care providers, facilities, medical device manufacturers, and other stakeholders in order to
form guidelines and regulations for future use [24.

| 3. Dental Rehabilitation

Traditionally, dental rehabilitation was performed as a secondary procedure after the primary reconstruction of the jaw was
completed, at least 3 to 6 months after the primary surgery. Besides the long waiting time until the patient can have a
functional occlusion, this technique has several other disadvantages. If dental rehabilitation was not taken into



consideration when designing the osseous flaps, the bony segments could be placed at an unfavorable position and
angle, making further dental rehabilitation difficult, if not impossible. Moreover, when patients have undergone radiation
therapy after the resection and reconstruction of the jaw, the placement of osseointegrated dental implants always carries
the risk of osteonecrosis of the jaw and a loss of bone flap in the long term.

With the development of CAS and PSI, the accuracy and efficiency of jaw reconstruction have been significantly
increased [28. On top of restoring facial aesthetics and maintaining the airway, the timely and predictable restoration of the
mastication function has become the new aim of functional jaw reconstruction. Different techniques of dental rehabilitation
with osseointegrated dental implants in the reconstructed jaw have been reported.

Schepers et al. described a technique comprising the secondary reconstruction of the jaw using prefabricated fibula grafts
with pre-placed dental implants 2. In the first stage of surgery, dental implants were placed into the fibula with
prefabricated guides and left in situ for osseointegration. A CT scan of the fibula was performed, and the reconstruction of
the jaw was planned virtually with reference to the implants placed in the fibula. A second surgery was performed for the
reconstruction of the jaw with the delivery of a dental prosthesis. This technique has the advantage of reducing the effect
of errors in the placement of dental implants in the fibula. However, it requires multiple operations and is thus not
popularized in most centers.

Levine et al. proposed the concept of “Jaw-in-a-day”, where dental implants and dental prostheses were placed at the
same stage of the primary reconstruction of the jaw 2%, As the preliminary report, it proved the effectiveness of performing
immediate dental rehabilitation at the same stage of tumor resection and reconstruction. The detailed total virtual workflow
was further described by Zweifel et al. in 2018 4],

When the immediate delivery of a dental prosthesis is planned, a higher accuracy for the jaw reconstruction and implant
placement is required. Multiple attempts have been made to improve the accuracy of simultaneous dental implants. A
tooth-borne or plate-borne implant position verification guide was developed by Zweifel et al. B2 However, this technique
cannot be applied when the patient’s preexisting or remaining teeth are less than ideal. Schepers et al. used an occlusal
splint to locate the implant-borne prosthesis when fixing the reconstruction segments 23l To use this technique, an
accurate jaw relationship registration is important, but it is often difficult, especially in oncological patients where
preoperative occlusion is deranged due to the pathology. A “three-in-one” patient-specific surgical guide was reported by
Zhu et al. to serve the purpose of fibula harvesting, segmentation, and simultaneous dental implant placement 24, To
overcome the sliding and rotating errors caused by the placement of fibula cutting guides, Pu et al. developed a novel
malleolus cap for fibula flap harvesting. With the use of a malleolus cap, the simultaneous dental implants in the fibula
approached a similar level of accuracy compared to the guided implant placement in the native maxilla and mandible,
which further proved the reliability of the jaw-in-a-day technique with simultaneous dental rehabilitation 221,
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