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REVIEW

The use of 3D virtual surgical planning and
computer aided design in reconstruction of

maxillary surgical defects

Haye H. Glas, Nathalie Vosselman, and Sebastiaan A.H.J. de Visscher

Purpose of review

The present review describes the latest development of 3D virtual surgical planning (VSP) and computer
aided design (CAD) for reconstruction of maxillary defects with an aim of fully prosthetic rehabilitation. The
purpose is fo give an overview of different methods that use CAD in maxillary reconstruction in patients

with head and neck cancer.

Recent findings

3D VSP enables preoperative planning of resection margins and osteotomies. The current 3D VSP workflow
is expanded with multimodal imaging, merging decision supportive information. Development of more
personalized implants is possible using CAD, individualized virtual muscle modelling and topology
optimization. Meanwhile the translation of the 3D VSP towards surgery is improved by techniques like
infraoperative imaging and augmented reality. Recent improvements of preoperative 3D VSP enables
surgical reconstruction and/or prosthetic rehabilitation of the surgical defect in one combined procedure.

Summary

With the use of 3D VSP and CAD, ablation surgery, reconstructive surgery, and prosthetic rehabilitation
can be planned preoperatively. Many reconstruction possibilities exist and a choice depends on patient
characteristics, tumour location and experience of the surgeon. The overall objective in patients with
maxillary defects is to follow a prosthetic-driven reconstruction with the aim to restore facial form, oral
function, and do so in accordance with the individual needs of the patient.
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INTRODUCTION

Surgical treatment of tumours located in the max-
illa can be a challenge because of anatomical con-
straints and impairment of function following
treatment. With the introduction of 3D virtual
surgical planning (VSP) and guided surgery techni-
ques, complex resections can be planned preopera-
tively and can be combined with reconstructive
solutions. Advantages of using 3D VSP becomes
apparent in the operating room as decisions regard-
ing resection margins, location of osteotomies, pre-
cise placement of osteosynthesis materials and
dental implants are already decided upon before
the surgery. Because of the high accuracy of 3D
VSP, surgical resections with good tumour margin
control can be obtained during ablation [1"%,2,3].
Moreover, it enables the use of bone containing
multi-segment composite flaps and/or dental
implants in one combined ablative and reconstruc-
tive procedure.

www.co-otolaryngology.com

Therefore, 3D VSP and guided surgery is the
current standard in head and neck oncologic sur-
gery. Another form of computer-assisted surgery
(CAS) includes surgical navigation. Surgical naviga-
tion is already routinely used during maxillary
tumour resections and reduces tumour positive
resection margins compared to conventional sur-
gery [4,5]. VSP has been shown to be cost-effective,
reproducible, accurate and opens possibilities for
creative patient-specific (PS) solutions [6-9].
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KEY POINTS

e Successful dental rehabilitation after maxillary ablative
surgery is a complex, multidisciplinary team effort.

e The overall objective in patients with maxillary defects
is to follow a dental rehabilitation-driven reconstruction
with the aim to restore facial form and oral function, in
accordance with the individual needs of the patient.

Integration of multimodality imaging into a single 3D
VSP improves the predictability, accuracy and speed of
surgical procedures.

The design of patientspecific implants should be
optimized using patient-specific finite element analysis
and topology optimization.

The aim of this manuscript is to provide an
overview of current state of the art routines for using
3D VSP in maxillary ablative surgery, reconstruction
and dental rehabilitation. In addition, indications
for expected developments in the field of 3D VSP
and optimization of patient-specific implants are
described.

RESECTION AND RECONSTRUCTION OF
MAXILLARY DEFECTS

Resection of neoplasms in the maxilla often result in
complex defects encompassing soft tissue, bone and
dentition. This results in diminished aesthetics and
impaired oral functions and thereby lowers the
quality of life perceived [10-13]. The aim of recon-
struction of maxillary and midfacial defects should
be to restore form and function with minimal
operative morbidity.

A variety of different single-stage reconstructive
techniques in midfacial defects are used. The use of a
classification system describing midfacial defects
can be helpful in determining reconstructive
options [14-19]. The classification of Brown et al.
[14] is the most widely recognized classification.
Despite these popular classification systems, they
describe the defect focusing only on its reconstruc-
tive possibilities [20]. Often, defects do not fit in a
particular classification, or the classification
schemes do not take dental rehabilitation or patient
factors in consideration [20].

The reconstructive ladder is a heuristic approach
to reconstruction, in which the simplest and safest
approach to a problem is often the preferred solu-
tion [21]. Taking the reconstructive ladder in con-
sideration is important to manage maxillary and
midfacial defects [20]. Small defects can therefore
be closed by local flaps such as the buccal fat pad flap
or temporalis muscle flap, especially if these are

1068-9508 Copyright © 2020 Wolters Kluwer Health, Inc. All rights reserved.

located laterally in the posterior maxilla
[15,17,20,22]. If defects limited to the palate are
present and retention is possible, obturator prosthe-
sis can be a very good option [20]. These obturators
remain a simple, nonsurgical and relatively quick
approach which offers immediate improvement of
oral functions with reasonable outcomes. However,
obturator prostheses have several drawbacks regard-
ing oral hygiene, instability, velopharyngeal insuf-
ficiency, lack of soft tissue support, and they carry a
social stigma [22,23]. With larger defects the use of
pedicled or free vascularized autologous tissue trans-
fer can offer skin, muscle, fascia and bone and can be
used as a foundation for dental implants [16].

Bony reconstruction is not always necessary as
retention of a prosthesis can be found on canines
and incisors or zygomatic implants can be placed in
these defects [16]. The most used autologous recon-
struction method of a maxillary defect involving
alveolus and maxillary sinus wall is the radial fore-
arm free flap (RFFF) [14]. The fibular free flap (FFF),
Iliac crest or deep circumflex iliac artery (DCIA) and
the subscapular system are the most used composite
flaps in maxillary reconstruction when bone is
required [16,20]. The FFF is the most often used,
as it can be reliably harvested and transferred, its
bone stock enables reliable placement of implants,
has a long vascular pedicle, high success rate, low
donor site morbidity and it enables a simultaneous
two team approach [16,24]. A DCIA flap offers bigger
amounts of muscle and bone that has a contour
better suited to reconstruct the most complex
defects encompassing loss of all six walls of the
maxilla [25,26]. Large complex defects that need
multiple skin paddles, muscle and bone can be
reconstructed by flaps based on the scapular
system [27-29].

DENTAL REHABILITATION

Oral functions are not only dependent on recon-
struction of the maxillary defect because, after post-
operative radiotherapy, stability and retention of a
prosthesis are also decreased [24]. Therefore,
implants to support prostheses are widely used as
part of a standard oral rehabilitation plan [30-33].

Dental rehabilitation is an essential part of the
aim of reconstruction and should be planned from
the beginning [15,34]. From a prosthodontics per-
spective, CAD assistance benefits the functional
outcome. Prosthetic-driven reconstruction plan-
ning in combination with precise guided placement
of dental implants carried out at time of tumour
resection ahead of possible radiotherapy is a huge
advantage for accelerating the process of oral reha-
bilitation [32,35].
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(d)

Caudal view

FIGURE 1. 3D VSP aiming for dental rehabilitation using zygomatic implants. Patient after maxillary resection and
radiotherapy rehabilitated with obturator prosthesis resulting in inadequate oral function. With the aim of improving quality of
life, zygomatic oncology implants were placed taken into account available bone volume, preferred prosthetic position and
previous irradiated volumes. (a) 3D reconstruction of patient with the primary obturator prosthesis in place. (b) 3D
reconstruction of the 56Gy isodosis radiation field. (c) Planning of the zygomatic implants with respect to the reconstructed
radiation field. (d) 3D reconstruction of intra-oral scan combined with planned implant position to visualize available prosthetic

space.

As an alternative for bone reconstruction with
regular dental implants, zygomatic oncology
implants can also provide a predictable in-defect
support for prosthetic rehabilitation of the maxilla
and can be placed at the time of ablative surgery
[36,37%%,38]. The zygomatic implant perforated flap
procedure combines autologous soft tissue recon-
struction with zygomatic implant-supported dental
rehabilitation [39,40]. However, the limited intra-
operative visibility makes accurate placement of the
zygoma implants challenging. The use of 3D VSP
and guided placement by means of 3D printed

drilling and placement guides can possibly improve
the success in terms of accuracy. Such 3D VSP work-
flow is illustrated in Fig. 1, where a traditional
obturator prosthesis is replaced for zygomatic
implants. Sometimes zygoma implants cannot pro-
vide satisfactory anchorage because of insufficient
bone volume and composite free flaps are not indi-
cated. In those patients, an alternative to achieve
oral rehabilitation is to design patient-specific sub-
periosteal implants [41,42]. An example of such 3D
VSP workflow including the design of a patient
specific implant is seen in Fig. 2.

FIGURE 2. 3D VSP and CAD workflow of a patient-specific subperiosteal implant for secondary reconstruction following
maxillary resection. Surgical reconstruction with composite flaps or placement of zygomatic oncology implants was not
feasible. The aim of the 3D VSP was to obtain an optimal dental rehabilitation using backwards planning, starting with an
optimal position of the prosthesis. (a) Patient after maxillary resection with nonfunctional obturator prosthesis (gray), fixated by
zygomatic wires. (b) 3D VSP of ideal prosthetic position using a 3D reconstruction of the preablative CT scan of the maxilla
(purple). (c) 3D visualization of subperiosteal implant (green) in relation to 56Gy isodosis radiotherapy field (red). The PSI
subperiosteal implant was designed with the position for fixation screws circumventing the irradiated bone. (d) Implant
strength and fatigue resistance was calculated using finite element analysis to withstand reported maximum occlusal loading.
(e) Planned prosthetic outcome (gray) and prosthetic driven subperiosteal implant position (green).

124 www.co-otolaryngology.com

Volume 28 e Number 2 o April 2020

Copyright © 2020 Wolters Kluwer Health, Inc. All rights reserved.



3D VSP and CAD in reconstruction of maxillary defects Glas et al.

CT + MRI Data fusion

Surgery

3D Obturator prosthesis

Caudal view

FIGURE 3. Tumour visualization based on CT and MRI data fusion. CT images are used for 3D reconstruction of bone tissue,
whereas the MRI enables delineation of the tumour. This enables preoperative planning of the bone resection (blue) and
thereby guide design (gray). Preoperative CAD/CAM manufactured obturator prosthesis (green) designed to obturate the

defect following guided resection.

Obturator prosthesis maintain their importance
in rehabilitation by bridging time to secondary sur-
gical reconstruction of the defect. Preoperative 3D
knowledge of resection planes induce new and more
efficient workflows in processing surgical obtura-
tors. Several case reports describe production of
3D obturator prostheses with the advantage that
they can be printed hollow and aligned to the
contour of the patients’ defect [43-47]. Figure 3
shows an example of a 3D VSP including guided
tumour resection and a CAD/CAM manufactured
obturator prosthesis.

VIRTUAL SURGICAL PLANNING AND
FUTURE PERSPECTIVES

3D VSP and 3D printed cutting guides are used for
complex reconstructive surgery including FFF and
DCIA transplantations, combined with one stage
implant placement for dental rehabilitation. Cur-
rently, in most cases, 3D VSP and guided surgery is
primarily based on CT data only. 3D VSP enables
planning of oncologic resections and reconstructions
using computer-aided design and manufacturing
(CAD/CAM) of 3D printed anatomical models,
surgical guides and patient-specific implants
[3,6,35,41,42]. Recent improvements in 3D VSP
and CAD workflows include the use of multimodal
data fusion to increase precision of determining the
tumour-free resection margin. Data fusion of MRI
and CT enables tumour information delineated on
the MRI in spatial relation with bone information
from CT. The combination of information provided
by CT and MRI with regard to localization, size and
shape of the tumour is important for a precise

1068-9508 Copyright © 2020 Wolters Kluwer Health, Inc. All rights reserved.

resection [48,49]. An example of such 3D VSP work-
flow including MRI and CT data fusion is seen in
Fig. 3. This workflow applied in mandibular tumours
provided a tumour-free bone resections without per-
operative deviation of the 3D VSP [1""]. Tumour-free
resection margins are critical for one-stage recon-
struction surgery, where the reconstruction is preop-
eratively planned. An equivalent software pathway
can be used for a variety of imaging data, like adding
PET data when MRI information is inconclusive
about the tumour margin [50-52]. Another recent
advancement of data fusion is that of CT and radio-
therapy dose. Adding radiation dose as a visual vol-
ume in the VSP workflow enables evaluation of
prescribed radiation dose on tissue and avoiding areas
at risk for osteoradionecrosis in patients which were
previously irradiated [53-55]. Both 3D VSP work-
flows illustrated in Figs. 1 and 2 incorporated data
fusion of the radiation dose for implant planning and
design, including screw locations.

When a 3D VSP is completed and agreed on by
the multidisciplinary surgical team, patient-specific
3D cutting and drilling guides and patient-specific
osteosynthesis are designed and used for translation
into the surgical procedure. The design of these
patient-specific guides is adapted to the contour
of the bone to achieve the precise resections and
drill holes as intended in the VSP. An alternative
method of translating the 3D VSP into the surgical
procedure is intra-operative navigation, especially
used in case of maxillary resection [56,57]. Com-
pared to intra-operative navigation, 3D fitted guides
lead to the most accurate bone resections [35,58-
60]. However, per-operative imaging and navigated
surgery enables the surgeon to act on tissue volume
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changes between preoperative imaging and surgery,
in contrary to the 3D fitted premade guides. With
the increase of hybrid OR applications (ability of
perioperative MRI and CT imaging), one can expect
multimodal data fusion real-time in the operating
room, updating the preoperatively made 3D VSP
with recent per operative imaging data. Intraopera-
tive imaging combined with surgical navigation is
reported to be as accurate as the use of 3D printed
guides [61].

The main drawback of navigation systems is that
the surgeon has to look away from the surgical field
in order to receive feedback from the navigation
system, this leads to more difficult eye-hand coor-
dination [62]. Augmented reality could potentially
overcome this problem by translating 3D VSP to the
actual surgical field with the use of head mounted
devices [63]. Preliminary studies report on applica-
tion of augmented reality for mandibular osteoto-
mies and orthognathic surgery, however the added
benefit for maxillary tumour resection and recon-
struction has not yet been demonstrated [59,63,64].

Design and fit of 3D guides and osteosynthesis
materials has to be adapted to the patient bony con-
tour to be used in implementing the VSP into the
patient. 3D-printed patient-specific anatomical mod-
els have been used for bending of the shelf osteosyn-
thesis materials like titanium meshes and
reconstruction plates. While bending a titanium mesh
on a patient-specific model can lead to postoperative
facial symmetry and successful clinical outcomes in
maxillary reconstructions, complications can include
exposure of the osteosynthesis material [54,55].

Designing and using patient-specific osteosynthe-
sis materials has shown to be a valuable tool in the
reconstruction of oncologic defects, enabling plan-
ning of adaptation of implant and screw location,
based on the thickness of the bone [6,35,41,
42,54,65]. Furthermore, possible surgical access can
be taken into account. Mostly tailoring of osteosyn-
thesis starts with adapting conventional plate designs
and is based on experiences of the involved surgical
team and technical physicians. This design process
mostly lacks a systematic application of biomechani-
cal analysis on an individual patient basis. It is
reported that these osteosynthesis used for mandibu-
lar reconstruction can be subject to failure in terms of
plate fracture or screw loosening, however comparable
complications occur for maxillary reconstructions
[66,67]. Although patient-specific osteosynthesis have
been used regularly, future applications should focus
on a more patient tailored approach, using 3D print
technology. In this way, nearly every shape of osteo-
synthesis material can be produced. Therefore, an
approach of more biomechanically based patient-spe-
cific designs is the logical next step. Based on

126 www.co-otolaryngology.com

individual models including bone morphology, bite
forces and anatomy a PSI is designed and manufac-
tured. Pilot-studies have demonstrated validation of
virtually modelling the muscles associated with mas-
tication [68]. Those and other models can be used as a
foundation for finite element analysis (FEA). Applica-
tion of finite element models can predict behaviour of
osteosynthesis materials with varying inputs of mus-
cle forces, loads, constraints and biomechanical prop-
erties of bone. The output of FEA can be used for
topology optimisation, whereby the design, structure
and layout of patient-specific osteosynthesis can be
optimized [69]. In addition, new materials and surface
finishes should be incorporated in the PSI in order to
reduce scattering on postoperative imaging and
reduce occurrence of infections.

CONCLUSION

Successful rehabilitation after ablative surgery of the
maxilla can be achieved through the experience and
good collaboration of a multidisciplinary surgical
team. The role of a technical physician enabling 3D
virtual surgical planning and visualisation of the
complex reconstruction of large maxillary defects
is of great importance. Preoperative planning ena-
bles combined ablation surgery with prosthetic
driven reconstruction treatment that benefits the
functional outcome. The method of reconstruction
is dependent on many factors like size and location
of defect, medical condition, patient factors and
previous treatments. In reconstruction of maxillary
defects, the use of CAD enables a pre-planned pre-
cise, efficient and patient specific treatment with
incorporation of dental rehabilitation.
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