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Due to the introduction of three-dimensional (3D) technology in surgery, it has become
possible to preoperatively plan complex bone resections and reconstructions, (corrections
and adjustments related to bones), from head to toe. Three-dimensional technology has
proven to be a valuable tool for the surgeon, especially when executing complex surgery in
the operating room, as crucial decision making with regard to resection margins, planning
of osteotomies, screw, and dental implant location is predetermined by virtual planning [1].

Dedicated 3D virtual surgical planning (VSP) software gives a detailed 3D virtual
model of the patient based on CT and MRI scans or other imaging modalities, in order to
measure, evaluate, simulate or correct parameters that are relevant to the treatment.

This 3D VSP workflow has evolved from a supporting visualization and virtual
measurement and evaluation tool to an integrated method that allows for complete pre-
operative surgical decision making and designing patient specific implants (designed for
surgical procedures) [2].

The use of 3D virtual planning, 3D printing of surgical aids (and parts), as well as
navigational technology, is associated with the adage ‘plan your operation and operate your
plan’ [1,3]. The increasing availability and useability of the 3D software and translation
instruments, such as 3D-printed guides, has led to the widespread use of some form of 3D
technology in healthcare. This has led to improvements in terms of accuracy, predictability
and safety for both the surgeon and the patient.

The Next Step
The workflow of 3D VSP and subsequent design of patient-specific implants (PSI)

have evolved in recent years as a result of automation and developments in printing.
Automation of the 3D VSP steps can be achieved (as reported in the literature) by

means of new segmentation software tools, artificial intelligence applications and other
application-specific optimization methods. This leads to faster and less user-dependent
preparation of a 3D VSP [4].

Recent developments in the field of 3D printing allow us to develop more complex
designs of patient-specific implants, use different materials (for the implants) and optimize
the implants’ surface. Application of biomechanical models and finite element methods can
predict the behavior of, e.g., osteosynthesis plates or implants in a patient, and therefore
can be used to improve the design of osteosynthesis materials and implants. In search of
further optimization of the design of 3D VSP-based osteosynthesis materials and implants,
the output of a FE model should be applied in the design process by means of a topology
optimization (TO) process.

This Special Issue, entitled ‘3D innovations in personalized surgery’, presents a series
of highly innovative studies and reviews on bone-related applications of the latest 3D
technology. These applications include optimization of the 3D VSP, developments in
patient-specific biomechanical modeling, inclusion of motion (4D), implant optimizations,
surgical navigation and post-operative evaluation of accuracy.
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Three-dimensional technology has become the standard-of-care and is expected to
bring many more advantages for both the surgeon and the patient in the near future.
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Abstract: The ideal jaw reconstruction involves the restoration and maintenance of jaw continuity, jaw
relations, joint alignment, and facial contour, and, most importantly, dental occlusal reconstruction.
One of the essential requirements of achieving a consistent functional outcome is to place the bony
reconstruction in the correct three-dimensional position as it relates to the other jaw segments and
dentition. A protocol of occlusion-driven reconstruction of prefabricated fibular free flaps that are
customized to the patient with surgical design and simulation (SDS)-planned osseointegrated implant
installation was developed by our institution. This innovation introduced significant flexibility and
efficiency to jaw reconstructions, but functional and cosmetic outcomes were dependent on the
accuracy of the final reconstructions when compared to the SDS plan. The purpose of this study
was to examine the accuracy of the SDS-planned fibular flap prefabrication in a cohort of patients
undergoing jaw reconstruction. All patients that had undergone primary jaw reconstruction with
prefabricated fibular free flaps were reviewed. The primary outcome of this study was the accuracy
of the postoperative implant positions as compared to the SDS plan. A total of 23 implants were
included in the analysis. All flaps survived, there was no implant loss postoperatively, and all the
patients underwent all stages of the reconstruction. SDS planning of fibular flap prefabrication
resulted in better than 2 mm accuracy of osteointegrated implant placement in a cohort of patients
undergoing jaw reconstruction. This accuracy could potentially result in improved functional and
cosmetic outcomes.

Keywords: personalized medicine; dental osseointegrated implants; prefabricated fibula free flap;
mandible and maxilla surgery; surgical design and simulation; virtual planning; additive manufacturing

1. Introduction

The ideal jaw reconstruction involves the restoration and maintenance of jaw continu-
ity, jaw relations, joint alignment, and facial contour, and, most importantly, dental occlusal
reconstruction. One of the essential requirements of achieving a consistent functional
outcome is to place the bony reconstruction in the correct three-dimensional (3D) position
as it relates to the other jaw segments and dentition. This occlusion-driven reconstruction
of the jaws was first described in 2003 by Rohner et al. [1].

The use of surgical design and simulation (SDS) in head and neck reconstruction has
increased over the past decade. Surgery is planned virtually and, once completed, the SDS-
planned reconstruction is translated back to a physical plan that can be implemented in the
operating room using various tools and guides. Studies have demonstrated that SDS can
reduce surgical time, ischemia time, and inaccuracies compared to analog planning [1–8].
SDS-assisted reconstructions maintain 3D spatial relationships of the reconstruction and
are essential when reestablishing dental occlusion with osseointegrated implants [9–11].

3
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An occlusion-driven reconstruction protocol of prefabricated fibular free flaps with
SDS-planned osseointegrated implant installation was developed by the Division of
Otolaryngology—Head and Neck Surgery at the University of Alberta and the Institute
of Reconstructive Sciences in Medicine in Edmonton, AB, Canada [12]. This innovation
introduced significant flexibility and efficiency to reconstructions. We also developed surgi-
cal tools which, in combination with a set of instruments and components (FIRST System,
Southern Implants, Irene, South Africa), allowed the transfer of the SDS plan as a custom,
fully guided resection and reconstruction procedure for the patient in the operating room.

The accuracy of the final reconstructions when compared to the SDS plan is essential
for achieving a functional occlusion and cosmetic outcomes [12]. The purpose of this study
was to examine the accuracy of the SDS modifications of fibular flap prefabrication in a
cohort of patients undergoing jaw reconstruction.

2. Material and Methods
2.1. Study Design

The University of Alberta Health Research Ethics Board approved this study on
26 November 2019. (Pro00096288). The cohort of patients were followed prospectively.

2.2. Patients

All patients that had undergone primary jaw reconstruction with prefabricated fibular
free flaps were reviewed. Six had completed their treatment protocol and were included in
the final analysis.

2.3. Virtual Surgical Planning

Each patient had a high-resolution helical Computed Tomography (CT) scan of the
facial bones and the fibula. Images were stored in an uncompressed Digital Communica-
tions in Medicine (DICOM) format. These files were imported into Mimics Medical 17.0
software (Materialise, Leuven, Belgium) and were then segmented and reconstructed into
3D digital models.

The virtual surgical planning was carried out using Geomagic Freeform software
(3D Systems, SC, USA) during a web-based online planning session between the primary
reconstructive head and neck surgeon, a maxillofacial prosthodontist, and a surgical simu-
lationalist at the Medical Modeling Research Laboratory at the Institute for Reconstructive
Sciences in Medicine, Misericordia Community Hospital, Edmonton, AB, Canada. During
this planning session, the resection planes of the jaw were established based on the sur-
geon’s clinical judgment. Participants in the planning session were able to simultaneously
view 3D representations of the patients’ anatomy, plan optimal implant positions based on
the patients’ native dentition, perform virtual resections of the jaws, and plan the fibular
reconstruction position based on the planned implant positions (Figure 1).

Using the virtual surgical plan, a patient-specific fibular implant guide was fabricated
for the Stage I surgery, and additional patient-specific surgical guides were fabricated for
the Stage II surgery. Specifically, a fibula osteotomy guide, patient-specific reference models
of the fibula, presurgical models, planned reconstruction models, and mandible or maxillo-
facial resection cutting guides, were created for Stage II. All models were manufactured
using 3D printers and sterilized for surgical use.

2.4. Surgical Procedure
2.4.1. Stage I: Flap Prefabrication

The surgical implant drilling guide was mounted on the fibula in the predetermined
position, and the osseointegrated dental implants were instilled. Next, an impression (with
dental impression materials) of the final positions of the implants was taken to aid in the
design of future dental prostheses. The fibula and implants were then covered with a
split-thickness skin graft and a Gore-Tex® patch (Preclude® Dura Substitute, W.L. Gore &
Associates, Inc., Flagstaff, AZ, USA) as described by Rohner et al. [1] (Figure 2).
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implants are placed in the planned location. (B) Split-thickness skin graft placed over the lateral
aspect of the fibula containing the implants.

2.4.2. Stage II: Jaw Reconstruction

Six months after Stage I, the jaw resection and fibula reconstruction were performed.
The fibula was re-exposed and removal of the Gore-Tex® membrane revealed the newly
attached epithelial tissue around the implants and along the lateral sides of the fibula
(Figure 3A). The flap was elevated and placed into a fibular holder (Southern Implants,
Irene, South Africa) to maintain vascularization and safe manipulation of the flap during
surgery (Figure 3B). The surgical cutting guide was repositioned on the implants, and
the fibula was further osteotomized as indicated by the patient-specific fibular cutting
guide produced by SDS based on the preoperative virtual surgical plan (Figure 3C). Proper
configuration of the bone segments according to the planned digital design was achieved
by mounting the interim dental prosthesis on the osseointegrated implants (Figure 3D)
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2.4.3. Stage III: Prosthodontic Treatment

The definitive dental prosthesis was fabricated and delivered after healing was com-
plete (Figure 4).
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2.5. Primary Outcome

The primary outcome of this study was the accuracy of the postoperative implant
positions as compared to the SDS plan. Each patient had a high-resolution helical CT scan
of the facial bones using either a Somatom Sensation (Siemens, Germany) or a GE VCT (GE
Healthcare, Waukesha, WI) 64-slice CT select scanner via a 0.625 mm collimation with a
25.0 cm field of view and 0 degree gantry tilt. All patients had postoperative CT scans of
their facial bones 6–12 months after the Stage II procedure.

2.6. Data Analysis

The preoperative digital plan, referred to as “planned”, and the scans of the post-
operative results, referred to as “actual”, were used for our analysis. Digitally placed
spheres (1 mm diameter) were manually positioned in the geometric center of the planned
and actual implant positions along the occlusal surface of the fibula. The spheres defined
the reference point for measuring implant position. The X, Y, and Z coordinates of each
planned and actual implant position were obtained (Figures 5 and 6). The difference in
position of the dental implants between the preoperative planned and postoperative actual
CT scans was calculated in millimeters.
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3. Results
Patients

Six consecutive patients were included in the analysis. The patient demographics are
shown in Table 1. A total of 24 dental implants were inserted, 23 of which were included in
the statistical analysis. One implant was inserted at the time of the first stage of surgery but
was not planned using SDS and was excluded from our analysis. All flaps survived, there
was no implant loss postoperatively, and all the patients that underwent all stages of the
reconstruction maintained functional and stable occlusion.

Table 1. Demographics.

Patient Age (Years) Sex Diagnosis Jaw Defect

1 46 F Ameloblastoma Maxilla

2 27 M Hemangioma Maxilla

3 61 M SCC Maxilla

4 23 M Ameloblastoma Mandible

5 49 M Keratocyst Maxilla

6 56 F ORN Maxilla
F: female; M: male; ORN: osteoradionecrosis; SCC: squamous cell carcinoma.

When the postoperative scans were superimposed on the preoperative SDS plans,
the mean center-point distances between the actual and planned implant positions were
1.5 mm (SD ± 1.2 mm) in the X axis, 2.0 mm (SD ± 1.0 mm) in the Y axis, and 1.8 mm
(SD ± 1.1 mm) in the Z axis (Figure 7).
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Figure 7. (A) Superimposition of the planned (black circles) dental implant locations according to
virtual reconstruction planning and actual (red circles) implant locations on the postoperative CT.
(B) Registration of the preoperative 3D model and the postoperative 3D reconstruction, showing
overall deviation from the virtual plan.

4. Discussion

This study examined the accuracy of the SDS workflow and AM modifications of
fibular flap prefabrication in a cohort of patients undergoing jaw reconstructions. The mean
deviations in implant positions from the virtual surgical plans were 1.5, 2.0, and 1.8 mm in
the X, Y, and Z axes, respectively. Our findings suggest that the use of SDS in planning
osseointegrated dental implants in the prefabricated fibula achieves spatially accurate
results in patients undergoing jaw reconstruction. In addition, the minor deviations seen
in our cohort were not clinically significant, as they could easily be accommodated for in
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the final prosthesis. Specifically, all patients in the study developed and maintained good
functional occlusion.

Our findings are supported by evidence in the literature. Schepers et al. [13] evaluated
the accuracy of placement of fibular grafts and dental implants compared to a virtual
plan during a one-stage procedure involving the immediate installation of dental implants.
They found a mean deviation of 3.3 mm between the virtually planned implants and the
postoperative implants [13].

The use of vascularized bone free flaps has improved the functional and aesthetic
outcomes of osseous reconstructions [14,15]. The fibula flap most similarly resembles the
jaw, both dimensionally and biomechanically [16,17]. This similarity is why we chose
to assess the fibula free flap for our study and is why the fibula free flap is used in our
routine practice in caring for patients requiring reconstruction of the jaw for similar defects.
The fibula provides excellent bone stock, good soft tissue components, and has a long
pedicle that has good caliber vessels for anastomosis [18,19]. The fibula is composed of
strong bicortical bone, offering increased primary stability to an implant that is superior
to other donor sites [14,15,17,20–24]. Furthermore, the bone can be further augmented by
impacting the marrow of the donor fibula with demineralized bone or morselized fibular
bone, resulting in improved implant longevity [25,26].

This study reports the clinical accuracy of SDS for osseointegrated implant positioning
in prefabricated fibular free flap procedures. We showed that the use of SDS and person-
alized patient plans improve accuracy of osteointegrated implants and potentially may
improve the patients’ functional and cosmetic outcomes after jaw reconstruction. The study
had some limitations because it was a single-center study and, therefore, susceptible to
biases of such a design. Furthermore, the sample size was small so the results must be
interpreted with caution.

5. Conclusions

SDS planning of fibular flap prefabrication resulted in better than 2 mm accuracy of
osteointegrated implant placement in a cohort of patients undergoing jaw reconstruction.
This accuracy could potentially result in improved functional and cosmetic outcomes
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Abstract: Background: Corrective osteotomy surgery for long bone anomalies can be very challenging
since deformation of the bone is often present in three dimensions. We developed a two-step
approach for 3D-planned corrective osteotomies which consists of a cutting and reposition guide
in combination with a conventional osteosynthesis plate. This study aimed to assess accuracy of
the achieved corrections using this two-step technique. Methods: All patients (≥12 years) treated
for post-traumatic malunion with a two-step 3D-planned corrective osteotomy within our center in
2021 were prospectively included. Three-dimensional virtual models of the planned outcome and the
clinically achieved outcome were obtained and aligned. Postoperative evaluation of the accuracy
of performed corrections was assessed by measuring the preoperative and postoperative alignment
error in terms of angulation, rotation and translation. Results: A total of 10 patients were included.
All corrective osteotomies were performed according to the predetermined surgical plan without
any complications. The preoperative deformities ranged from 7.1 to 27.5◦ in terms of angulation
and 5.3 to 26.1◦ in terms of rotation. The achieved alignment deviated on average 2.1 ± 1.0 and
3.4 ± 1.6 degrees from the planning for the angulation and rotation, respectively. Conclusions: A
two-step approach for 3D-guided patient-specific corrective limb osteotomies is reliable, feasible
and accurate.

Keywords: virtual surgical planning; 3D printing; 3D technology; three-dimensional; corrective
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1. Introduction

Corrective osteotomy surgery for long bone anomalies can be very challenging since
the deformation of the bone is often present in three dimensions. Conventional planning
methods use two-dimensional (2D) imaging to plan the osteotomy and subsequent surgery
is performed freehand, which leads to unpredictable results. With rapid advances in three-
dimensional (3D) printing technologies, surgeons have started to apply 3D printing for
a wide range of applications in orthopedic trauma surgery [1]. Particularly in corrective
osteotomy surgery, the use of 3D-printed surgical guides is well-described and shows
promising results in terms of functional outcome and reduced operating time [1–4]. The
use of 3D virtual surgical planning allows the surgeon to visualize the anatomy in 3D,
and virtually plan the osteotomy based on the CT scan. Additionally, patient-specific
instruments can be designed and 3D printed to guide the cutting and reduction process
during surgery. This process takes into account the specific anatomy of the patient and the
desired surgical approach, which might lead to a more accurate result [5].

In recent years, different respective methods and techniques for corrective osteotomies
of various mechanisms of deformities (i.e., post-traumatic deformities, growth disturbances,
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congenital anomalies) have been described. The majority of these methods consist of a
surgical guide with a cutting slot for the planned osteotomy plane and drilling holes for
preplanned screws [6–12]. Since the screw holes are predrilled, this technique requires an
adequate fit of the preplanned plate in order to achieve the planned correction. However,
due to the deformity of the bone, conventional plates usually do not fit, which potentially
compromises accuracy and can lead to impaired functional outcome. For some cases,
precontouring the plate provides a solution [11]. However, bending of a plate does not
always result in a good fit; therefore, another solution for adequate use of this 3D technology
may be provided by using a patient-specific plate [12]. Yet, currently, patient-specific plates
are not widely available; they may be costly and pose logistical and legal challenges. An
alternative reported approach is the use of a surgical cutting guide in combination with a
reduction guide. The correction is then controlled by placing Kirschner wires (K-wires) with
the cutting guide and subsequently realigning of the K-wires towards a parallel position
with the use of a reduction guide. However, the combined use of both a reduction guide
and a plate is often limited by the small surgical working space. This technique is only
described for a few applications [13–16].

We present this alternative strategy, which consists of our two-step approach for
3D-planned corrective osteotomy, which has been successfully clinically applied. Our
method adds to previous reports because a reduction guide, which envelops the planned
osteosynthesis plate, is introduced, and therefore the technique is less limited by the
surgical working space. This method can be applied disregarding the deformation or
location, and is based on our experience in 3D-planned corrective osteotomy surgery over
the past few years. This study aimed to assess the accuracy of the achieved corrections
using this technique.

2. Materials and Methods
2.1. Patients

All patients (≥12 years) treated for post-traumatic malunion with a single- or double-
cut 3D-planned corrective osteotomy within our center between January and December
2021 were prospectively included upon availability of a pre- and postoperative CT scan
with a slice thickness of less than 1 mm. The institutional review board of our center
approved the study procedures, and the research was performed in accordance with the
relevant guidelines and regulations (registry: 202100639). Written consent was obtained
from all patients.

2.2. 3D Virtual Surgical Planning of the Corrective Osteotomy

For all patients, a CT scan of the malunited as well as the corresponding contralateral
uninjured bone was available. The DICOM (Digital Imaging and Communications in
Medicine) image data were imported into the Mimics Medical software package (Version
21.0, Materialise, Leuven, Belgium) in order to create a 3D reconstruction of the affected
bone and its counterpart. A segmentation process was performed using a preset bone
threshold (Hounsfield unit ≥ 226) combined with the ‘region growing’ and ‘split mask’
function in order to separate the bone from adjacent bones. After the segmentation process,
the 3D models of both the malunited and the contralateral bone were imported into the
3-matic software (Version 15.0, Materialise, Leuven, Belgium). The contralateral bone
was then mirrored and aligned on an unaffected part of the malunited bone in order to
measure the deviation. Based on the deviation, the osteotomy and correction were planned,
and a virtual model of the osteosynthesis plate chosen by the surgeon was imported and
positioned on the corrected bone. K-wires, at least two on each side of the osteotomy plane,
were then placed parallel on the bone after virtual correction, duplicated and reversed
engineered towards their original position on the ‘uncorrected’ malunited bone. A cutting
guide was then designed, which included the planned osteotomy and the position of the
K-wires before correction. In addition, a reposition guide was designed to be placed on
top of the planned plate, fitting the K-wires as positioned after the planned correction
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(Figure 1). During this workflow, multiple interdisciplinary meetings between technical
physicians and (orthopedic) trauma surgeons were held to determine surgical approach,
level of osteotomy and desired plate positioning in order to ultimately meet our patient’s
clinical needs.
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Figure 1. Workflow of a 3D-guided patient-specific corrective osteotomy using a two-step approach.
(1) First, a 3D reconstruction is made from a bilateral CT scan. (2) By mirroring and aligning the
contralateral (healthy) side on the malunited bone (orange), the deviation is measured. (3) Based on
the deviation, the osteotomy and the correction are planned. (4) An osteosynthesis plate is chosen and
positioned on the bone after correction. (5) K-wires are positioned parallel on the planned correction.
(6) K-wires are placed parallel on the corrected bone, duplicated and moved to the corresponding
position on the malunited bone before the correction is performed. (7) Patient-specific cutting and
reposition guides are designed. (8) 3D-guided osteotomy is performed using the patient-specific
cutting guide. Subsequently, the cutting guide is removed and the reposition guide (including the
plate) is slid over the K-wires to achieve the intended correction.

2.3. Surgical Procedure

After designing the guides, the patient-specific cutting and reposition guides were
3D-printed by selective laser sintering using polyamide 12 (PA12). Additionally, real-
size models of the malunion and planned correction were printed 1:1. These prints were
sterilized and used during surgery. Exposure of the affected bone was obtained during
surgery using a surgical approach as discussed with the surgeon during the stepwise 3D
planning process. The cutting guide was then fitted on the bone using bony landmarks, and
the K-wires were then placed through the guide (Figures 2c and 3c). The unique footprint
directs the guide to the intended location. Positioning of the guide was confirmed by
verifying the position of the K-wires with respect to the bony landmarks using fluoroscopy.
In the case of incorrect positioning, the guide was repositioned until the surgeon was
confident about the correct positioning after repeated visual inspection and radiographic
confirmation. The osteotomy was performed through the cutting slot of the cutting guide
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using an oscillating saw. Subsequently, the planned correction was performed by aligning
the K-wires to a parallel position. This process was controlled by sliding the reposition
guide, which enveloped the plate, over the K-wires (Figures 2d and 3d). In opening-wedge
high tibial osteotomy cases, the planned wedge was incorporated into the guide design
for additional strength of the construct and to prevent K-wires from bending during the
opening of the wedge (Figure 3). After correction, the design of the reposition guide
allowed for at least two screws to be drilled and placed both distal and proximal to the
osteotomy level. After placement of these screws, the reposition guide was removed, and
the remaining screws were placed. The reposition guide was designed in such a way that
the construct of the guide with the fixed K-wires did not block the drilling and placement
of the screws.
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Figure 2. 3D-guided patient-specific corrective osteotomy of a malunited distal radius that was ini-
tially treated conservatively in a cast (Case 6). (a) Frontal and lateral view of the designed cutting 
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ple) with the parallel K-wires (red); (c) operative usage of the cutting guide; (d) operative usage of 
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Figure 2. 3D-guided patient-specific corrective osteotomy of a malunited distal radius that was
initially treated conservatively in a cast (Case 6). (a) Frontal and lateral view of the designed cutting
guide (pink) with the -wires (red); (b) frontal and lateral view of the designed reposition guide
(purple) with the parallel K-wires (red); (c) operative usage of the cutting guide; (d) operative usage
of the reposition guide. The specific design of the reposition guide allowed for at least two screws to
be drilled and placed both distal and proximal to the osteotomy level. Note the convergent K-wires
in the cutting guide (c), and the parallel K-wires as reduction aids in the reposition guide (d).
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Figure 3. 3D-guided patient-specific corrective osteotomy of a proximal tibia (Case 8). (a) Frontal
view of the designed cutting guide (pink) with the K-wires; (b) lateral view of the designed reposition
guide (purple) with the parallel K-wires and insertion of the planned wedge; (c) operative usage of
the cutting guide; (d) operative usage of the reposition guide.

2.4. Postoperative Evaluation

Postoperative evaluation of the accuracy of the performed correction was performed by
superimposition of the plan and the postoperative outcome. Subsequently, the preoperative
and postoperative alignment error were measured in terms of angulation, rotation and
translation. A 3D model of the bone before correction was retrieved from the initial planning.
This model was duplicated and aligned with the planned outcome and the postoperative
3D model, such that there were three identical parts with different alignments (preoperative,
planned and postoperative parts). In order to measure the angulation and rotation, the
inertia axes were automatically drawn using the ‘create analytical primitive’ function in the
3-matic software (Figure 4a). The angulation was then measured as the difference in angle
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in the z-axis (Figure 4b) and the rotation as the difference in angle in the x-axis (Figure 4c).
The translation was obtained by measuring the Euclidean distance in millimeters between
the center of gravity of these three parts (preoperative, planned and postoperative). In
addition, the clinical outcome was assessed by evaluating the range of motion before
surgery and six months after surgery. A Mann–Whitney U test was performed to assess the
difference between planned and obtained angulation, rotation and translation. A p-value
of <0.05 was considered statistically significant.
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Figure 4. Evaluation of the achieved correction in terms of angulation and rotation. (a) First, the
inertia axes were determined; (b) the angulation was then determined by measuring the angle
between the z-axis of the preoperative (yellow) and planned (green) position of the bone, and
between the planned and the postoperative (red) position; (c) the rotation was determined by
measuring the angle between the x-axis of the preoperative and planned position, and the planned and
postoperative position.

3. Results
3.1. Patients

A total of 10 patients, treated for their post-traumatic malunion with a 3D-planned
corrective osteotomy, were prospectively included in this study. The age of the patients
varied from 12 to 64 years old, and seven of the patients were males (Table 1). The patients
were treated for a malunion in various bones including the clavicle, humerus, radius, femur
and tibia. Indication for corrective osteotomy was loss of function by decreased range
of motion post-trauma due to acquired pathoanatomy in all patients with an upper limb
deformity (n = 6). In the patients with a deformity of the lower limb (n = 4), the correction
was performed due to complaints of pain and instability of the knee or ankle.

3.2. Accuracy

All corrective osteotomies were performed according to the predetermined plan with-
out any complications. The preoperative deformities ranged from 7.1 to 27.5◦ in terms
of angulation and 5.3 to 26.1◦ in terms of rotation. The achieved alignment deviated on
average 2.1 ± 1.0 and 3.4 ± 1.6 degrees from the planning for the angulation and rotation,
respectively (Table 2). In four cases, the achieved angulation was more than what was
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needed in the planned direction (overcorrection), and in another four cases, the angulation
was less than what was needed (undercorrection). In terms of rotation, in four patients,
the applied correction was more than intended, whereas in two patients, the correction
was less. The achieved positioning of the bone deviated on average 1.8 mm from the in-
tended position. Differences between planned and obtained angulation (p < 0.001), rotation
(p = 0.009) and translation (p < 0.001) were found to be statistically significant.

Table 1. Patient characteristics.

Case Sex Age at Time of
Surgery (Years) Area of Deformity Deformity Planned Correction

Upper limb 1 F 16 Clavicula Angulation; Shortening Closed wedge

2 F 23 Proximal humerus Varus; Rotation Closed wedge

3 M 12 Midshaft radius Angulation Closed wedge

4 M 16 Distal radius Rotation Rotation

5 M 17 Distal radius Volar angulation Open wedge

6 F 59 Distal radius Volar angulation Open wedge

Lower limb 7 M 28 Femur Rotation Rotation

8 M 17 Proximal tibia Varus; Increased tibial slope Open wedge

9 M 24 Proximal tibia Increased tibial slope Closed wedge

10 M 64 Distal tibia Varus; Rotation Closed wedge

Table 2. Postoperative evaluation of the performed corrective osteotomies. Accuracy was assessed in
terms of angulation (degrees), rotation (degrees) and translation (millimeters).

Case Angulation (◦) Rotation (◦) Translation (mm)

Preoperative
vs. Plan

Postoperative
vs. Plan

Over/under
Correction

Preoperative
vs. Plan

Postoperative
vs. Plan

Over/under
Correction

Preoperative
vs. Plan

Postoperative
vs. Plan

1 20.5 3.7 Under - - - 8.1 0.3

2 14.7 2.7 Under 22.8 1.3 Over 6.2 3.2

3 14.7 1.3 Over - - - 7.2 0.8

4 - - - 26.1 4.3 Over 4.4 0.5

5 12.5 2.7 Over - - - 7.5 1.6

6 27.5 1.8 Over 5.3 1.6 Over 7.1 1.0

7 - - - 26.0 5.1 Under 1.1 0.8

8 13.5 2.6 Under - - Over 37.8 6.2

9 7.1 0.2 Under - - - 3.5 0.4

10 13.6 1.6 Over 24.7 4.8 Under 17.2 2.9

Average 15.5 ± 5.7 2.1 ± 1.0 21.0 ± 7.9 3.4 ± 1.6 10.0 ± 10.1 1.8 ± 1.8

3.3. Clinical Outcome

In all six patients who underwent a corrective osteotomy for a malunion of the upper
limb, the range of motion was significantly improved after six months (Table 3). After
correction of the malunions of the lower limb, all patients reported a significant reduction
in pain and instability.
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Table 3. Range of motion in the upper extremities before and 6 months after correction.

Case Restricted Joint Preoperative Range of
Restricted Motion

Postoperative Range of
Motion (6 Months)

Upper limb 1 Clavicula F/E 110-0-40;
Ab/Ad 140-0-30

F/E 160-0-40;
Ab/Ad 160-0-30

2 Proximal humerus
F/E 150-0-40;

Ab/Ad: 140-0-30;
ER/IR: 90-0-L5

F/E 170-0-40;
Ab/Ad: 160-0-30;
ER/IR: 80-0-T12

3 Midshaft radius P/S: 10-0-60 P/S: 45/0/70

4 Distal radius P/S: 70-0-55 P/S: 70-0-80

5 Distal radius P/S: 70-0-30 P/S: 70-0-80

6 Distal radius F/E: 50/0/20
P/S: 20/0/80

F/E: 40/0/50
P/S: 60/0/80

F/E: flexion/extension, Ab/Ad: abduction/adduction, ER/IR: external rotation/internal rotation, P/S: prona-
tion/supination, L5: 5th lumbar vertebra, T12: 12th thoracic vertebra.

4. Discussion

Bone deformities in both the upper and lower extremities frequently lead to functional
impairment, pain, instability and/or aesthetic concerns. Additionally, in the long term, this
could lead to early-onset osteoarthritis of adjacent joints. Corrective osteotomy surgery of
these post-traumatic acquired deformities can be very challenging since the deformation of
the bone is often present in three dimensions. With the use of 3D-printing technologies,
corrective osteotomy surgery has become more predictable. In this study, we presented
our clinically applied two-step approach (cutting guide followed by reposition guide) of
patient-specific 3D-planned corrective limb osteotomies. The results of this study show
that our clinically applied method is reliable, feasible, user-friendly and accurate.

Several studies describe 3D-planned corrective limb osteotomies and show their
technique to be feasible, leading to good functional outcomes [6–14]. Yet, even though the
surgery is planned using state-of-the-art 3D software, postoperative evaluation is usually
still performed in 2D on plain radiographs since postoperative CTs are not routinely
made. Therefore, the majority of these studies evaluated their achieved accuracy based on
postoperative radiographs, thereby only providing the accuracy in two dimensions: the
anteroposterior and lateral direction [6–9,11]. Since the performed correction was planned
in three dimensions, it is essential to assess the postoperative result in three dimensions as
well to provide the accuracy of the performed correction and to gain insight into the cause
of deviation in relation to suboptimal clinical outcomes. Omori et al. performed corrective
osteotomies in 17 patients with a deformity of the humerus and compared postoperative 3D
bone models with the preoperative planning using a surface registration technique [13]. In
terms of translation, they showed a mean error of 1.7 mm in anterior–posterior translation,
1.3 mm in lateral–medial translation and 7.1 mm in proximal–distal translation, whereas
they showed mean errors of 0.6◦, 0.8◦ and 2.9◦ for varus–valgus, flexion–extension and
internal–external rotation, respectively. Additionally, Dobbe et al. successfully performed
a 3D-guided corrective osteotomy using a patient-specific plate in seven patients with
post-traumatic distal radius deformities and showed a median residual translation and
rotation error of 3.0 mm and 8.5◦, respectively [12]. In addition to these scarce studies,
this current study is one of the few studies which assessed the postoperative result in 3D.
Where the previous studies were limited to one specific malunited bone, in this study, we
performed 3D-planned corrective limb osteotomies in different body regions of ten patients,
indicating the wide applicability of our technique. The results of this study show similar
accuracy compared to previous reports with an average angulation of 2.1 ± 1.0◦, rotation
of 3.4 ± 1.6◦ and translation of 1.8 ± 1.8 mm.

The rationale behind using patient-specific 3D-printed guides is that it helps the
surgeon perform the osteotomy and predrill the screws more reliably and according to
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the plan, leading to a more accurate correction. However, one of the possible pitfalls
is translation of bone fragments over the osteotomy planes due to applied uncontrolled
compression on the plate [10]. This is especially true in cases with extensive deformation of
the bone where there is no good fit between the plate and bone. A suboptimal correction in
these patients may result in residual functional impairment, pain and joint instability. Our
two-step approach provides a solution for these patients by not predrilling the screws but
using K-wires to secure the cutting guide, and subsequentially a reposition guide with these
positioned K-wires, which forces bone fragments into the correct 3D-planned alignment
while serving as a temporary fixation as well. The plate can generally be placed under the
reposition guide for easy application. The specific design of the reposition guide allows for
at least two screws to be drilled and placed both distal and proximal to the osteotomy level,
which then hold the reposition while the guide is removed. Definitive fixation can then be
performed by placing the remaining screws within the plate.

One of the limitations of this pilot study is the relatively small patient group. Since
the goal of this study was to critically evaluate the accuracy of our two-step approach, we
included all patients who were treated with this technique irrespective of anatomical site or
nature of the post-traumatic deformity. Even though this study showed that our technique
is clinically feasible and accurate in both upper and lower extremity deformities, the
inclusion of different osteotomy locations led to a highly heterogeneous study population.
Yet, one could also argue this a study strength, as it improves the external validity of
our results regardless of the anatomical site. Additionally, since the primary aim of this
research was to assess the accuracy of this technique, the clinical outcome in this study
was limited to the range of motion, which was only of importance in the cases with upper
limb deformities. Further studies should also incorporate patient-reported outcomes to
also fully assess the impact of this method on functional recovery. This is especially true in
patients with lower limb deformities, since these patients were not affected by a restricted
range of motion.

Even though high accuracy of the planned correction was achieved in all patients, some
minimal residual angulation, rotation and translation error were still present, although
we argue this is clinically not relevant to patients’ functional outcome. At this stage, it is
impossible to assess at what part of the surgery the error happened (e.g., positioning of
the guides, securing the screws). In order to further improve the current method, it would
be recommended to investigate each specific step within the procedure. In particular, the
positioning of the cutting guide along the longitudinal axis is usually quite challenging
in the case anatomical landmarks for verifying the correct position of the guides are
limited (e.g., shaft fractures). Where the proximal or distal end of the bone generally
has quite distinguishable features, the fit of the guide on the midshaft bone is usually
less rigid. Further investigation on what impact guide positioning has on the accuracy is
therefore recommended. In addition, this study included patients with relatively severe
deformities with an average angulation of 15.5 ± 5.7◦ and rotation of 21.0 ± 7.9◦. Patients
with more subtile deformities might also benefit from 3D-guided corrective osteotomy
surgery. To our knowledge, no clear cut-off for the point at which a deformity is too
small to correct accurately has been established. Therefore, it further investigation of what
deformities can accurately be corrected in order to utilize this technique to its full potential is
also recommended.

5. Conclusions

This study showed that a two-step approach for 3D-guided patient-specific corrective
limb osteotomies is reliable, feasible, user-friendly and accurate for corrective osteotomies
of deformities of all long bones.
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Abstract: This study aims to develop a three-dimensional (3D) measurement for acetabular fracture
displacement, determine the inter- and intra-observer variability, and correlate the measurement
with clinical outcome. Three-dimensional models were created for 100 patients surgically treated
for acetabular fractures. The ‘3D gap area’, the 3D surface between all the fracture fragments,
was developed. The association between the 3D gap area and the risk of conversion to a total
hip arthroplasty (THA) was determined by an ROC curve and a Cox regression analysis. The 3D
gap area had an excellent inter-observer and intra-observer reliability. The preoperative median
3D gap area for patients without and with a THA was 1731 mm2 versus 2237 mm2. The median
postoperative 3D gap area was 640 mm2 versus 845 mm2. The area under the curve was 0.63. The
Cox regression analysis showed that a preoperative 3D gap area > 2103 mm2 and a postoperative
3D gap area > 1058 mm2 were independently associated with a 3.0 versus 2.4 times higher risk of
conversion to a THA. A 3D assessment of acetabular fractures is feasible, reproducible, and correlates
with clinical outcome. Three-dimensional measurements could be added to the current classification
systems to quantify the level of fracture displacement and to assess operative results.

Keywords: acetabular fracture; 3D fracture analysis; 3D gap area; three dimensional; three-dimensional
measurements; 3DCT

1. Introduction

The incidence of acetabular fractures, i.e., fractures involving the hip socket, is es-
timated as 5 to 8 per 100,000 people per year [1,2]. These fractures can have a serious
influence on physical functioning, social activities, and the ability to work. In general,
minimally displaced fractures can be treated nonoperatively, and this accounts for approxi-
mately half of all acetabular fractures [3,4]. Displaced fractures are mostly treated surgically
with reduction and internal fixation; only a small percentage of patients need a primary
total hip arthroplasty (THA) [3,5]. The main goal of surgical treatment is to obtain an
accurate reconstruction of the articular surface in order to minimize the risk of progressive
osteoarthritis and the subsequent need for a THA [6,7]. The residual fracture displacement,
measured as the two-dimensional (2D) gap and step-off on computed tomography (CT)
slices, is an important factor for estimating the risk for conversion to a THA after surgical
treatment of an acetabular fracture. Verbeek et al. reported that an anatomical reduction,
according to Matta’s criteria [8] (0–1 mm residual displacement), leads to only 3 percent
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conversion to a THA, whereas poor reduction (>3 mm residual displacement) leads to
36 percent conversion to a THA after acetabular fractures after a mean follow-up of nine
years [9]. They measured the postoperative reduction on radiographs and 2DCT slices.
However, these 2D gap and step-off measurements of the initial fracture displacement and
postoperative fracture reduction suffer from low inter- and intra-observer agreement [10].
If surgeons still cannot fully agree on the degree of fracture displacement, it will be difficult
to assess the results of acetabular fracture surgery and estimate the prognosis by using
conventional 2D measurements techniques.

Acetabular fractures usually consist of multiple fracture fragments, which can be
displaced in multiple dimensions. The current AO/OTA (Arbeitsgemeinschaft für Os-
teosynthesefragen/Orthopaedic Trauma Association) classification system only describes
the gross fracture pattern but does not include information about the degree of displace-
ment of each fracture fragment [11]. Obtaining insights into the extent of the fracture
displacement can be difficult using only 2DCT slices [12]. An understanding of the com-
plexity of the fracture is necessary for determining the treatment strategy, providing the
best possible surgical treatment, evaluating the postoperative result, and estimating the
prognosis [13]. Three-dimensional imaging and measurements can provide insight into the
multidirectional displacement of the fracture fragments and can quantify the true extent of
the fracture displacement [14–17]. Recently, we introduced a 3DCT measurement method
for acetabular fractures and compared these measurements with the gold standard 2D gap
and step-off measurements [18]. The 3DCT reduction criteria were suggested in previous
research [18], but these consist of multiple items, including the 3D gap, 3D step-off, and the
total gap area (a 2D surface measurement on a 3D fracture model). Because it is unknown
which item is the most important, it can be complicated to decide which criteria must
be used in clinical practice and differences between users may occur. Thus, no universal
measurement exists that incorporates both the gaps and step-offs between multiple fracture
fragments into one measurement. Moreover, the currently available 3DCT measurement
method has not been correlated with clinical outcome.

The study did not aim to evaluate the quality of the surgery, but the aim was to test
the feasibility of a newly developed measurement method. We hypothesize that a single
3DCT measurement for acetabular fractures will provide an observer-independent analysis
of the complexity of the fracture and can be one of the factors that indicate whether a
patient is at risk for a THA during follow-up. The aim was to validate our developed 3D
measurement method by answering the following research questions: (1) What is the inter-
and intra-observer variability of a single 3DCT measurement for the initial and residual
displacement in surgically treated acetabular fractures? (2) Is there a relationship between
the preoperative 3D measurement and the risk of conversion to a total hip arthroplasty
during follow-up? (3) Is there a relationship between the postoperative 3D measurement
and the risk of conversion to a total hip arthroplasty in follow-up?

2. Materials and Methods
2.1. Patients

A diagnostic imaging study was performed in patients treated for acetabular fractures
in a level 1 trauma center. Between 2001 and 2020, we treated 428 patients for an acetab-
ular fracture. Of those, we considered surgically treated unilateral acetabular fractures
with availability of a high-quality pre- and postoperative CT-scan (with a maximum slice
thickness of 2 mm and acquired within four weeks after surgery) and at least one-year
clinical follow-up as potentially eligible. Based on that, 63% (270) were eligible; a further
10% (42) were excluded because they were treated with a primary THA (6), were under
18 years old (6), had a periprosthetic fracture (3), had a concomitant pelvic ring injury (24)
or a pipkin femoral head fracture (3), and another 30% (128) were deceased (23), were
lost prior to the minimum study follow-up of one year (17), or had incomplete datasets
(18 patients missing a preoperative CT scan, 45 patients missing a postoperative CT scan,
and 25 patients with poor quality CT scans with a slice thickness larger than 2 mm), thus

22



J. Pers. Med. 2022, 12, 1464

leaving 23% (100) for analysis here. Baseline characteristics were retrieved from the pa-
tients’ medical records. All pelvic CT scans at the time of injury were reassessed by two
trauma surgeons (KtD, FIJ) and all fractures were classified according to the Letournel
classification [19]. All available fracture types were included to prevent potential bias. In
our clinic, pre- and postoperative CT scans became standard of care over the past seven
years. Before that time, the CT scans were performed based on surgeons’ preferences or
indication. Patients were approached by telephone or posted mail and asked whether they
received a THA after their acetabular fracture surgery. Indications for conversion to THA
were progressive symptomatic osteoarthritis (24/31, Kellgren–Lawrence grade 4 [20]) and
avascular necrosis of the femoral head (7/31). Moreover, follow-up information regarding
THA was retrieved from the patients’ medical records.

This study was reviewed, and a waiver was provided by the Medical Ethics Review
Committee of the University Medical Center Groningen, no: 2016.385. This study is
reported following Strengthening the Reporting of Observational Studies in Epidemiology
(STROBE) reporting guideline.

2.2. Three-Dimensional Measurements

Three-dimensional models were created based on the pre- and postoperative CT
scans, using the segmentation-certified software of Mimics Medical software (version 19.0;
Materialise, Leuven, Belgium). A preset threshold for bone (≥226 Hounsfield Units) was
used and all the different fracture fragments were manually separated into individual
3D objects. All 3D objects were imported into the certified 3-matic Medical software
(version 13.0; Materialise, Leuven, Belgium). The measurements were first performed
on the 3D models derived from the preoperative CT scans. The surface along the edge
of the fracture fragments (e.g., the fracture line) was marked (Figure 1a) and separated
from the 3D model. The contours of this surface were converted to curves. These curves
were trimmed so that the line that remained solely covered the fragments’ fracture edge
(Figure 1b). The fracture lines were connected so one enclosed curve was created, which
resembled the border of the 3D gap area (Figure 1c). Based on this closed curve, a surface
was generated using the surface construction function in 3-matic (Figure 1d). This final
generated surface, so called 3D gap area, represents the fracture area (mm2) between all
fracture fragments. To measure the postoperative 3D gap area, the preoperative fracture
fragments were matched with the postoperative 3D model using surface-based matching
to avoid the possible influence of metal artefacts. The corresponding preoperative fracture
lines were translated together with the fracture fragments and used to determine the 3D
gap area postoperatively. All pre- and postoperative 3D models were measured by one
observer (AM) experienced in using the 3D software, and it takes on average about two
hours per patient to create the 3D models and measure the 3D gap area. Two-dimensional
measurements were not included in this study, because previous research showed unreliable
results for these measurements [10,18,21].

2.3. Statistical Analysis

To answer our first question, regarding the inter- and intra-observer variability of
a single 3DCT measurement, twenty pre- and postoperative 3D models were measured
by two additional experienced observers (MO, NA). The intraclass correlation coefficient
(ICC), with a two-way mixed, single measurements model with absolute agreement, and
the 95% confidence interval (CI) were calculated using SPSS (version 23, IBM, Chicago, IL,
USA). Moreover, the median difference and interquartile range (IQR) between the values
measured by the different observers were calculated. Finally, one observer (AM) repeated
all the twenty measurements two times, with an interval of at least one week, and the ICC
with 95% CI were calculated to investigate the intra-observer variability.

To answer the second and third question, regarding the relationship between the 3D
measurement and the risk of conversion to total hip arthroplasty, the median and IQR
were calculated for all continuous data. Frequencies and percentages were calculated for
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all dichotomous data. The median pre- and postoperative 3D gap area was calculated
for all patients. Next, the median pre- and postoperative 3D gap area was calculated for
the group of patients with a THA and for the group of patients that retained their native
hip. The Mann–Whitney U test was used to compare groups. Finally, a receiver operating
characteristics (ROC) curve was created to assess whether the 3D gap area and conversion
to THA were related. Critical cut-off values for the pre- as well as postoperative 3D gap
area, based on the increased risk of THA, were determined by the value for which the
combined sensitivity and specificity is the highest (Youden’s J statistic). These cut-off values
were used in a Cox regression analysis for assessing the association between 3D gap area
and the risk of conversion to THA and determining a hazard ratio (HR).
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the 3D gap area, is generated based on the closed curve of the fracture lines (orange).

3. Results
3.1. Patients

The median (IQR) age of the included patients was 49 (38–63) years (Table 1). Twenty-
eight out of a hundred patients received a THA after a median (IQR) of 16 (11–27) months.
Additionally, three patients had an indication for a THA due to symptomatic osteoarthritis
(Kellgren–Lawrence grade 4 on follow-up radiograph [20]). They did not receive a THA,
because the patients chose to refrain from revision surgery due to comorbidities. These
patients were analyzed in the THA group.

Table 1. Patient characteristics. THA: Total hip arthroplasty.

Patient Demographics (N = 100)

Native Hip (N = 69) THA (N = 31) Total
Sex (no.)

Male 59 24 83
Female 10 7 17

Median (IQR) age (in years) 48 (34–62) 53 (41–67) 49 (38–64)
Letournel classification (no.)

Anterior column 5 1 6
Posterior column 1 0 1

Posterior wall 15 6 21
Transverse 1 0 1

Anterior column and posterior
hemitransverse 6 0 6

Both column 23 9 32
Posterior column and posterior wall 4 3 7

T-type 8 3 11
Transverse and posterior wall 6 9 15
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3.2. Inter- and Intra-Observer Reliability

The inter- and intra-observer reliability was excellent for the pre- and postoperative
3D gap area. For the inter-observer measurements of the 3D gap area, the preoperative ICC
was 0.95 (95% CI: 0.84–0.98) and the postoperative ICC was 0.95 (95% CI: 0.89–0.98). The
median difference (IQR) between the observers was 182 (102–260) mm2 preoperatively and
174 (91–283) mm2 postoperatively. For the intra-observer measurements, the preoperative
ICC was 0.96 (95% CI: 0.91–0.98) and the postoperative ICC was 0.99 (95% CI: 0.97–0.99).
The median difference (IQR) between the repeated measurements was 83 (40–124) mm2

preoperatively and 58 (33–115) mm2 postoperatively.

3.3. Preoperative 3D Measurement Correlated with Clinical Outcome

The preoperative 3D gap area is associated with clinical outcome. The overall median
(IQR) preoperative 3D gap area for all 100 patients was 1867 (1261–2411) mm2. For patients
who retained their native hip (N = 69), the median (IQR) preoperative 3D gap area was
1731 (1075–2446) mm2 compared to 2237 (1775–2393) mm2 (p = 0.045) for patients in the
THA group (N = 31). The area under the curve was 0.63 (95% CI: 0.51–0.74, p = 0.045)
for the preoperative 3D gap area (Figure 2). The preoperative critical cut-off value for a
conversion to a THA was 2103 mm2 with a sensitivity of 61% and a specificity of 73%. The
Cox regression analysis, adjusted for age and gender, showed that a preoperative 3D gap
area > 2103 mm2 (critical cut-off) was independently associated with a 3.0 times higher risk
of conversion to a THA (adjusted: HR 3.0, 95% CI: 1.4–6.2, p = 0.004; unadjusted: HR 3.1,
95% CI: 1.5–6.4, p = 0.002).
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Figure 2. Receiver operating characteristic (ROC) curve demonstrating that the pre- and postoperative
3D gap area are associated with conversion to total hip arthroplasty.

3.4. Postoperative 3D Measurement Correlated with Clinical Outcome

The postoperative 3D gap area is associated with clinical outcome. The overall median
(IQR) postoperative 3D gap area for all 100 patients was 679 (310–1074) mm2. The median
(IQR) postoperative 3D gap area was 640 (311–961) mm2 for patients who retained their
native hip, compared to 845 (298–1456) mm2 for patients in the THA group (p = 0.045).
For the postoperative 3D gap area, the area under the curve was 0.63 (95% CI: 0.50–0.75,
p = 0.045). The postoperative critical cut-off value was 1058 mm2 with a sensitivity of 45%
and a specificity of 83% for a conversion to a THA. The Cox regression analysis, adjusted
for age and gender, showed that a postoperative 3D gap area > 1058 mm2 (critical cut-off)
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was independently associated with a 2.4 times higher risk of conversion to a THA (adjusted:
HR 2.4, 95% CI: 1.1–5.2, p = 0.021; unadjusted: HR 2.7, 95% CI: 1.3–5.5, p = 0.006). The
clinical case examples of the 3D gap area are shown in Figures 3, 4, S1 and S2.
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Figure 3. Case example of a both-column fracture in a 63-year-old male, showing the discrepancy in
measuring initial and residual fracture displacement for acetabular fractures on different imaging
modalities, including radiographs, CT scans, and 3D models. On radiographs (a), it is difficult
to measure gaps and step-offs, especially on the postoperative radiograph, because the implant is
partially obscuring the acetabulum. On the single CT slices (b), multiple gaps and step-offs (red
lines) can be measured on different CT slices in several planes, indicating the subjective elements
of these measurements. The 3D model (c) demonstrates the 3D gap area (in orange) representing
the three-dimensional surface between all fracture fragments. This should be considered a single
quantitative measure of the initial or residual fracture displacement in the entire acetabulum.
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sorted based on fracture type. YO: years old, FU: follow-up, THA: total hip arthroplasty.

28



J. Pers. Med. 2022, 12, 1464

4. Discussion

The conventional 2DCT single slice gap and step-off measurements of an initial fracture
displacement and postoperative fracture reduction, which are currently used to evaluate the
results of acetabular fracture surgery, suffer from low inter- and intra-observer agreement
and do not represent the displacement of all fracture fragments [10]. The aim of this study
was to develop and evaluate our single 3DCT measurement in order to quantify the preop-
erative fracture displacement and postoperative reduction in acetabular fracture surgery
by determining the inter- and intra-observer variability and investigating the relationship
between the 3D measurement and the risk of conversion to a THA. We introduced the 3D
gap area measurement that represents the 3D surface area between all fracture fragments.
The measure was developed and assessed on the pre- and postoperative 3D models of
100 patients. Our study shows that the 3D gap area can be reliably measured and accurately
reproduced, with high inter- and intra-observer reliability. The 3D gap area measurements
represent an observer-independent single quantitative measure for assessing the initial
fracture displacement and postoperative fracture reduction. Patients who needed a THA
had a higher median pre- and postoperative 3D gap area compared to those who retained
their native hip, indicating that the 3D gap area is associated with clinical outcome.

This study contains several limitations. First of all, the 3D software, 3D expertise, and
manpower needed for the measurements are not available in all hospitals. Second, there is a
selection bias, because only the patients with a postoperative CT scan were included. These
postoperative CT scans were only made standard of care over the last 7 years, whereas
before this time, a postoperative CT scan was only performed upon indication. However,
this does not affect our research method, because our study aimed to introduce and assess
a 3D measurement technique and link those to the risk of conversion to a THA instead of
reporting on the clinical outcome itself. Finally, creating 3D models and performing the 3D
gap area measurements is time-consuming and will take on average two hours per patient.
Yet, future developments in software might reduce this time, making it more applicable in
clinical practice.

Accuracy and reproducibility of measurements for assessing fracture displacement is
mandatory to use them with confidence in clinical practice. In this study, we introduced
a new 3D measurement for assessing acetabular fracture displacement that is accurate,
reliable, and does not depend on the subjective interpretations of surgeons. The gap and
step-off measurements using traditional 2D imaging (e.g., radiographs or 2DCT slices)
have proven to be insufficient for assessing the displacement of acetabular fractures [10,21].
The assessment of a fracture relies on where the 2D measurement is performed, meaning
which fracture line or CT slice is selected for the measurement and how the measurement is
performed. A previous study demonstrated a low inter-observer reliability of the gap and
step-off measurements on 2DCT slices, with ICCs varying from 0.3–0.4 [10]. The unique
feature of our new 3D gap area measurement is that it includes the entire fractured area
and combines the gaps and step-offs between all fracture fragments in one 3D surface. This
approach enables expressing the degree of initial and residual fracture displacement in a
single quantitative measure for the first time.

Quantifying the initial fracture displacement and postoperative reduction is essential
for the treatment decision and patient counseling regarding the prognosis. The 3D gap area
was correlated with conversion to a THA in order to assess whether it could potentially
be used as a predictive value for the clinical outcome. The median initial displacement
(preoperative 3D gap area) and the median residual displacement (postoperative 3D gap
area) were higher in the group of patients that received a THA during follow-up, indicating
that the 3D gap area is associated with clinical outcome. Moreover, if the preoperative 3D
gap area can be used to predict the risk of conversion to a THA during follow-up, this could
have major implications in deciding about osteosynthesis versus a primary THA at the time
of the injury. This study provides a preliminary critical cut-off value for the preoperative 3D
gap area (>2103 mm2; HR 3.0, 95% CI 1.4–6.2; p = 0.004), which is independently associated
with the risk of conversion to a THA. Obviously, definitive cut-off values for relating the
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3D gap area to the risk of conversion to a THA still need to be determined in a larger series.
On the other hand, we noticed that the pre- and postoperative 3D gap area does not always
correlate with clinical outcome. For instance, one patient with a relatively small pre- and
postoperative 3D gap area (625 and 205 mm2, e.g., indicating limited initial displacement
and proper fracture reduction) eventually received a THA due to avascular necrosis of
the femoral head instead of due to progressive osteoarthritis caused by residual fracture
displacement. In this study, pre- and postoperative 3D gap areas still have moderate
discriminating ability (area under the curve of 0.63) between whether or not a conversion
to a THA will be needed at follow-up. This might be explained by the fact that multiple
patient factors, including age, comorbidity, femoral head injuries, and dome impaction,
are associated with clinical outcome as well. Another important parameter could be the
location of the fracture displacement, e.g., a fracture of the weightbearing dome might be
more likely to cause osteoarthritis and conversion to a THA. A larger multicenter follow-up
study, including both patient as well as fracture characteristics, is needed to unravel the
true discriminating ability of the 3D gap area. Overall, the introduction of our 3D gap
area for assessing the fracture displacement should be considered as a first step away from
the traditional observer-dependent 2D gap and step-off measurements and toward a new
era of a standardized advanced 3D evaluation of operative results. The 3D technology
for acetabular fracture surgery has been increasingly used around the world in the past
few years [22]. We envision that an automatic segmentation and (semi-)automated 3D
analysis of fracture displacement will be possible in the near future. For instance, the 3D
gap area measurement could be integrated in commercially available surgical planning
software in order to standardize the evaluations of the operation results and eventually
estimate prognosis.

The 3D gap area measurement represents a reproducible single measurement to
quantify the initial fracture displacement and postoperative fracture reduction in acetabular
fracture treatment. The unique aspect of this measurement is that it includes the entire
fractured area and incorporates gaps and step-offs between all fracture fragments in one
3D surface. Moreover, it is a single quantitative measure that is associated with clinical
outcome. In general, we envision that 3D measurements of fracture displacement will open
a new era of evaluating operation results.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jpm12091464/s1, Figure S1: Pre- and postoperative 3D gap area.
Three-dimensional gap area measurement (indicated in orange) showing the preoperative (initial) and
postoperative (residual) fracture displacement of a 39-year-old woman with a transverse-posterior
wall type of acetabular fracture. The preoperative 3D gap area was 1251 mm2 and the postoperative
3D gap area was 324 mm2. Figure S2: Both-column examples. Case examples of four patients,
surgically treated for both-column acetabular fractures, are presented in order to visually correlate
fracture displacement (as measured by the 3D gap area) to clinical and radiological outcome. The
pre- and postoperative 3D gap area is indicated in orange. Patients who had conversion to THA at
follow-up had osteoarthritis on the follow-up radiograph. YO: years old, FU: follow-up, THA: total
hip arthroplasty.
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Abstract: For patients who suffer from severe dysfunction of the temporomandibular joint (TMJ), a
total joint replacement (TJR) in the form of a prosthesis may be indicated. The position of the centre
of rotation in TJRs is crucial for good postoperative oral function; however, it is not determined
patient-specifically (PS) in any current TMJ-TJR. The aim of this current study was to develop a
4D-workflow to ascertain the PS mean axis of rotation, or fixed hinge, that mimics the patient’s
specific physiological mouth opening. Twenty healthy adult patients were asked to volunteer for
a 4D-scanning procedure. From these 4D-scanning recordings of mouth opening exercises, patient-
specific centres of rotation and axes of rotation were determined using our JawAnalyser tool. The
mean CR location was positioned 28 [mm] inferiorly and 5.5 [mm] posteriorly to the centre of condyle
(CoC). The 95% confidence interval ranged from 22.9 to 33.7 [mm] inferior and 3.1 to 7.8 [mm]
posterior to the CoC. This study succeeded in developing an accurate 4D-workflow to determine a PS
mean axis of rotation that mimics the patient’s specific physiological mouth opening. Furthermore, a
change in concept is necessary for all commercially available TMJ-TJR prostheses in order to comply
with the PS CRs calculated by our study. In the meantime, it seems wise to stick to placing the CR
15 [mm] inferiorly to the CoC, or even beyond, towards 28 [mm] if the patient’s anatomy allows this.

Keywords: mandible; jaw; 4D; motion analysis; kinematic; patient-specific; custom; prosthesis; TMJ;
TJR; 3D-VSP; virtual surgical planning

1. Introduction

A total joint replacement (TJR) of the temporomandibular joint (TMJ) in the form
of a prosthesis may be indicated for patients who suffer from severe TMJ dysfunction.
Documented indications include end-stage degenerative joint disease, recurrent ankylosis,
and congenital disorders affecting the TMJ when joint saving approaches do not suffice [1].
Other indications for TJRs are condylar loss as a result of trauma or neoplasia in or near
the joint or to replace a failed alloplastic or autogenous reconstruction [2]. In most of these
patients, mandibular movement is impaired due to either anatomical changes or surgically
caused scarification, often resulting in pain, difficulties in speech, impaired oral function,
and limited maximum mouth opening.

When replacing the TMJ with a TMJ-TJR prosthesis, the condyle or its remnants
together with the articular disc are removed in order to fit the prosthesis. This results in
the removal of the insertion of the main muscle responsible for anterior movement of the
condyle, the lateral pterygoid muscle, from its insertions at the mandibular condyle and
articular disc. Removal of this muscle’s insertion site in order to place a TMJ-TJR is reported
to decrease the amount of anterior movement of the TMJ from approximately 16 [mm] to
only 2 [mm] [3] or less, thereby reducing the joint’s movements to near mere rotations [4].
The consequences of placing a TMJ-TJR unilaterally are a lack of anterior movement leading
to asymmetrical mouth opening movements, where the mandible deviates towards the
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affected side, marginal laterotrusion towards the unaffected side [5], and unnatural loading
of the contralateral joint [6].

To overcome this effect, the Groningen TMJ-TJR prosthesis was developed [7–9]. Apart
from its unique feature that allows for free translational movement of the neo-disc, the
prosthesis applies a lowered centre of rotation (CR) in relation to the anatomical condylar
centre [8]. Prior research suggested that a lowering of 15 [mm] in relation to the condyle
would be optimal as a fixed CR for unilateral TMJ prostheses [3]. This study was, however,
based on 2D optical movement tracking with no direct relation to the bony anatomy and
thus the condyles of the mandible [10]. The Groningen TMJ-TJR prosthesis has been
available as a patient-specific (PS) device since 2017, opening doors to also personalise the
position of the CR [8]. Figure 1 illustrates the effect of a lowered centre of rotation with the
Groningen TMJ-TJR prosthesis.

Physiological mandibular movement is complex and, as per definition, not truly
translatable to a mere rotation around a single axis. However, as mentioned, the movement
of a TMJ reconstructed by means of a TMJ-TJR prosthesis should predominantly show
rotational movement [4]. Since any translational movement cannot be expected to occur
in the reconstructed TMJ due to a lack in lateral pterygoid muscle function, we chose to
analyse a fixed centre of rotation, even though the Groningen TMJ-TJR allows for some free
translation of the neo-disc [8].

When considering a fixed CR of the mandible, placing it more inferiorly should result
in increased anterior movement of the associated condyle during mouth opening. Moreover,
shifting the CR in a posterior direction should enable relatively more rotation in the coronal
plane and, thus, in a more inferior excursion of the condyle [3] (Figure 1).
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Figure 1. This sketch shows the effect of considering a fixed centre of rotation which is positioned
inferior to the centre of the condyle. This lowered centre of rotation mimics the natural translational
movement of the condyle whilst merely rotating. The left sketch shows the occlusal mandibular
position. Middle shows both the occlusal and maximum opened position of the mandible which is
obtained by pure rotation around the dot. The right picture shows the implementation of this effect
in the Groningen TMJ-TJR prosthesis, according to the Groningen Principle.

Several prior authors have succeeded in analysing the movement of subjects’ mandibles
by means of tracking them in 2D (sagittal) or 3D [11–18]. Generally, incisal and condy-
lar points are traced during mandibular movement to analyse the mandible’s paths of
movement, whilst in other cases the mouth opening or closing are described by a path
of changing instantaneous centres of rotation throughout the movement. The obtained
movement tracking data, or four-dimensional (4D) data, of the mandible could also be
used to calculate the CR in a PS manner. This, however, means the patient has to have
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a physiologically correct movement pattern of the mandible in order to determine these
points correctly. Patients who are in need of a TJR of the TMJ often have an affected
mouth opening. In such cases, a patient-specific (PS) determined CR of the prosthesis
cannot be derived from mandibular movement exercises and so should be determined by
alternative means.

The aim of this current study was to develop a 4D-workflow to ascertain the PS mean
axis of rotation, or fixed hinge, that mimics the patient’s specific physiological mouth
opening. The aim was to use this 4D-workflow to find out if the aforementioned prior
determined 15 [mm] lowering in CR3 is still relevant and, if not, to suggest a PS CR location.

2. Materials and Methods

Twenty healthy adult patients who required cone beam computed tomography (CBCT)
scanning for 3D virtual surgical planning (VSP) of their bilateral sagittal split osteotomy
(BSSO) procedure between January 2020 and December 2021, were asked to volunteer for a
4D-scanning procedure. The inclusion requirements for the 4D-study were the presence
of orthodontic brackets and the absence of TMJ dysfunction. Furthermore, the patient
should be able to freely move the mandible without pain and other limiting factors. Before
commencing with this study’s protocol, approval was received from the Medical Ethical
Board, file number: METc 2020/355.

The 4D-scanning was performed with a 4D optical tracking module (Planmeca 4D Jaw
Motion) installed in a CBCT scanner (Planmeca ProMax, Planmeca, Helsinki, Finland). The
resolution of the CBCT images was 0.4 × 0.4 × 0.4 [mm] with a field of view of 230 [mm].
The subjects had to wear a polyamide maxillary frame, which rests on the nasal bridge and
ears, and an aluminium mandibular frame rigidly connected to the lower dental arch and
orthodontic brackets by means of an easily removable dental bite registration putty (Exabite
TT NDS, GC America INC. Alsip, IL, USA). Both the maxillary frame and the mandibular
frame accommodated five optical tracer spheres which could be optically recorded by the
system (Figure 2). The CBCT scan was performed in maximum dental occlusion with the
patient sitting up straight and in natural head position. The field of view was set to include
the complete mandible and the maxilla as well as the orbits. Subsequently, movement
exercises were carried out and recorded in real time with a frame rate of 24 [Hz].

The recorded experiments comprised five consecutive voluntary maximum mouth
opening exercises per patient. The recorded data were exported as transformation matrices
describing the transformation from the CBCT image to the mandible position in each frame.
The transformation matrices were saved as .xml files and subsequently converted to .xslx
format using Excel 2019 (Microsoft, Redmond, Washington, USA) to allow for easier access
of the data for further analysis.

The CBCT scan segmentations were performed in the Mimics 22.0 software (Ma-
terialise, Leuven, Belgium) and 3D-models of the mandible and maxilla were created.
These models were imported into the 3-Matic Medical 15.0 software (Materialise, Leuven,
Belgium) to determine the Frankfurt horizontal plane (FHP) and orthogonally positioned
midsagittal plane. Parallel to the midsagittal plane, planes were created in the medio-lateral
middle of each condyle. These mid-condylar planes were 100 × 100 [mm] in dimension and
triangulated with a maximum edge length of 0.2 [mm]. Subsequently, the mid-condylar
planes were merged with the 3D-model of the mandible and exported together with the
maxilla model as standard tessellation language (STL) files (Figure 3).

A program was written to develop the JawAnalyser tool in MATLAB R2020a (Math-
works, Natick, Massachusetts, USA) to analyse the recorded 4D-data and to find the
instantaneous centre axis of rotation of the moving mandible. The STL models of the
maxilla and mandible were imported into this tool together with the subjects’ mid-condylar
planes and 4D transformation matrix recordings. Start and end frames were chosen manu-
ally for each mouth opening, where the start frame was the maximal occlusal position of
the mandible prior to the specific mouth opening and the end frame was the maximal open
mouth position. The JawAnalyser compares the orientation of the planes of the mandibles’
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start frame with the opened mandible’s planes and finds the point of least translation, and
thus maximum rotation, on each plane. These points describe the start and endpoint of the
mandible’s rotation axis or instantaneous centre of rotation. This 2D technique relies on the
Reuleaux method [19] and is translated to 3D by applying two planes to the mandible to
find the instantaneous centre of rotation.
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bridge and ears and a mandibular frame which is rigidly connected to the dental elements. Both
frames are provided with five reflective markers that are visible on both the CBCT imaging and 4D
optical tracking.
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subsequent 4D-recordings, the segmentations, and the final determined rotation axis, was 
validated with the aid of this 3D-printed phantom model. This model was based on the 
dimensions of a human head wearing the maxillary and mandibular tracer set-up, de-
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Figure 3. An example of the assigned Frankfurt horizontal plane and matching midsagittal plane
(blue). The midsagittal plane was used to create two parallel mid-condylar planes (red), which
intersected the condyles in their medio-lateral middle point. These mid-condylar planes were
used in the JawAnalyser tool to calculate the patient-specific centres of rotation and, thereby, the
patient-specific axis of rotation for the mouth opening.
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The accuracy of both the JawAnalyser tool and the entire workflow was validated.
The JawAnalyser tool was validated by means of inputting geometries that were manually
translated and rotated in space by known quantities and the results of the tool were
compared to the known input translation and rotation values.

A phantom model was designed for validation purposes (Figure 4). The entire work-
flow, starting from the 3D-printing of the phantom, followed by the CBCT imaging, the
subsequent 4D-recordings, the segmentations, and the final determined rotation axis, was
validated with the aid of this 3D-printed phantom model. This model was based on the
dimensions of a human head wearing the maxillary and mandibular tracer set-up, depicted
in Figure 2, and was fixed to the CBCT scanner’s head-supports. It included the same
optical tracer sphere positions as those of our subjects (Figures 2 and 4). The mandible
part of the phantom was then rotated 25 degrees around a fixed axis, with ten repetitions,
comparable to a mouth opening of approximately 38 [mm]. The rotation axes were then
determined using JawAnalyser and compared to the known physical positions of the phan-
tom’s rotation axis. The begin and end locations of the rotation axes were determined in
the mid-condylar planes and the left and right coordinate sets were registered.
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Figure 4. The phantom model that was designed in-house (University Medical Center Groningen
/UMCG) for validation of the 4D-workflow. From a subject’s scan (left), the positions of the optical
tracers were determined and the maxillary and mandibular frames were adapted to form a scaffold
that could be rigidly connected to the CBCT scanner. The phantom allowed for rotation along the
mandibular axis (right), resulting in a simulated 25 degrees opened mouth (transparent).

Five pairs of coordinates, indicating the extremities of the axis of rotation for a specific
mouth opening, were extracted for each subject from the JawAnalyser tool. The matching
start and end frames of these five mouth openings were exported from the JawAnalyser tool
as STL files and imported together with the extracted axes of rotation into 3-Matic. Then, all
the start frames were matched to the CBCT occlusion mandible position whilst the matching
axis of rotation was moved along with its mandible. This was necessary to normalise all
the axes positions due to slight changes in occlusal positions. Once brought to the CBCT
position, all the rotation axis coordinates were finalised and imported into Excel 2019 to
calculate the mean x-, y-, and z-coordinates and one mean axis of rotation per subject.

Using the previously determined mid-condylar planes, a circle was sketched on the
cross-section of the condyle. This circle matches the top radius of each condyle and its
centre, the centre of condyle (CoC), defines the subject’s zero-point, which we used to
quantify the position of the patient-specific mean axis of rotation (Figure 5).

The PS CR calculation was carried out for both lateralities in all subjects, resulting in
40 measurements. Regarding each CR, both a ∆ x- and ∆ y-distance from the CoC were
registered in [mm]. The positive x-axis was placed along the FHP in an anterior direction,
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whilst the positive y-axis was positioned orthogonally to the FHP in a cranial direction. The
measured CRs per subject (left and right) were considered independently of each other due
to the amount of asymmetry. The data analysis was carried out in in IBM SPSS statistics
version 23 (IBM corp., Armonk, NY, USA).

The manual determination of the CoC location was repeated by a second observer for
ten condyles (BM and JK). The inter-observer variability calculation was carried out in the
SPSS software. The inter-observer variability was supported by calculating the interclass
correlation coefficient (ICC), whereby a value of <0.40 is poor, 0.40–0.59 fair, 0.60–0.74 good,
and 0.75–1.00 is excellent [20]. This statistical test is an indicator for the reproducibility of
our CoC location determination between different observers.

In order to visualise the effect of the calculated mean CR for each patient, points
were placed at the inter-incisal point and both CoCs. These points were moved along
with the mandible’s opening movements so that their coordinates formed paths. These
paths, or traces, were then compared to four scenarios. The first was the physiological
opening movement we measured with our 4D-tracking system. The second was a simulated
opening movement with a pure rotation around the PS calculated mean CR. The third and
fourth scenarios were simulations of the left condyle following its physiological path while
the right joint was replaced by a fixed CR, either 15 [mm] inferiorly to the CoC or at the
calculated PS mean position.

3. Results

Twenty healthy adult subjects were included in this study. These volunteers were
12 males and 8 females, aged from 18 to 53 years, with a mean age of 29. All the subjects
had complete natural dentition, wore orthodontic brackets in at least the lower front region,
and had no temporomandibular joint dysfunction.

Validation of the JawAnalyser tool resulted in a perfect match between the calculated
and input CRs regarding the geometries that were manually rotated and combined, as well
as rotated and translated, as is the case in mandibular kinematics. To validate the entire
workflow, including the CBCT imaging, the 4D recordings, the segmentations and the final
traces, the rotation axes of all ten mouth opening movements were determined for the
phantom model. The mean Euclidean error of the start and end coordinates of the rotation
axes to the true coordinates of the phantom was 0.81 [mm].

The 40 CR measurements were normally distributed so the mean position was con-
sidered to be a relevant indicator. The mean CR of the right-sided joints was located
28.3 [mm] inferiorly and 5.7 [mm] posteriorly, whilst the mean CR of the left joints was
located 27.6 [mm] inferiorly and 5.2 [mm] posteriorly to the CoC. When both literalities
were combined, the mean CR location was positioned 28 [mm] inferiorly and 5.5 [mm]
posteriorly to the CoC. The ranges were (−45.9/−3.2 mm) and (−22.9/+7.5 mm) for the
superoinferior and anteroposterior directions, respectively. The 95% confidence interval
of the calculated mean ∆ y-distance from the CoC was −22.9 to −33.7 [mm] and −3.1 to
−7.8 [mm] for the ∆ x-distance. Figure 5 shows a scatter plot of the determined coordinates,
indicating the PS positions of the CR, overlaid onto a mandible for reference. Table 1 depicts
all the calculated CR positions per subject.

The manual selection of the CoC for both condyles in ten condyles was repeated
by a second observer (BM and JK). The inter-observer variation was 1.47 [mm] with an
interclass correlation coefficient (two-way mixed) of 0.997, indicating an excellent match
for the measurements by both observers.

Patient 19’s coordinate tracing throughout the mandibular opening during the four
described scenarios is visualised in Figure 6. We chose this patient because of their rather
inferior positioned CRs, which pronounces the differences between the four scenarios well.
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Figure 5. A scatter plot showing the 40 patient-specific centres of rotation coordinates we deter-
mined for our cohort (left & right sides). They are overlaid onto a generic mandible for reference, 
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measurement, (−5.7, −28.3). 

Table 1. All the calculated centre of rotation (CR) positions per subject and per laterality. 
The delta-Y and delta-X columns show the distance from the patient’s specific centre of 
condyle (CoC) point, which lies in (0, 0). A negative delta-Y value indicates a shift inferi-
orly of the CoC and a negative delta-X value indicates a shift in the posterior direction. 
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1 M 19 −39.7 −5.7 −39.4 −9.2   
2 M 18 −13.7 −3.4 −14.9 1.9   
3 F 53 −13.5 −11.8 −14.7 −10.1   
4 F 20 −15.0 −0.8 −25.0 7.5   
5 F 19 −33.6 −3.8 −21.7 −6.8   
6 F 32 −26.6 −1.3 −28.0 −5.1   
7 M 18 −45.9 −22.8 −39.4 −22.9   
8 M 25 −3.2 −4.0 −24.5 −2.1   
9 F 23 −23.7 −16.7 −24.7 −17.3   

10 M 26 −29.7 −8.7 −31.9 −4.8   
11 M 18 −23.0 −16.3 −33.7 −14.2   
12 F 26 −19.9 1.0 −15.3 4.5   
13 F 18 −33.8 1.2 −26.2 −1.6   
14 M 46 −41.6 1.2 −43.5 1.2   

Figure 5. A scatter plot showing the 40 patient-specific centres of rotation coordinates we determined
for our cohort (left & right sides). They are overlaid onto a generic mandible for reference, where the
(0, 0) point lies in the centre of condyle point (CoC). The red circle indicates the mean measurement,
(−5.7, −28.3).

Table 1. All the calculated centre of rotation (CR) positions per subject and per laterality. The delta-Y
and delta-X columns show the distance from the patient’s specific centre of condyle (CoC) point,
which lies in (0, 0). A negative delta-Y value indicates a shift inferiorly of the CoC and a negative
delta-X value indicates a shift in the posterior direction.

Right CR Left CR
Patient Sex Age ∆ Y ∆ X ∆ Y ∆ X

1 M 19 −39.7 −5.7 −39.4 −9.2
2 M 18 −13.7 −3.4 −14.9 1.9
3 F 53 −13.5 −11.8 −14.7 −10.1
4 F 20 −15.0 −0.8 −25.0 7.5
5 F 19 −33.6 −3.8 −21.7 −6.8
6 F 32 −26.6 −1.3 −28.0 −5.1
7 M 18 −45.9 −22.8 −39.4 −22.9
8 M 25 −3.2 −4.0 −24.5 −2.1
9 F 23 −23.7 −16.7 −24.7 −17.3

10 M 26 −29.7 −8.7 −31.9 −4.8
11 M 18 −23.0 −16.3 −33.7 −14.2
12 F 26 −19.9 1.0 −15.3 4.5
13 F 18 −33.8 1.2 −26.2 −1.6
14 M 46 −41.6 1.2 −43.5 1.2
15 M 47 −27.2 −13.6 −26.0 −8.5
16 F 47 −37.5 4.4 −26.9 2.1
17 M 23 −36.1 −1.7 −32.8 −1.9
18 M 44 −21.9 1.8 −23.7 0.6
19 M 40 −44.2 −1.2 −42.8 −6.7
20 M 29 −36.7 −11.7 −17.5 −11.2

Mean −28.3 −5.7 −27.6 −5.2
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Figure 6. Condylar and incisal point traces describing the mouth opening movement in four differ-
ent scenarios. Top to bottom: Physiological movement describes the actual recorded movement pat-
tern for this specific subject. Bilateral PS fixed CR describes a simulated mouth opening around the 
patient-specific (PS) axis of rotation determined with our workflow. Unilateral fixed CR R describes 
a simulated mouth opening with a fixed centre of rotation (CR) at 15 mm inferior to the centre of 

Figure 6. Condylar and incisal point traces describing the mouth opening movement in four different
scenarios. Top to bottom: Physiological movement describes the actual recorded movement pattern
for this specific subject. Bilateral PS fixed CR describes a simulated mouth opening around the
patient-specific (PS) axis of rotation determined with our workflow. Unilateral fixed CR R describes
a simulated mouth opening with a fixed centre of rotation (CR) at 15 mm inferior to the centre of
condyle (CoC) and the physiological movement of the left condyle. Unilateral PS fixed CR R describes
a simulated mouth opening with a fixed CR at the PS determined position, 44 mm inferior to the CoC
and the physiological movement of the left condyle. The dotted traces in the three simulated mouth
openings indicate the physiological movement traces. Note the severe lateral deviation that occurs
when the CR is positioned much closer to the CoC than PS determined.
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4. Discussion

The workflow and associated JawAnalyser tool developed in this study serve the
purpose of determining the optimal PS fixed axis of rotation. The primary application of
such PS rotation axes is in designing PS TMJ-TJRs. None of the commercially available
TMJ-TJRs make use of a PS calculated CR in their designs, and their CR positions are
based on, e.g., the anatomical condylar position / CoC [21] or on technical limitations,
i.e., required minimal thicknesses of the used materials [22]. In the Groningen TMJ-TJR,
however, the CR is placed 15 [mm] inferior to the CoC with the aim of mimicking the
physiological movement [7]. In this prosthesis, the 15 [mm] CR can be easily substituted
by a PS determined value due to its patient-specific design [8,9]. This is naturally within
certain boundaries set by the surgical approaches used for implantation.

The PS CRs determined in this study mimic the complex physiological mandibular
mouth opening movement, which consists of both translational and rotational movements,
by approaching the mouth opening as merely a rotational movement around the PS calcu-
lated rotation axis.

By taking all the patients in our cohort into account, we determined the mean position
of the CR as being 28 [mm] inferiorly and 5.5 [mm] posteriorly to the CoC. The 95% coinci-
dence intervals for the mean indicate the probability of the majority of the measurements
lie within 23 and 34 [mm] inferiorly and 3 to 8 [mm] posteriorly to the CoC. Many prior
researchers have studied the kinematics of the mandible [12–18], but the only study which
determined a mean CR position that mimicked the physiological mouth opening was the
one by van Loon et al. [3]. As mentioned before, they determined an optimal CR of 15 mm
inferior to the CoC. Although they did not report specific CRs per subject, they did mention
that for the determination of their optimal CR, the physical boundary conditions, i.e., the
prosthesis dimensions, were considered as well. This influenced the determination of their
optimal centre of location, and therefore, it was not the merely anatomical optimal centre of
rotation. Lowering the CR by 15 [mm] with respect to the CoC can already be challenging
in some of the smaller patients. Therefore, it does not appear feasible to directly implement
the mean of the PS determined CRs to the Groningen TMJ-TJR or in any commercially
available prosthesis in most of our entire set of patients. Lindauer et al. also observed a
great variation in rotation axes during mouth opening, and they discussed the value of PS
determination of CR [23].

After replacing the TMJ with a TJR-prosthesis, it can be assumed that the reconstructed
joint will show, postoperatively, rotational movement only [4]. When substituting the
physiological movement of the mandible with a mere rotation around the corresponding PS
axis of rotation that was calculated with our JawAnalyser, we observed that the inter-incisal
point closely matched the physiological trace in all the planes. Although the CoCs matched
both the start and end positions, they had an inversely shaped trace when compared
to the physiological trace due to the strict rotational movement. When we replaced the
right TMJ with a fixed CR located 15 [mm] inferiorly to the CoC, thereby mimicking
the replacement of this joint with a Groningen-TMJ-TJR prosthesis, the simulated mouth
opening in this particular patient demonstrated an obvious deviation in both the sagittal
and coronal planes. The lateral deviation of the inter-incisal point at maximum mouth
opening (MMO), however, was more than 12 [mm] in this scenario. The excursion that
would have been made by the right condyle if had it not been replaced by the TJR would
have been only 6.4 [mm] as opposed to 21.4 [mm] in the measured physiological trace. This
indicates that the PS CR for this patient’s joint was situated even further inferiorly than
15 [mm]. The latter scenario, where we maintained the left physiological condylar trace
and substituted the right joint with a fixed CR at the PS calculated point, showed a perfect
match between both the occlusal and MMO positions of the physiological mandible, and
the lateral deviation at MMO was non-existent.

The visualised effects of lateral and posterior deviations, as seen in the scenario with
unilateral 15 [mm] lowering of a fixed CR (Figure 6), are less pronounced in patients with a
smaller mismatch between the applied fixed CR position and the calculated PS CR position.
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It should be noted that these deviations are even more pronounced in TJRs with a CR
that is positioned higher than 15 [mm], i.e., the Groningen principle. This applies to all
commercially available TMJ-TJR prostheses.

This leaves us with three options:

• accept asymmetrical mouth openings and closing movements
• alter the current prosthesis kinematic principles
• adapt the movements of the contralateral joint

Since the latter, entailing operating on and restricting a healthy joint, would be consid-
ered unethical, this means only changing the prosthesis concept or accepting a suboptimal
mandibular movement. Even though conforming to the PS axis of rotation might not be
physically feasible for all cases, knowing the patient’s specific axis of rotation is always
valuable for predicting the outcome of the TJR procedure and to prepare the patient for the
expected outcome.

To illustrate the effect of a mismatched fixed CR on the contralateral healthy joint,
we used an exemplary case to compare two condylar position scenarios (Figure 7). The
measured physiological MMO position was compared to a simulated MMO in a case of a
unilaterally fixed CR (15 [mm] inferior to the CoC), which is comparable with a unilateral
TJR. In this particular case, the calculated PS CR is approximately 44 [mm] inferior to
the CoC. The contralateral healthy joint completes its full translation, whilst the replaced
joint only does approximately a third. As a result of the mismatch between the PS CR
and the simulated CR (44 [mm] vs 15 [mm]), the mandible rotates in the axial plane,
resulting in a contralateral healthy joint with a condylar seating that is forced to rotate
at an 8.2 degree angle. Figure 7 illustrates this rotational error. The patient’s measured
physiological maximum laterotrusive excursion, throughout the mouth opening, results
only in a 1.5-degree angle, which is only 18% of the simulated forced rotation. The effect
a forced rotation and change in condylar seating has on the healthy joint, as well as the
maximum acceptable forced rotation angles, is still unknown. Additionally, the fact that
commercially available prostheses have an even higher CR compared to the 15 [mm]
inferiorly placed CR in our case means that, according to the Groningen principle, this
effect would have been even greater in those TMJ-TJR prostheses [5,14].J. Pers. Med. 2022, 12, 1439 13 of 15 

 

 

 
Figure 7. An illustration showing the effect of a wrongly positioned unilateral fixed centre of rota-
tion (CR) simulating a TMJ-TJR prosthesis on the right side, on the healthy contralateral joint. In 
transparent the occlusal mandibular position is shown. Green indicates the maximum opened 
mouth according to the recorded physiological data, and red shows the simulated mouth opening 
according to scenario ‘Unilateral fixed CR R (−15 mm)’ in Figure 6. The unilateral fixed CR R 
(−15mm) scenario is where the left condyle follows the physiological path, whilst the right side has 
a fixed CR applied too close to the centre of condyle position for this specific patient. Note again the 
severe lateral deviation of the red mandible and the unnatural rotation this forces on the contrala-
teral healthy joint. In this specific case, the left condyle is forced to rotate an 8.2 degree angle in the 
axial plane upon opening compared to the physiological opened condyle position.  

In patients with restricted mandibular movement, e.g., due to severe unilateral an-
kylosis, performing a 4D-analysis can be challenging, if not impossible, depending on the 
severity of the restriction of movement. Furthermore, our proposed workflow would be 
inapplicable for clinicians who do not have access to 4D techniques. Regarding both situ-
ations, it could be worth exploring if the PS CR is related to the morphology of the man-
dible and fossa and can thus be predicted instead of measured. Among our cohort, we 
observed that a large portion of the calculated PS CRs lay on or close to the occlusal plane. 
This observation is supported by prior researchers’ findings [24]. 

In future work, we would like to test the hypothesis that PS CRs can be predicted 
based on the morphology of the mandible and fossa. Tools that can be applied to test such 
typical hypotheses are statistical shape modelling (SSM) [25,26] and principal polynomial 
shape analysis (PPSA) [27]. By using the segmentations of the mandible and fossa together 
with the calculated PS CRs from our cohort as input for the model, we can make the model 
predict the PS CRs of mandibles input without 4D data. Further validation of the 
SSM/PPSA CRs should indicate if there is any relationship between the mandible’s mor-
phology and the position of its CRs. However, in order to establish a robust model, we 
would need to expand our current cohort. 

The main limitation of this current study, apart from the relatively small sample size 
of 20 patients, is the homogeneity of our cohort. Being patients who required CBCT scan-
ning for 3D VSP of their BSSO procedure, all patients in this study had a class II or III 
occlusion (17 vs. 3). Whether these types of malocclusions have an effect on the movement 
pattern of the mandible, especially mouth opening, remains unclear, as to the best of our 
knowledge, this cannot be found in the current literature. Scanning a cohort of control 
subjects might provide us with these answers, but ethics prevent us from CBCT scanning 
of healthy subjects. 

Figure 7. An illustration showing the effect of a wrongly positioned unilateral fixed centre of
rotation (CR) simulating a TMJ-TJR prosthesis on the right side, on the healthy contralateral joint. In
transparent the occlusal mandibular position is shown. Green indicates the maximum opened mouth
according to the recorded physiological data, and red shows the simulated mouth opening according
to scenario ‘Unilateral fixed CR R (−15 mm)’ in Figure 6. The unilateral fixed CR R (−15 mm) scenario
is where the left condyle follows the physiological path, whilst the right side has a fixed CR applied
too close to the centre of condyle position for this specific patient. Note again the severe lateral
deviation of the red mandible and the unnatural rotation this forces on the contralateral healthy joint.
In this specific case, the left condyle is forced to rotate an 8.2 degree angle in the axial plane upon
opening compared to the physiological opened condyle position.
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In patients with restricted mandibular movement, e.g., due to severe unilateral anky-
losis, performing a 4D-analysis can be challenging, if not impossible, depending on the
severity of the restriction of movement. Furthermore, our proposed workflow would
be inapplicable for clinicians who do not have access to 4D techniques. Regarding both
situations, it could be worth exploring if the PS CR is related to the morphology of the
mandible and fossa and can thus be predicted instead of measured. Among our cohort, we
observed that a large portion of the calculated PS CRs lay on or close to the occlusal plane.
This observation is supported by prior researchers’ findings [24].

In future work, we would like to test the hypothesis that PS CRs can be predicted
based on the morphology of the mandible and fossa. Tools that can be applied to test such
typical hypotheses are statistical shape modelling (SSM) [25,26] and principal polynomial
shape analysis (PPSA) [27]. By using the segmentations of the mandible and fossa together
with the calculated PS CRs from our cohort as input for the model, we can make the
model predict the PS CRs of mandibles input without 4D data. Further validation of
the SSM/PPSA CRs should indicate if there is any relationship between the mandible’s
morphology and the position of its CRs. However, in order to establish a robust model, we
would need to expand our current cohort.

The main limitation of this current study, apart from the relatively small sample
size of 20 patients, is the homogeneity of our cohort. Being patients who required CBCT
scanning for 3D VSP of their BSSO procedure, all patients in this study had a class II or III
occlusion (17 vs. 3). Whether these types of malocclusions have an effect on the movement
pattern of the mandible, especially mouth opening, remains unclear, as to the best of our
knowledge, this cannot be found in the current literature. Scanning a cohort of control
subjects might provide us with these answers, but ethics prevent us from CBCT scanning
of healthy subjects.

The strengths, on the other hand, are the fact that our well-validated method turned
out a feasible workflow that is not reserved for just BSSO patients. It addresses an issue
that seems generally accepted or overlooked and to which more attention should be paid.

5. Conclusions

This study succeeded in developing an accurate 4D-workflow to determine a PS
mean axis of rotation that mimics the patient’s specific physiological mouth opening.
Our results strengthen the conception that PS determination of the CR as, e.g., used in
TMJ-TJR prostheses, adds value in regard to mimicking the physiological mouth opening
movement. The CRs applied in the commercially available TMJ-TJR prostheses are likely
positioned too cranially for the bulk of the population, causing physiologically incorrect
mandibular movements. The current PS Groningen TMJ-TJR prosthesis applies a lowered
CR of 15 [mm] with respect to the CoC and thereby approaches the physiological movement
of the mandible to some extent. The mean optimal CR we determined in this study, 28 [mm]
inferior to the CoC, however, implies that 15 [mm] of CR lowering is not sufficient for
the bulk of the population. In the Groningen TMJ-TJR and perhaps other commercially
available prostheses, the amount of CR can easily be lowered to a PS determined CR within
certain boundaries; however, due to technical and surgical constraints this would not be far
enough to comply with the PS CRs of the majority of the patients.

Therefore, a change in TMJ-TJR prosthesis concept is necessary for all commercially
available prostheses in order to comply with all PS CRs calculated in our study. In the
meantime, it seems wise to stick to placing the CR 15 [mm] inferiorly to the CoC, as this
already partly mimics the physiological movement, or even beyond, towards 28 [mm], if
the patient’s anatomy allows this.

Author Contributions: B.B.J.M. conceptualisation, formal analysis, methodology, recources, writing -
original draft. M.J.H.W. conceptualisation, software, writing—review and editing. N.B.V.B. conceptu-
alisation, writing—review and editing. J.K.: conceptualisation, methodology, software, supervision,
writing—review and editing. F.K.L.S. conceptualisation, investigation, supervision, writing—review
and editing. All authors have read and agreed to the published version of the manuscript.

43



J. Pers. Med. 2022, 12, 1439

Funding: This research received no external funding.

Institutional Review Board Statement: This study was approved the Medical Ethical Board, file
number METc 2020/355.

Informed Consent Statement: Written informed consent was obtained from the patients to publish
this paper.

Data Availability Statement: The authors declare that the data supporting the findings of this study
are available within the paper.

Acknowledgments: We would like to thank Floris Rotteveel for his efforts in developing the Jaw-
Analyser tool and Haye H. Glas and Hylke van der Wel for their support in this. Additionally, we
are grateful to the radiologic technician colleagues from our department for their help with the
4D-CBCT recordings.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sidebottom, A.J. Current thinking in temporomandibular joint management. Br. J. Oral Maxillofac. Surg. 2009, 47, 91–94.

[CrossRef] [PubMed]
2. Johnson, N.R.; Roberts, M.J.; Doi, S.A.; Batstone, M.D. Total temporomandibular joint replacement prostheses: A systematic

review and bias-adjusted meta-analysis. Int. J. Oral Maxillofac. Surg. 2017, 46, 86–92. [CrossRef] [PubMed]
3. van Loon, J.P.; Falkenstrom, C.H.; de Bont, L.G.; Verkerke, G.J.; Stegenga, B. The theoretical optimal center of rotation for a

temporomandibular joint prosthesis: A three-dimensional kinematic study. J. Dent. Res. 1999, 78, 43–48. [CrossRef]
4. Voiner, J.; Yu, J.; Deitrich, P.; Chafin, C.; Giannakopoulos, H. Analysis of mandibular motion following unilateral and bilateral

alloplastic TMJ reconstruction. Int. J. Oral Maxillofac. Surg. 2011, 40, 569–571. [CrossRef]
5. Wojczynska, A.; Gallo, L.M.; Bredell, M.; Leiggener, C.S. Alterations of mandibular movement patterns after total joint replacement:

A case series of long-term outcomes in patients with total alloplastic temporomandibular joint reconstructions. Int. J. Oral
Maxillofac. Surg. 2019, 48, 225–232. [CrossRef]

6. van Loon, J.P.; Otten, E.; Falkenstrom, C.H.; de Bont, L.G.; Verkerke, G.J. Loading of a unilateral temporomandibular joint
prosthesis: A three-dimensional mathematical study. J. Dent. Res. 1998, 77, 1939–1947. [CrossRef]

7. van Loon, J.P.; de Bont, L.G.; Stegenga, B.; Spijkervet, F.K.; Verkerke, G.J. Groningen temporomandibular joint prosthesis.
Development and first clinical application. Int. J. Oral Maxillofac. Surg. 2002, 31, 44–52. [CrossRef]

8. Merema, B.J.; Kraeima, J.; Witjes, M.J.H.; van Bakelen, N.B.; Spijkervet, F.K.L. Accuracy of fit analysis of the patient-specific
Groningen temporomandibular joint prosthesis. Int. J. Oral Maxillofac. Surg. 2021, 50, 538–545. [CrossRef]

9. Kraeima, J.; Merema, B.J.; Witjes, M.J.H.; Spijkervet, F.K.L. Development of a patient-specific temporomandibular joint prosthesis
according to the Groningen principle through a cadaver test series. J. Craniomaxillofac. Surg. 2018, 46, 779–784. [CrossRef]

10. Falkenström, C.H. Biomechanical Design of a Total Temporomandibular Joint Replacement. Ph.D. Thesis, University of Twente,
Enschede, The Netherlands, 1993.

11. Hall, R.E. An analysis of the work and ideas of investigators and authors of relations and movements of the mandible. J. Am.
Dent. Assoc. 1929, 16, 1642–1693. [CrossRef]

12. Ahn, S.J.; Tsou, L.; Antonio Sanchez, C.; Fels, S.; Kwon, H.B. Analyzing center of rotation during opening and closing movements
of the mandible using computer simulations. J. Biomech. 2015, 48, 666–671. [CrossRef] [PubMed]

13. Gallo, L.M.; Airoldi, G.B.; Airoldi, R.L.; Palla, S. Description of Mandibular Finite Helical Axis Pathways in Asymptomatic
Subjects. J. Dent. Res. 1997, 76, 704–713. [CrossRef]
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Abstract: Restoration of the orbit is the first and most predictable step in the surgical treatment
of orbital fractures. Orbital reconstruction is keyhole surgery performed in a confined space. A
technology-supported workflow called computer-assisted surgery (CAS) has become the standard
for complex orbital traumatology in many hospitals. CAS technology has catalyzed the incorporation
of personalized medicine in orbital reconstruction. The complete workflow consists of diagnostics,
planning, surgery and evaluation. Advanced diagnostics and virtual surgical planning are techniques
utilized in the preoperative phase to optimally prepare for surgery and adapt the treatment to the
patient. Further personalization of the treatment is possible if reconstruction is performed with a
patient-specific implant and several design options are available to tailor the implant to individual
needs. Intraoperatively, visual appraisal is used to assess the obtained implant position. Surgical
navigation, intraoperative imaging, and specific PSI design options are able to enhance feedback
in the CAS workflow. Evaluation of the surgical result can be performed both qualitatively and
quantitatively. Throughout the entire workflow, the concepts of CAS and personalized medicine are
intertwined. A combination of the techniques may be applied in order to achieve the most optimal
clinical outcome. The goal of this article is to provide a complete overview of the workflow for
post-traumatic orbital reconstruction, with an in-depth description of the available personalization
and CAS options.

Keywords: patient-specific implants; orbital reconstruction; computer-assisted surgery; surgical
navigation; additive manufacturing

1. Introduction

The orbit is an inward-projecting bony structure in the shape of a cone (or pyramid) at
the transition between midface and skull base [1–3]. The base of the orbit, the orbital rim, is
composed of thick bone; in contrast, the orbit’s inner walls are thin bony structures. The
orbit provides the casing for the soft-tissue structures associated with the visual (motor)
system: neurovascular structures, connective tissue, ocular muscles, and the globe [4,5].

With its central position and thin bony walls, the orbit is probably the most vulnerable
part of the facial skeleton [1,2]. Two possible theories of orbital fracture pathogenesis have
been suggested. The buckling theory suggests that the energy of a traumatic impact on the
orbital rim after blunt-force trauma is propagated to the thin inner walls and leads to a
fracture in these weaker structures [6–8]. Hydraulic theory considers increased pressure
after impact on the globe and orbital contents as the main reason for orbital wall fractures.
The exact nature and specifics of a fracture may be explained by a combination of both
mechanisms [7].

The orbital volume may be increased, and soft tissue may be displaced into the
adjacent sinuses due to the impact or the dislocation of supporting bony structures. The
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globe’s position may be displaced after trauma, for instance, with inward displacement
(enophthalmos) or inferior displacement (hypoglobus). The orbital soft tissue may be
affected by the traumatic impact as well. The structural integrity and functional capacities
of connective tissue or extraocular muscles may be disrupted, resulting in a disturbance
of ocular motility and double vision (diplopia). The location and type of the impact, in
combination with the amount of energy transferred to the orbit’s bony structures and
orbital soft tissue, are responsible for the heterogeneity in clinical presentation.

There is an ongoing debate on the indication of surgical reconstruction, and system-
atic reviews have not been able to provide evidence-supported guidelines [9–11]. Some
advocate a radical approach to prevent clinical symptoms [12], while others choose a more
conservative approach with a delayed surgery if clinical symptoms develop [13]. Indication
for reconstruction remains a subjective decision in most cases, depending on the surgeon
and patient characteristics. The surgical management of orbital fractures focuses on the
repositioning the orbital contents and the globe and reinstating the structural support to
recover ocular function. Restoration of the orbit is the first and most predictable step in the
surgical treatment of orbital fractures [14,15].

Nowadays, titanium mesh implants have become the preferred biomaterial for the
surgical reconstruction of the orbit. Titanium implants can be categorized into flat implants,
preformed implants, and patient-specific implants (PSIs). Flat implants are manually
shaped and trimmed by the surgeon. A generic or individual model of the (mirrored)
orbit may aid in the molding process. Preformed implants have a predefined shape, based
on a model of the average orbit [10,16]. Patient-specific implants (PSIs) are designed
on an individual basis for the patient and are subsequently produced through additive
manufacturing.

The soft tissue’s intricate architecture and the proximity to vital structures pose surgical
challenges in orbital reconstruction [17,18]. Orbital reconstruction is keyhole surgery
performed in a confined space. This contributes to limited visualization, which is further
enhanced by protruding fat. The margin of error is small: an incorrectly positioned implant
may have significant implications for the clinical outcome and the patient’s quality of
life, and it is considered a ground for revision surgery in the literature [19,20]. Medical
technology has been incorporated in the clinical workflow of orbital reconstructions to
reduce the risk of implant malpositioning [21].

This technology-supported workflow, called computer-assisted surgery (CAS), has
become the standard for complex orbital traumatology in many hospitals [22]. The in-
troduction of CAS has also enabled personalization of the treatment: treatment planning
is customized to fit the options and needs of the patient, and intraoperative guidance
is adjusted to the anatomical possibilities. The main aim of this article is to provide a
complete overview of the (CAS) workflow for orbital reconstruction, with an in-depth
description of the techniques embedded in the workflow and with a special focus on
treatment personalization through patient-specific implant design.

2. Post-Traumatic Orbital Reconstruction Workflow

The conventional workflow of post-traumatic orbital reconstruction and possible CAS
techniques are illustrated in Figure 1. The individual phases are explained in detail in the
following paragraphs.
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current gold standard despite the known limitations, such as the asymmetry of lateral 
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Figure 1. Schematic overview of the technological possibilities within the orbital reconstruction
workflow. Chronologically, a clinical workflow consists of diagnostics, planning, surgery, and
evaluation. In the conventional workflow, the surgeon is dependent on clinical assessment and
preoperative imaging, visual appraisal during surgery and postoperative imaging for evaluation.
CAS consists of several techniques that may be combined and affect one or multiple workflow stages.
Several CAS technologies may be combined.

2.1. Diagnostics

A thorough clinical and radiographic evaluation of the patient is essential to determine
the optimal treatment. Clinical evaluation should at least assess the amount of globe
displacement and the degree of double vision. The Hertel exophthalmometer is the simplest
tool to quantitatively measure the relative ventrodorsal globe position [23]. It is the current
gold standard despite the known limitations, such as the asymmetry of lateral orbital
rims, the compression of soft tissue, and the lack of a uniform technique [23,24]. There
are no readily available reproducible tools for measuring the relative craniocaudal globe
position [25]. It is assessed by the Hirschberg test, which evaluates the light reflex centered
on each pupil to reveal vertical asymmetry [26]. Alternative methods have been proposed
to quantify globe position differences based on imaging, but these have not been broadly
implemented [23,27].

One of the difficulties in clinical decision-making is to address the most common
complaint in orbital fractures: diplopia. It is challenging to find the actual cause of diplopia;
in most cases, it is caused by a restriction of ocular motility. Ocular motility can be disturbed
by impingement or the entrapment of the ocular muscles and surrounding soft tissue, but
also by muscle edema, muscle injury, hemorrhage, emphysema, or motor nerve palsy. In a
trauma setting, orthoptic measurements may be challenging to perform due to logistics,
limited mobility of the patient, or considerable periorbital swelling. Absolute restrictions,
as seen in trapdoor fractures, need to be treated shortly after the trauma. Ocular motility
deficits with different etiology may improve or resolve over time, and surgery might not be
indicated. In these cases, it is advisable to perform several orthoptic assessments over time
to monitor spontaneous improvement. Moreover, the orthoptist may be able to differentiate
between possible causes of double vision through repeated measurements [9,28].

Computed tomography (CT) is the modality of choice for radiographic evaluation
because of the superior visualization of bony structures. The size and extent of the fracture
may be estimated or measured in the coronal, sagittal, or axial plane. Considering that the
bone is paper-thin in certain areas, a maximum slice thickness of 1.0 mm is essential for
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evaluation. In individual cases, the evaluation of soft-tissue changes may become important.
Shape alterations of the inferior rectus muscle have been reported to affect delayed or
postoperative enophthalmos [29–31] and may affect treatment decisions [10]. In addition,
herniation of the orbital soft tissue might be an indication for surgical reconstruction.
Magnetic resonance imaging (MRI) provides superior soft-tissue contrast compared to CT
and is more sensitive for identifying extraocular muscle or periorbital fat entrapment [32,33].
Nevertheless, the acquisition of an MRI is not part of the standard imaging protocol for
orbital trauma [13]. This may change in the future, considering that all subsequent treatment
steps benefit from optimizing the information collection in the diagnostics phase.

2.2. Advanced Diagnostics

Advanced diagnostics aim to maximize the information extracted from the available
image data. For this purpose, the CT scan is imported into the virtual surgical planning
software. The CT scan is subdivided into voxels (3D pixels), each with a grayscale value
corresponding to the X-ray absorption within that volume. These voxels may be segmented
(grouped) based on the tissue type or anatomical structure they belong to. Anatomical
structures of interest in orbital trauma are the orbit, orbital cavity, and possibly surrounding
bony structures such as the zygomatic complex. The segmentation is visualized as an over-
lay in the multi-planar view and as a 3D model. Additional information may be collected
through quantification (e.g., volume measurement), or manipulation (e.g., mirroring) of the
segmented anatomy (illustrated in Figure 2). The unaffected contralateral orbit and orbital
cavity can provide a reference for the affected orbit in unilateral fractures, which provides
insight into the extent of the fracture and displacement of orbital walls or surrounding
bony structures. The volume of the affected orbit can be compared to the unaffected
healthy side to determine the relative volume change, since it has been proven that the
orbits are highly symmetrical [33]. These volumetric changes can be incorporated into the
treatment plan [34]. Information may also be extracted from multiple image sets. Image
fusion allows aligning multiple datasets of the same modality over time or image sets from
different modalities. The image sets can be simultaneously visualized and evaluated after
image fusion. The segmentation process can also be based on information from multiple
fused modalities.
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Figure 2. Advanced diagnostics for two cases. I: Solitary orbital reconstruction (A–D). (A) Visual-
ization of the 3D bone surface model. (B) Segmentation of the unaffected orbit. (C) Mirroring of the
segmented orbit to the affected, contralateral side. (D) Visualization of additional structures, such as
the globe and eye muscles. II: Zygomatic complex fracture (E–H). (E) Visualization of the 3D bone
surface model. (F) Segmentation of the unaffected side. (G) Mirroring of the segmentation to the
affected, contralateral side. (H) Visualization of the zygomatic complex displacement.
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2.3. Virtual Surgical Planning

Virtual surgical planning (VSP) is a simulation of the actual surgery on the imaging
data [35]. It is based on information gathered in the previous treatment stages. The exact
content of the virtual surgical planning depends on the type of implant. If a flat mesh plate
is used, the virtual models of the mirrored orbit and affected orbit can be exported and 3D
printed to serve as individual bending template(s) for molding the flat mesh.

In the preformed implant setting, the stereolithographic model (STL) of a preformed
implant is imported into the planning environment to perform a virtual reconstruction of
the affected orbit. The implant’s fitting potential is evaluated and its optimal position for
an accurate reconstruction of the pretraumatized anatomy is simulated. The potential of
VSP in the preformed implant setting is thus highly dependent on the willingness of the
implant manufacturers to provide STLs of their preformed implants. In modern planning
software, the implant may be automatically aligned to another virtual model, for instance,
the mirrored orbit. Manual adjustments could be necessary to prevent interferences with
the bone and ensure the orbital defect is covered, with adequate implant support on the
dorsal ledge and fixation possibility on the infraorbital rim.

The implant may be virtually trimmed to simulate the cutting of medial or posterior
parts of the implant. The surgery can be simulated multiple times in the virtual surgical
planning, with different implant types and sizes (Figure 3). This enables comparison
between preformed implant options and substantiated decision making before surgery.
The number of try-ins in virtual planning is limitless without consequences for the patient,
in contrast to try-ins during actual surgery. Establishing the optimal position in virtual
planning provides the surgeon with intraoperative feedback, which could reduce the
operating time and extent of manipulation inside the orbit during surgery [36].
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Figure 3. Virtual fitting of different preformed implants in a solitary orbital fracture. Three-
dimensional models of the preformed implants of KLS Martin (A), Synthes (B) and Stryker
(C) are visualized with potential cutting lines (black lines) in the first column. The implants are
virtually positioned (red contour) and the fit is evaluated in the coronal, sagittal, and axial slices.
Important considerations are adequate support (on the posterior ledge, on the medial wall and on
the infraorbital rim) and a lack of interference with bone.

51



J. Pers. Med. 2022, 12, 1366

2.4. Patient-Specific Implant Design

Reconstructing the orbit with a PSI is the ultimate step of individualization for orbital
reconstruction. A PSI is virtually modelled from scratch, using information from the
(advanced) diagnostics phase and exported virtual models. In dedicated design software,
a prototype implant is generated. The prototype is imported into the virtual surgical
planning and its fit is evaluated. The position of the prototype is not adjusted in the virtual
surgical planning to improve the fit, but the design of the prototype is adjusted and the
novel prototype is reimported. Even though the design of a PSI is not set in stone by
protocols, various design considerations have been described in the literature. An overview
of options is summarized in Table 1. This overview is not comprehensive, and novel design
options are regularly introduced in the literature.

Table 1. List of different design considerations as reported in the literature.

Design Consideration Effect on Options References Notes

Thickness Positioning,
stability

0.3 mm [22,37,38]

Atraumatic cord
Positioning,
stability

Present [37,39,40]

Absent [38,41,42]

Grid
Clinical
symp-
toms

Horizontal [22,37,40,43]
Squares [38,39,41,44]
Porous [42,45,46]

Support Stability,
accuracy

Three points [22] Infraorbital rim, medial wall, posterior ledge

[38] Anteromedial, anterolateral, posterior
Ledge [37,40,43] Inverted shovel design

Lateral posterior wall [43] Stabilizer for self-centering implant

Extension Accuracy Orbital rim [22,42,44,46–48]
Lateral posterior wall [43]
Specific bone features [45]

Anterior elevation Clinical
symp-
toms

[22] Rim elevation to correct hypoglobus

Overcorrection
Clinical
symp-
toms

Location
[22] Posterior to bulbus
[49] Orbital floor elevated in sagittal relation

Amount [22] Based on clinical findings, advanced
diagnostics

[38] Slight overcorrection
[50] Same amount in cubic cm as mm enophthalmos

Intraoperatively [51] Spacers

Navigation Accuracy Markers [22,37–39,52] Eminence lacrimal foramen [38]
Vectors [37,40,43]

Fixation Stability Absent [38,44,48]
Present [22,37,39,40,42,

46,47,53]
Eccentric screw alters implant position [47]

Fix implant if form stable [40]

Fixation re-use Accuracy Re–used screw hole [54] Only in secondary reconstruction

Multi-piece Positioning,
stability,

Lazy-S [42,47,49]

accuracy Interlocking [46,48,55,56]

Design considerations can be categorized based on their intended effect: stability,
positioning ease, accuracy of implant positioning or alleviation of clinical symptoms. The
size and shape of the implant are dependent on the extent of the defect. The defect should
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be covered by the implant and its shape should reflect the intended reconstruction of
the affected orbital walls. Support on existing bony structures is taken into account to
ensure the stability of the reconstruction. Analogous to the preformed implants, support is
most often found at three points in the orbit [22,38]. Fixation is recommended to ensure
a stable position of the PSI [39,40]. Possible screw positions can be assessed in virtual
planning, factoring in the patient’s anatomy and local bone quality. The thickness of the
implant and implementation of an atraumatic cord around the edge are considerations
that affect both the stability of the implant and the positioning ease during surgery. Due to
additive-manufactured titanium’s rigidity, an implant thickness of 0.3 mm in combination
with an atraumatic cord results in a good balance between rigidity and positioning ease.

The accuracy of implant positioning can be controlled by extensions over unaffected
bony pillars. A compelling fit is created by the extension(s) of the implant over bony struc-
tures. An infraorbital rim extension limits rotation and translation in the anteroposterior
direction [47]. Additional flanges to the posterior lateral wall may be implemented to
prevent unwanted implant movement [43]. Screw positions from fixation material from a
previous reconstruction can be re-used in secondary reconstruction to provide guidance
and thus improve the accuracy of the implant positioning [54]. Another design option is
to incorporate navigation markers and vectors, which can enhance the interpretation of
feedback from the intraoperative navigation system.

The last category, clinical symptoms, deals with the correction of globe displacement.
The orbital volume is corrected to alleviate globe displacement, but the volume may be
overcorrected to counteract fat atrophy and the anticipated iatrogenic loss of soft tissue [57].
The amount of overcorrection might be subjectively determined during surgery, by inserting
additional spacers [51], or it may be fully integrated into the design of the PSI, posterior to
the equator of the bulbus [22,38,50]. On the other hand, hypoglobus is the result of caudal
displacement of the infra-orbital rim. An anterior elevation corresponding to the amount of
downward displacement of the orbital rim may alleviate hypoglobus (Figure 4). The grid
of the PSI can be designed with different techniques: using a large horizontal pattern to
maximize drainage [37,40,43], or a more porous arrangement [42,45,46]. The multitude of
design options and manual design leads to a wide range of possible PSI shapes (Figure 5).
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Figure 4. Examples of two patient-specific implant designs with overcorrection (red contour) of the
mirrored orbital volume (yellow contour). The first patient-specific implant is designed with an
anterior elevation at the infra-orbital rim to compensate for the asymmetry in globe position (A,B).
The second patient-specific implant is designed with a large overcorrection for an anophthalmic
socket reconstruction (C,D).

53



J. Pers. Med. 2022, 12, 1366

J. Pers. Med. 2022, 12, 1366 8 of 17 
 

 

posterior to the equator of the bulbus [22,38,50]. On the other hand, hypoglobus is the 
result of caudal displacement of the infra-orbital rim. An anterior elevation corresponding 
to the amount of downward displacement of the orbital rim may alleviate hypoglobus 
(Figure 4). The grid of the PSI can be designed with different techniques: using a large 
horizontal pattern to maximize drainage [37,40,43], or a more porous arrangement 
[42,45,46]. The multitude of design options and manual design leads to a wide range of 
possible PSI shapes (Figure 5). 

 

 
Figure 4. Examples of two patient-specific implant designs with overcorrection (red contour) of the 
mirrored orbital volume (yellow contour). The first patient-specific implant is designed with an an-
terior elevation at the infra-orbital rim to compensate for the asymmetry in globe position (A,B). 
The second patient-specific implant is designed with a large overcorrection for an anophthalmic 
socket reconstruction (C,D). 

 
Figure 5. Different shapes of the available preformed implants and patient-specific implants are 
illustrated. There is a wide variety in shapes in the patient-specific implants. From left to right the 
rim extension is increased. From top to bottom the medial wall support is increased. 

The PSI design can be adapted to facilitate the reconstruction of multi-wall defects, 
for example, through the application of multiple PSIs (Figure 6). This enables a reconstruc-
tion that covers the entire defect while limiting the size of the PSI and, in turn, the required 

Figure 5. Different shapes of the available preformed implants and patient-specific implants are
illustrated. There is a wide variety in shapes in the patient-specific implants. From left to right the
rim extension is increased. From top to bottom the medial wall support is increased.

The PSI design can be adapted to facilitate the reconstruction of multi-wall defects, for
example, through the application of multiple PSIs (Figure 6). This enables a reconstruction
that covers the entire defect while limiting the size of the PSI and, in turn, the required inci-
sion [46,55]. Depending on the connection used, it also provides the opportunity to create
artificial support and relative feedback. A PSI that solely reconstructs the orbit will not suf-
fice in cases with concomitant fractures of the surrounding bony structures. Repositioning
the surrounding bone may be required in addition to the orbital reconstruction. Additional
design options are available to gain feedback from PSIs on the subsequent reconstruction
steps in these more extensive cases. An example of this is embedding the desired position
of the zygomatic complex in the PSI design to facilitate correct repositioning [54].
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Figure 6. Patient-specific implant design for multi-wall cases. (A) Ridges on the orbital floor implant
provide relative feedback for the positioning of the lateral wall implant. (B) Patrix–matrix connection
to connect a medial wall and orbital floor implant. (C) The orbital floor implant with medial wall
extension is connected to a lateral wall implant dorsally with ridges and anteriorly with a puzzle
connection. (D) Four-wall reconstruction with a hook-and-bar connection for additional support for
the orbital floor implant.
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2.5. Intraoperative Feedback

During surgery, the surgeon aims to position the implant as closely as possible to
the ideal position that was established in the VSP. The availability of the VSP provides
intraoperative feedback that improves the result of the reconstruction [35]. Additional types
of feedback are available to aid in the accurate positioning of the implant (summarized in
Table 2). The design options relating to implant positioning ensure static feedback through
the unique and compelling fit of the PSI (Figure 7). In secondary cases, the re-use of screw
positions from the primary reconstruction will also help to find the planned position.

Table 2. Different feedback methods available in the operation room.

Feedback Method Static/Dynamic

Virtual surgical planning Static
Compelling fit patient-specific implant Static

Fixation re-use Static
Navigation Dynamic

Markers and vectors Dynamic
Intraoperative imaging Static
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Surgical navigation may be utilized to provide dynamic feedback on the implant
position. During the registration for surgical navigation, the patient’s position in the
operating room (OR) is linked to the preoperative imaging data in the virtual surgical
planning. Several registration methods are available: soft-tissue registration, bone-anchored
fiducials, and surgical splints [56,58]. Splint registration methods used to require repeated
radiographic imaging with the fiducial splint in place, but the fusion of intraoral scan data
in the advanced diagnostics phase allows the fabrication of a registration splint without
additional radiologic imaging [59]. The splint is designed on the individual patient’s
dentition and carries fiducials that can be indicated virtually in the planning software and
physically in the OR.

After registration, the navigation pointer’s position in the patient is visualized in the
virtual surgical planning on the navigation system’s screen. This provides the surgeon
with feedback on the position of the pointer, representing the position of the indicated
location (a specific spot on the implant’s surface). The quality and interpretability of the
feedback may be enhanced through navigation markers embedded in the design [39,52].
The markers are indicated in the VSP as navigation landmarks and used as a reference
in the OR. If the surgeon positions the pointer in the navigation marker on the implant,
visual and quantitative feedback about the pointer’s position compared to the landmark
is provided.
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2.6. Evaluation

Intraoperative imaging of the patient after implant positioning is highly recommended,
since the realized implant position can be qualitatively evaluated. If the surgeon is not
satisfied with the position, the implant can be repositioned in the same surgical setting,
preventing a revision surgery. For a complete quantitative evaluation of the surgical result,
the scan can be reconstructed and fused with the VSP. The planned position of the implant
can be compared to the achieved position of the implant to enable an objective assessment
(Figure 8). Differences between planned and realized position can be quantified in three
dimensions and expressed as rotations (roll, pitch and yaw) and translations (x, y and
z) [60]. Additionally, the volumetric difference between the reconstructed and unaffected
or planned orbit may be assessed. Post-operative CT-scans are indicated if intra-operative
CT is not acquired (or offered incomplete information), or if clinical considerations in the
follow-up period necessitate additional imaging.
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An optimally positioned orbital implant is no guarantee for a perfect clinical out-
come. Restoration of the globe position can be relatively well achieved with a PSI, even
in secondary reconstructions [22]. It is more complex to treat diplopia, as it involves the
mechanical mobility of the eye, combined visual perception, and processing in the visual
cortex. Visual processing may (partially) adapt over time. At discharge, the patient is
informed that double vision will be experienced for the first 10–14 days, possibly longer.
Ocular motility can be improved by training the extraocular muscles to prevent scarring
and anticipate fibrosis [61]. Instructions are provided to mobilize the eye as much as possi-
ble: monocular orthoptic exercises six times per day for 6–12 weeks to prevent adhesions
and stimulate a reduction in orbital soft tissue swelling, especially for the extraocular mus-
cles. This protocol positively affects clinical improvement in both primary and secondary
cases [13,22,47].

3. Discussion

Surgical complexity and the fact that an inappropriate reconstruction potentially
leads to an adverse outcome have led to the parallel incorporation of computer-assisted
surgery and personalized medicine in the orbital reconstruction workflow. Although
both concepts aim to optimize treatment outcome, their rationale differs. CAS centralizes
medical technology to improve the predictability and accuracy of all treatment stages, but
various steps have been standardized and can be considered independent of the patient.
CAS has catalyzed the incorporation of personalized medicine in orbital reconstruction:
virtual surgical planning technology enables surgical preparation, implant selection, and
the simulation of the desired implant position based on the individual’s characteristics. The
concepts are considerably intertwined in PSI reconstruction, and mutual interactions can be
discerned. Personalization of the implant design is directly affected by information gathered
in the preoperative CAS stage, and tailoring the implant to the patient’s anatomy provides
feedback on positioning during the intraoperative stage. Intraoperative CAS technology
supports the accurate positioning of the PSI, which is a prerequisite for achieving the
intended treatment effect of the personalized implant. In light of this symbiosis, surgical
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reconstruction with a PSI can be considered the pinnacle of both CAS and personalized
medicine in orbital reconstruction.

Several larger comparative studies have demonstrated the beneficial effects of (compo-
nents of) CAS on the accuracy of volumetric reconstruction [62], clinical outcome [36], and
need for revision surgery [63]. In practice, a combination of several CAS building stones is
often utilized. This yields heterogeneity in surgical approaches, which makes it difficult
to compare outcomes between studies. Differences in indication, patient and fracture
characteristics, or implant materials used further complicate comparison [64]. Isolating
the effect of individual CAS techniques on patient outcome is hampered by an overlap
of techniques within study populations. The individual effects of CAS techniques have
been assessed in a one-to-one comparison in a cadaver series [65]. Despite limitations
associated with the cadaver model and an inability to assess clinical outcome parameters,
positive effects of virtual planning, intraoperative imaging, and surgical navigation on
reconstruction accuracy were established.

Several indications for PSI in orbital reconstruction have been advocated, relating
to defect size, location, or timing of reconstruction [22,47,49,50,66–69]. The common de-
nominator between extensive defect size, the lack of bone support in the posterior third
of the orbit, or secondary reconstruction after inadequate primary reconstruction is that
the difficulty of reconstruction has been significantly increased. The possibility to perfectly
tailor the shape of the implant to the patient’s anatomy makes a PSI better suited for these
complex reconstructions compared to implants that lack these options. Other advantages
of PSIs are improved ease of use and precise, accurate fit, which leads to accurate implant
positioning and a decreased surgery time [41,43,45,49,50,70–72]. Iatrogenic soft-tissue dam-
age is prevented as much as possible since the number of try-ins necessary to correctly
position the implant is reduced, and no sharp edges are present around the implant’s
circumference [37,72–74]. These factors lead to the high predictability of functional and
aesthetic outcomes, fewer complications during or after surgery, and a lower revision rate
than other implant types [37,45,54,62,67].

The list provided in Table 1 stipulates an ever-increasing armamentarium of design
features to improve (ease of) positioning or alleviate clinical symptoms. The positioning-
related characteristics guarantee adequate implant support and a unique, compelling fit
for the implant. It is vital to evaluate the surgical accuracy of the PSI reconstruction and
the added value of the positioning features [72]. Several studies have used a comparison
between unaffected and reconstructed orbital volume or angulation between the floor and
medial to measure surgical accuracy [37,75–77]. These outcome parameters may conceal
incorrect implant positioning. In contrast, a direct comparison between planned and ac-
quired implant positions will reveal all surgical errors qualitatively and quantitatively [60].
Assessing individual degrees of freedom is even feasible with this approach. The evaluation
phase is an indispensable component of the CAS workflow and should be performed for
each orbital reconstruction. A direct comparison between planned and acquired implant
positions is advocated to maximize the potential of the evaluation phase.

Incorporating clinical considerations in the design is currently not as clear as the
positioning-related features. Since the early introduction of PSI reconstruction, the over-
correction of resulting orbital volume has been suggested several times, and its use has
been described (see Table 1). Still, guidelines to the amount of overcorrection are arbitrary
and subjective, and not substantiated by evidence. Information about the location and
shape of the overcorrection is lacking. The overcorrection may even be introduced through
different pathways: it may be embedded in the PSI design or added afterwards through
titanium blocks [51]. While the second option provides some freedom to the surgeon
intraoperatively, the judgment is subjective and hampered by the soft-tissue reaction to
the surgery (and the trauma in a primary setting). Trial and error positioning leads to the
increased manipulation of orbital tissue, and any dislocation of the blocks may warrant
a second procedure [78,79]. Embedding overcorrection in the design is suggested to be
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the best solution for achieving an optimal result [78] and could be precisely tailored to the
individual patient in the future, provided the abovementioned knowledge gaps are filled.

Cost, lead time, and logistic demands are drawbacks of using a PSI [37,71,73,79]. Pric-
ing may vary based on geography, but the process usually costs EUR 1500-6000 [57,72,80,81].
Manufacturing of the implant takes approximately 3–5 working days; this does not in-
clude sterilization, or the time needed for virtual surgical planning and design. Korn et al.
described a mean communication time between the surgeon and the PSI company techni-
cian during virtual surgical planning of almost nine days for isolated wall fractures and
16 days for multi-wall fractures [82]. An adjustment to the initial design that the technician
proposed was necessary in nearly three-quarters of cases, but implants from technicians
with previous in-house training required fewer adjustments. Improved communication
and mutual understanding are suggested to be the reasons for the efficiency improvement.
Complete in-house planning and design by a dedicated, on-site technician may ameliorate
planning efficiency, ultimately greatly reducing the lead time (provided the surgeon and
technician are experienced and have cooperated on previous cases). In-house design is sug-
gested to reduce costs, since commercial partners are only relied upon for fabrication [81].
These benefits of in-house design may be why surgeons who use in-house planning feel
less hindered by the drawbacks of using a PSI [71].

Although this paper focuses on post-traumatic orbital reconstruction, other PSI ap-
plications relating to the orbit have also been described. In zygomatic reconstruction after
trauma, ablative surgery, or congenital malformation, PSIs were found to precisely restore
the anatomy without the need for additional bone grafts [83]. In secondary post-traumatic
reconstruction of the orbit and zygoma, PSIs enable a one-stage surgical procedure in
which the surgical order is reversed: by operating the orbit first, the functional result
of the orbital reconstruction is independent of repositioning the zygomatic complex [54].
PSIs may also be used to create an artificial orbital rim and floor for globe support after
maxillectomy [84,85]. The most extensive orbital PSI reconstructions have been described
after the resection of a spheno-orbital meningioma or neurofibroma [55,86]. In these cases,
the reconstruction of all four orbital walls with multiple PSIs enabled a predictable recon-
struction of the internal orbit in the same surgical setting as the resection. The PSI design
in the abovementioned cases could differ greatly from the design in the post-traumatic
reconstruction of solitary orbital fractures. Still, the rationale behind using a PSI is the same:
freedom of design to adapt the PSI to the patient’s anatomy and a predictable and accurate
final result.

4. Conclusions

An overview of the CAS workflow for post-traumatic orbital reconstruction has been
presented, with an in-depth description of the techniques embedded in the workflow
and a special focus on PSI. It has been demonstrated how the conventional workflow
can be complemented by both CAS and personalized medicine in order to optimize the
clinical outcome of post-traumatic orbital reconstruction. CAS technology has catalyzed
the incorporation of personalized medicine in orbital reconstruction. The reconstruction
of the orbit with a PSI can be considered the pinnacle of CAS and personalized medicine.
There are no strict guidelines for the design of patient-specific implants, but several design
considerations can be implemented to improve the positioning or alleviation of clinical
symptoms. Because of the high predictability of aesthetic and functional outcomes, the
use of PSIs has been advocated especially in difficult reconstructions. Cost, lead time,
and logistical demands are known drawbacks, although they may be alleviated by in-
house design.
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Abstract: Over the past decade, the demand for three-dimensional (3D) patient-specific (PS) mod-
elling and simulations has increased considerably; they are now widely available and generally
accepted as part of patient care. However, the patient specificity of current PS designs is often limited
to this patient-matched fit and lacks individual mechanical aspects, or parameters, that conform to
the specific patient’s needs in terms of biomechanical acceptance. Most biomechanical models of
the mandible, e.g., finite element analyses (FEA), often used to design reconstructive implants or
total joint replacement devices for the temporomandibular joint (TMJ), make use of a literature-based
(mean) simplified muscular model of the masticatory muscles. A muscle’s cross-section seems pro-
portionally related to its maximum contractile force and can be multiplied by an intrinsic strength
constant, which previously has been calculated to be a constant of 37 [N/cm2]. Here, we propose
a contemporary method to determine the patient-specific intrinsic strength value of the elevator
mouth-closing muscles. The hypothesis is that patient-specific individual mandible elevator muscle
forces can be approximated in a non-invasive manner. MRI muscle delineation was combined with
bite force measurements and 3D-FEA to determine PS intrinsic strength values. The subject-specific
intrinsic strength values were 40.6 [N/cm2] and 25.6 [N/cm2] for the 29- and 56-year-old subjects,
respectively. Despite using a small cohort in this proof of concept study, we show that there is great
variation between our subjects’ individual muscular intrinsic strength. This variation, together with
the difference between our individual results and those presented in the literature, emphasises the
value of our patient-specific muscle modelling and intrinsic strength determination protocol to ensure
accurate biomechanical analyses and simulations. Furthermore, it suggests that average muscular
models may only be sufficiently accurate for biomechanical analyses at a macro-scale level. A future
larger cohort study will put the patient-specific intrinsic strength values in perspective.

Keywords: 3D-VSP; CAD/CAM; FEA; finite element analysis; masticatory; muscle force; mandible;
jaw; biomechanical; intrinsic strength; patient-specific; custom; bite force; muscle delineation

1. Introduction

The demand for three-dimensional (3D) patient-specific (PS) modelling and simula-
tions has increased considerably over the past decade and is now widely available and
generally accepted as a part of patient care in oral and maxillofacial surgery. Clinicians
throughout the world now make use of PS modelled oral and maxillofacial implants and
prostheses, e.g., reconstruction plates for oncological surgery and temporomandibular joint
(TMJ) prostheses for total joint replacements (TJR). These specifically designed devices are
more accurate alternatives to conventional products [1,2] and a solution for complex cases
where the shelf solutions do not suffice [3]. PS designs provide a patient-matched shape
to ensure a proper fit to the bony anatomy. However, the patient specificity of current PS
designs is often limited to this patient-matched fit and lacks mechanical aspects related
to the individual situation, or parameters, that conform to the specific patient’s character-
istics in terms of biomechanical demands. Most biomechanical models of the mandible,
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e.g., finite element analyses (FEA), often used to design reconstructive implants or TJR
devices for the TMJ, make use of a literature-based (mean) simplified muscular model of
the masticatory muscles [2,4–7]. This is due to the complexity of the masticatory muscle
anatomy and the inability to directly measure separate muscle forces in vivo. Unfortunately,
this directly affects the overall biomechanical model specificity for each patient, which
is a limiting factor when the model is used to develop a PS implant that should address
personalised optimisation. Relying on such literature-based non-PS muscular models when
developing PS implants might result in the same mechanical failures as observed with
conventional osteosynthesis materials, e.g., osteosynthesis plate failure, stress shielding,
and, subsequently, screw loosening [8]. The morphology of the masticatory system is
subject to wide anatomical variations [9]; thus, utilising an average muscular model is only
valid for general purposes.

Due to practical and ethical limitations on in vivo force output measurements of single
muscles, it remains challenging to approximate the true maximum acting forces of the
masticatory muscles. The jaw elevator muscles, consisting of the masseter, temporalis, and
medial pterygoid muscles, are predominantly inaccessible to measurement techniques, such
as intramuscular electromyography (iEMG) and surface EMG (sEMG), that could approxi-
mate the acting forces. Both can be applied to record electrical stimuli in the muscles which,
when combined with the resulting force output measurements, can be used to approximate
a muscle’s acting force. The iEMG technique is, however, known to cause discomfort for the
subject [10] due to the needle electrodes pinching the muscle. The effect of such invasive
sensors on muscular behaviour is hard to fathom, mostly because of the inability to directly
measure a muscle’s force in situ [11]. The sEMG technique reportedly suffers from a higher
rate of crosstalk, i.e., misleading signals coming from neighbouring muscles [10,12]. Fur-
thermore, there are many concerns regarding the sensitivity, applicability, reliability, and
reproducibility of EMG measurements [10,13].

In 1846, Weber stated that the force of a muscle is related to the total cross-section of
all the muscle fibres at a specified muscle length. This became known as the physiological
cross-section (PCS) of a muscle [14]. It was suggested that the PCS is proportionally related
to the maximum contractile force of a muscle, and thus could be multiplied by a certain
constant to estimate a muscle’s force. The constant is called the intrinsic strength [P] as it
represents a force per unit of PCS [N/cm2]. The resulting Formula (1) is used to calculate
the muscle force (Fmuscle) and can be described as:

Fmuscle = P · PCS [N] (1)

Hitherto, many previous authors studied and suggested maximum values for the
intrinsic strength of various muscle groups in order to determine the maximum separate
muscle forces, but the intrinsic values varied widely [14–18]. Weijs and Hillen [19] reviewed
the available literature on intrinsic strength and suggested a P-value of 37 [N/cm2], based
on their experimental data. However, this value was determined from PCSs measured in
cadavers combined with bite force data from a group of volunteers. The intrinsic strength
calculation was carried out in 2D while assuming sagittal symmetry.

The P-value of 37 [N/cm2], determined by Weijs and Hillen [19], is still relevant as
a general estimate for researchers who want a patient-specific model but only have the
patient’s muscle cross-sectional data available [20]. Another value frequently found in
maxillofacial literature is 40 [N/cm2] [21–24]. This value, initiated by Koolstra et al. [21]
refers, however, to Weijs and Hillen’s [19] value of 37 [N/cm2].

The same relation was found using muscle cross-sectional area (CSA) [9,20,25]. The
CSA, rather than the PCS of human masticatory muscles, is often used to estimate muscle
force because it can be directly measured from computed tomographic (CT) or magnetic
resonance imaging (MRI) data, and has been shown to correlate strongly with the total
cross-sectional area of all fibres, as determined by means of dissection or PCS [9,25,26].
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With this study, we aimed to propose a contemporary method to determine the
patient-specific intrinsic strength value of the elevator muscles. The hypothesis is that
patient-specific individual mandible elevator muscle forces can be approximated in a non-
invasive manner by combining MRI muscle cross-section data, bite force measurements
and 3D finite element analysis simulations, which can be used in patient-specific designs
for reconstructive implants and (TMJ) total joint replacements.

2. Materials and Methods
2.1. 3D Muscular Model

Our volunteers underwent an MRI scan with a 3T MRI scanner (MAGNETOM Skyra
3T, Siemens, Erlangen, Germany) using a T1 weighed sequence (PETRA, FATSAT) and
1 [mm] slice thickness, according to our centre’s regular head and neck patient oncology
protocol. The subjects were scanned while in a supine position and instructed to maintain
dental occlusion throughout the scan. A manual 3D segmentation of the skull and mandible
was subsequently performed in the Mimics 22.0 software (Materialise, Leuven, Belgium)
to function as reference geometry for further muscle delineation. Using the Brainlab 2020
software (Brainlab, München, Germany), the temporalis, medial pterygoid, masseter pars
profunda, and masseter pars superficialis muscles were delineated using the brush tool.
The temporalis muscles’ CSAs were measured 10 mm cranially to the Frankfurt horizontal
plane (FHP), in accordance with the method described by Weijs and Hillen [27].

The muscles were exported as standard tessellation language (STL) files, along with
the manual segmentations of the skull and mandible. Next, the STL files were imported into
the 3-Matic Medical 15.0 software (Materialise, Leuven, Belgium), where the muscles were
wrapped and smoothed to obtain smooth structures. Subsequently, the muscle origins and
insertions were determined as the contact area between the muscle delineations and the
mandible and skull. A vector was drawn between the centres of gravity for each muscle’s
origin and insertion surface, indicating the muscle’s acting direction. The maximum CSA
was determined for each individual muscle by slicing the muscle along its defined acting
direction in increments of 1 [mm] (Figure 1). The measured CSAs, in combination with the
intrinsic strength values, were used to calculate the specific muscle forces. To model the
muscle forces, it was necessary to assume that all muscles exert their maximum force along
their determined force vectors simultaneously. A second assumption was that a single
intrinsic strength value can be applied to all the simultaneously acting muscles within
one subject.

The muscle delineations on MRI and the subsequent maximum muscle CSA mea-
surements were independently performed by two individual observers (B.M. and J.S.).
The inter-observer variability in cm2 CSA was calculated in IBM SPSS statistics version
23 (IBM corp., Armonk, NY, USA). The inter-observer variability was supported by the
calculating the interclass correlation coefficient (ICC), whereby a value of <0.40 is poor,
0.40–0.59 is fair, 0.60–0.74 is good, and 0.75–1.00 is excellent [28]. This statistic test is an
indicator for the reproducibility of our muscle delineation and CSA determination between
different observers.
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placed in between the subjects’ central incisors to allow for a minor mouth opening of 
15–20 [mm], resulting in bite sensor placement at the physiological optimum muscular 
length [29–31]. The intraoral scanning included both individual arches, both arches in 
natural maximum occlusion and the arches in a slightly open position with the spacer in 
situ. These scans were aligned with the MRI scan and, subsequently, the mandible was 
moved to match the lower dental scan of the opened position. 

A bite force sensor was developed for this specific purpose (Figure 2), based on a 
FlexiForce A201 piezoresistive transducer or a force-sensitive resistor (Tekscan, Inc., 
South Boston, MA, USA). This 0.2 [mm] thick flexible sensor is 10 [mm] in diameter and 
its resistance reduces with increasing pressure. Using an Arduino Uno Rev3 microcon-
troller (Arduino, www.arduino.cc, accessed on 1 July 2021), data were collected and 
processed to read the applied normal compressive force. An apparatus was developed 
for accurate full-range calibration of the sensor. Calibration validation resulted in full-
range linearity with a maximum error of 5%, measured from 30 to 560 N. 

Splints were designed to fit the subject’s dentition in order to prevent damaging the 
subject’s dental elements and to distribute the bite force over multiple elements. This 
was performed in order to lower periodontal receptor stimulation and potential pain 
sensations which could influence the muscles’ recruitment, and to protect the dental el-
ements, thereby encouraging the subject to apply their maximum voluntary bite force 
[32,33]. 

Figure 1. Visualisation of the smooth delineated muscles obtained from MRI data. The m. masseter
superficialis, m. masseter profunda, m. pterygoideus medialis, and m. temporalis were taken into
account. The muscles were sliced to determine the maximum CSA (upper), and the force vectors
were calculated between the origin and matching insertion areas for each muscle (lower).

2.2. Bite Force Measurements

An experiment was designed to measure the total resulting force of all the elevator
muscles. Intraoral scans were made of the subjects’ dentitions (Trios III, 3Shape, Copen-
hagen, Denmark). In order to measure the maximum isometric bite force, a spacer was
placed in between the subjects’ central incisors to allow for a minor mouth opening of
15–20 [mm], resulting in bite sensor placement at the physiological optimum muscular
length [29–31]. The intraoral scanning included both individual arches, both arches in
natural maximum occlusion and the arches in a slightly open position with the spacer in
situ. These scans were aligned with the MRI scan and, subsequently, the mandible was
moved to match the lower dental scan of the opened position.

A bite force sensor was developed for this specific purpose (Figure 2), based on a
FlexiForce A201 piezoresistive transducer or a force-sensitive resistor (Tekscan, Inc., South
Boston, MA, USA). This 0.2 [mm] thick flexible sensor is 10 [mm] in diameter and its
resistance reduces with increasing pressure. Using an Arduino Uno Rev3 microcontroller
(Arduino, www.arduino.cc, accessed on 1 July 2021), data were collected and processed
to read the applied normal compressive force. An apparatus was developed for accurate
full-range calibration of the sensor. Calibration validation resulted in full-range linearity
with a maximum error of 5%, measured from 30 to 560 N.
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Figure 2. An overview of the used set-up including the bite sensor (S) and corresponding sets of
upper and lower splints. The violet pair (I) of splints was used for incisal bite force measurements,
the red pair (II) for bilateral premolar measurements, and the green (III) and yellow (IV) pairs for
unilateral measurements of the right and left side of the premolars, respectively.

Splints were designed to fit the subject’s dentition in order to prevent damaging the
subject’s dental elements and to distribute the bite force over multiple elements. This was
performed in order to lower periodontal receptor stimulation and potential pain sensations
which could influence the muscles’ recruitment, and to protect the dental elements, thereby
encouraging the subject to apply their maximum voluntary bite force [32,33].

The sensors were located in the incisal/midline and the first pre-molar positions since
these positions are relatively easily accessible and require only minimal mouth opening
in order to fit the bite sensor. The sensor pockets were positioned parallel to the FHP,
resulting in a registration of the bite force magnitude in a predefined direction at predefined
locations. The sensor thickness was chosen so that a mouth opening of 15–20 [mm] could
be established [29–31] (Figure 1). The splints were printed from PA12 polyamide powder
(Oceanz, Ede, The Netherlands).

The maximum isometric voluntary bite force was registered in an experiment that
included four separate exercises, each consisting of five load repetitions. Incisal bite force
was registered, as well as both the bilateral and unilateral premolar bite forces. To avoid
fatigue, a one-minute pause was taken between each measurement. For each of the four
bite scenarios, the maximum bite force was determined from the five repetitions. These
maximum values were used for further calculations.

2.3. Finite Element Model

A 3D finite element model was set up to first determine the resulting bite forces
when calculating the muscular forces from the intrinsic strength value suggested by
Weijs et al. [19]. These simulations functioned as a datum measurement. In the following
simulations, the problem was inversed. The in vivo bite force measurements were now
used as output objective values and each subject’s muscular model was scaled in output
force to match these objective values and determine the patient-specific intrinsic strength
value. These simulations were based on the principle of static equilibrium of forces and
moments, which can be applied to an object at rest, as is the case with isometric bites.
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To briefly summarise the two scenarios:

(1) Use the subject’s muscle CSA and calculate the muscle forces with the intrinsic strength
(P) value of 37 [N/cm], as suggested by Weijs et al. [19], and analyse the resulting
bite forces.

(2) Use the subject’s muscle CSA and matching measured bite forces and calculate the
patient-specific intrinsic strength value.

Regarding all the scenarios described in Section 2.2, the reaction forces were measured
at both condylar supports, indicating the analysed subject’s specific TMJ forces and bite
force location(s).

2.4. Pre-Processing/Model Preparation

The manual 3D bone segmentations of the MRI data and the intraoral scans were
combined with 3D models of the skull and mandible, including the dentition, in the 3-Matic
15.0 software (Materialise, Leuven, Belgium). A cancellous volume was assigned to the
mandible by means of an internal shell function, resulting in a cortical thickness of 2 mm.
To ensure the correct condylar positions in our simulations, the orientation of the mandible
was matched to the slightly opened position of the mandible in the intraoral scan of the
dentition with the spacer in situ. The final models were imported into Solidworks 2020
(Dassault Systèmes SolidWorks Corporation, Waltham, MA, USA) and converted into
non-uniform rational basis spline (NURBS) solid parts using the Geomagic for Solidworks
2021 add-in (3D systems, Rock Hill, SC, USA). All the muscle insertion surfaces were copied
and assigned a surface group on the mandible model so as to distribute the force equally
over the entire insertion area.

Condyle supports were used as indirectly fixed buffers to avoid over-fixation, but, at
the same time, to limit the allowed condylar excursion in both the x- and y-direction of
the model to allow for natural strain of the mandible. These fixtures were modelled as
rectangular blocks with the condylar shape subtracted, leaving a 2 mm layer in between the
condyles and the top surfaces [34]. The tops of these condylar fixtures were fixed in the x, y,
and z directions and the analysed bite positions of the splints, i.e., incisal, left, and right
premolar unilateral or premolar bilateral, were fixed only in the z-direction to match the
bite force experiments. The contact set of cortical and cancellous portions of the mandible
were considered to be bonded, and thus one part, while a non-penetrating contact set was
implemented between the mandible and the condylar supports and splints. Loads were
applied to the muscle insertion surfaces using the prior determined Fx, Fy, and Fz muscle
force components (see Table 2 in Section 3).

Homogeneous linear elastic material properties were applied. The used Young’s
modulus and Poisson’s ratio were E = 14.700 MPa, ν = 0.3, and E = 300 MPa, ν = 0.3
for the cortical and cancellous bones, respectively [35]. The articular disc properties of
E = 44.1 MPa and ν = 0.4, as presented by Tanaka et al. [36] were used for the condylar
supports, while the PA12 splints were assigned E = 1.750 MPa and ν = 0.4.

Parabolic tetrahedral solid mesh elements were used to discretise the model due to
the complex anatomical shape of the mandible.

2.5. Subjects

Our workflow was applied to two male Caucasian subjects, 29 and 56 years old (y.o.),
who had voluntarily undergone magnetic resonance imaging (MRI) scanning for prior
research and were still available for further experiments. No subject selection was applied.
Both subjects had complete and well-preserved dentitions with normal occlusions and no
missing teeth apart from the third molars. None of them had clear signs of periodontal
disease, pain in the temporomandibular joint or jaw muscles, or movement restrictions.
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3. Results
3.1. Muscular Model

Both subjects’ CSAs were measured longitudinally along each muscle’s determined
force vector. The largest CSAs were registered as listed in Table 1. The 29 y.o. subject’s
mean CSAs for the masseter superficialis, masseter profunda, pterygoideus medialis, and
temporalis muscles were 4.31 [cm2], 2.86 [cm2], 3.37 [cm2], and 6.92 [cm2], respectively,
whereas the 56 y.o. subject had slightly larger CSAs of 5.47 [cm2], 2.77 [cm2], 3.98 [cm2],
and 7.13 [cm2], respectively.

Table 1. An overview of both subjects’ measured maximum cross-sectional areas per muscle.

Subject 1, 29 y.o. Subject 2, 56 y.o.
Muscle CSA [cm2]

Right Left Mean Right Left Mean

Masseter superficialis 4.64 3.97 4.31 5.17 5.76 5.47
Masseter profunda 3.14 2.57 2.86 2.78 2.77 2.77

Pterygoideus medialis 3.34 3.40 3.37 4.02 3.93 3.98
Temporalis 7.49 6.34 6.92 6.55 7.72 7.13

The mean inter-observer variation between the corresponding muscle CSAs, delin-
eated and measured by the two observers, was 0.73 cm2 with an interclass correlation
coefficient (two-way mixed) of 0.91, indicating an excellent match of measurements by both
observers [28]. Since this study only includes measurements in two subjects, no further
statistical analysis was carried out.

The direction of each muscle, as described by the vector in between the centres of
gravity of the origin and insertion surfaces of each muscle, were found through the Fx,
Fy, and Fz components in Table 2. The FHP functioned as the x–y plane with its positive
x-axis pointing anteriorly, the positive y-axis pointing towards the left side of the mandible,
and the z-axis pointing cranially. The origin of the coordinate system was set where the
mid-sagittal plane coincided with the FHP.

Table 2. Both subjects’ muscle force vector components for the literature-based intrinsic strength
value (P = 37) and the determined patient-specific intrinsic strength values (P = 40.6 and P = 25.6).

P = 37 [N/cm2] P = 40.6 [N/cm2]

Muscle Laterality CSA
[cm2]

∑ Force
[N]

Force Components
[N]

∑ Force
[N]

Force Components
[N]

Su
bj

ec
t1

,2
9

y.
o.

x y z x y z
Masseter

superficialis
Right 4.64 171.76 53.22 24.07 161.52 188.27 58.34 26.39 177.05
Left 3.97 146.89 26.65 32.16 140.83 161.01 29.21 35.26 154.37

Masseter
profunda

Right 3.14 116.31 14.70 33.41 110.44 127.49 16.11 36.62 121.05
Left 2.57 95.07 6.12 30.67 89.78 104.21 6.71 33.62 98.42

Pterygoideus
medialis

Right 3.34 123.53 7.04 57.22 109.25 135.40 7.71 62.72 119.75
Left 3.40 125.71 11.28 61.27 109.19 137.80 12.37 67.16 119.69

Temporalis Right 7.49 277.18 139.94 55.13 232.82 303.83 153.40 60.43 255.20
Left 6.34 234.64 113.21 47.02 200.07 257.20 124.10 51.54 219.30

P = 37 [N/cm2] P = 25.6 [N/cm2]

Su
bj

ec
t2

,5
6

y.
o.

Masseter
superficialis

Right 5.17 191.15 57.11 33.41 179.33 126.83 37.89 22.17 118.99
Left 5.76 213.30 67.44 49.60 196.18 141.52 44.75 32.91 130.17

Masseter
profunda

Right 2.78 102.81 17.79 31.55 96.22 68.21 11.80 20.93 63.84
Left 2.77 102.48 14.36 39.58 93.43 67.99 9.53 26.26 61.99

Pterygoideus
medialis

Right 4.02 148.91 40.65 67.95 126.12 98.80 26.97 45.08 83.68
Left 3.93 145.27 35.12 60.36 127.39 96.39 23.30 40.05 84.52

Temporalis Right 6.55 242.46 82.58 53.03 221.71 160.87 54.79 35.19 147.10
Left 7.72 285.46 105.95 67.88 256.23 189.40 70.30 45.04 170.01
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3.2. Bite Force Experiments

A total of four different bite scenarios, each including five repetitions, were recorded
for each subject. All the recordings were uneventful while the subjects bit as hard as they
could. Only the incisal measurements demonstrated that the subjects experienced a certain
amount of insecurity or pain with the highest measured forces. The splints showed a good
fit and proved to offer comfortable dental protection while guiding the subject to bite at the
exact location that was used for the matching FEA. Each recording involved five repetitions
of the same bite position scenario. The highest peak bite force per bite scenario was used as
the maximum true in vivo bite capacity at the four specified bite locations.

All the bite forces are listed in Table 3. The ∑ F.Bite column in Table 3 describes
the resultant bilateral bite force and is the sum of the right and left peak force in the
bilateral experiment. The highest bite forces were registered in the 29 y.o. subject. The
maximum incisal bite was 189 [N] while the maximum unilateral measurement was 345 [N]
at the pre-molar location. This subject’s highest overall bilateral bite force out of the four
measurements was recorded as 474 [N] and thus considered the true maximum voluntary
bite force at the premolar location. Regarding the 56 y.o. subject, we recorded 79 [N], 248
[N], and 342 [N] as the highest incisal, unilateral premolar, and bilateral premolar bite forces,
respectively. In both our subjects, the registered bilateral bite forces were approximately 1.4
times (1.37 and 1.38) higher than the maximum voluntary unilateral measurements at the
same premolar position.

Table 3. Bite registrations through the bite force experiments (In vivo) and finite element analyses
(In silico). All the presented forces acted orthogonally to the Frankfurt horizontal plane. The boxed
values were matched to determine the PS intrinsic strength values.

Subject 1, 29 y.o.

Premolar Laterality Condyle

Bite Position ∑ F. Bite Right Left Incisal Right Left

In-vivo

Bilat. premolar 474 256 218 - - -

Premolar R 318 318 - - - -

Premolar L 345 - 345 - - -

Incisal 189 - - 189 - -

P = 37
[N/cm2]

In-silico

Bilat. premolar 432 241 181 - 392 330

Premolar R 426 426 - - 326 402

Premolar L 425 - 425 - 482 247

Incisal 339 - - 339 445 370

P = 40.6
[N/cm2]

Bilat. premolar 474 (0%) 264 (+3%) 210 (−4%) - 429 361

Premolar R 467 467 - - 357 440

Premolar L 466 - 466 - 528 270

Incisal 371 - - 371 488 405
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Table 3. Cont.

Subject 2, 56 y.o.

Premolar Laterality Condyle

Bite Position ∑ F.Bite Right Left Incisal Right Left

In-vivo

Bilat. premolar 342 195 147 - - -

Premolar R 197 197 - - - -

Premolar L 248 248 - - -

Incisal 79 - - 79 - -

P = 37
[N/cm2]

In-silico

Bilat. premolar 520 257 263 - 360 416

Premolar R 502 502 - - 280 515

Premolar L 510 - 510 - 453 333

Incisal 409 - - 409 415 473

P = 25.6
[N/cm2]

Bilat. premolar 342 (0%) 168 (−14%) 174 (+18%) - 241 276

Premolar R 333 333 - - 186 341

Premolar L 338 - 338 - 301 222

Incisal 271 - - 271 275 314

3.3. Finite Element Analyses

The first FEAs, four scenarios for both subjects, were set up with an intrinsic strength
value of P = 37 [N/cm2] and functioned as reference analyses for the subsequent inversed
determination of the true subject-specific intrinsic strength value for each subject. The
reaction forces, measured orthogonally to the FHP, are mentioned in Table 3 under “In
silico”, with P = 37 [N/cm2]. We observed that the intrinsic strength value used in these
reference analyses was lower than the 29 y.o. subject’s actual PS intrinsic strength, while it
was too high for the 56 y.o. subject.

The results of the bilateral pre-molar measurements were summed and we considered
the ultimate true bite capacity of the subject at the pre-molar location (∑ F.Bite). These
values were used to scale the total muscular system of the subject in the FEA. Once the right
amount of scaling was achieved, the unilateral and incisal bite scenarios were analysed. The
subject-specific P values were 40.6 [N/cm2] and 25.6 [N/cm2] for the 29- and 56-year-old
subjects, respectively. All the post-scaling results, including the joint reaction forces of the
TMJs, are presented in Table 3.

3.4. Maximum Mandibular Stress

When scaling the subjects’ muscular systems, FEA showed that the stresses occurring
in the mandible changed drastically for the 56 y.o. subject. Even though the location of the
maximum occurring stress did not change, the P = 37 [N/cm2] analysis showed an increase
in maximum stress compared to the calculated subject-specific intrinsic strength analyses
with P = 25.6 [N/cm2]. The maximum von Mises stresses were found in the unilateral right
premolar scenarios and occurred at the contralateral side around the mandibular oblique
line. The measured values were 63.8 [MPa] for P = 37 [N/cm2] compared to 42.3 [MPa] in
the matching P = 25.6 [N/cm2] scenario. Figure 3 visualises this comparison.
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Figure 3. Visualisation of the von-Mises stress occurring in all the FEA scenarios of our 56 y.o. subject.
Left to right: incisal, bilateral premolar, unilateral premolar right, and unilateral premolar left bite.

4. Discussion

We propose a contemporary method to determine the patient-specific intrinsic strength
value of the elevator muscles of the mandible. Furthermore, we show how to patient-
specifically approximate the value of the individual mandible elevator muscles in a non-
invasive manner by combining the MRI volumetric data, bite force measurements, and 3D
finite element analysis simulations.

We derived the CSAs of the elevator muscles of the mandible through an indirect 3D
slicing approach. We did, however, choose to apply the single-slice measurement approach
to the temporalis muscle, as suggested by Weijs and Hillen [27]. This was due to the
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muscle’s complex fan shape, which makes it challenging to discriminate a single slice in
space with the highest CSA. Our two subjects’ values correlate well with the CSAs found
in the literature [22,26,37,38]. Our approach of determining a CSA for both the masseter
superficialis and the masseter profunda separately, instead of the masseter as a single unit,
resulted in a slightly larger total CSA due to the different angles at which the CSAs were
measured for both muscle sections. This separation of both muscle sections is important
since it results in two different insertion areas and thus different mechanical arm lengths,
which have been found to have more impact than CSA variation [39]. This effect is most
pronounced in the masseter muscle, so a case can be made that dividing the remaining
elevator muscles would only impact the model’s accuracy marginally. Although several
authors subdivided the temporal muscle into two or three sections, no clear anatomical
separation could be observed between such portions, making the temporal multiple force
vectors rather arbitrary in those cases [10,22]. Koolstra et al. [21], on the other hand, were
successful and described a clear method on how to divide the temporal muscles into
three sections.

An observation we made was the ratio between the total in vivo bilateral and unilat-
eral bite force measurements. In both our subjects, the registered combined bilateral
forces were approximately 40% (37% and 38%) higher. Several studies support this
observation [33,40,41]. The majority of the available bite force measurements describe
the molar bite positions. We also ran comparative analyses to determine the maximum
theoretical bite forces for our subjects’ molar positions using the muscular models with
the patient-specific intrinsic strengths. The results from these analyses were corrected
for unilateral bite using the aforementioned unilateral to bilateral ratio which should, by
approximation, match the subjects’ bite capacities. The FEA shows maximum corrected bite
forces at the second molar position of around 365 N for the 56-year-old subject and around
613 N for the 29-year-old subject. These values lie within the range of healthy adults with
natural teeth [41,42]. Bakke et al. described a normal incisal bite force of 120–240 [N] [43].
Our youngest subject’s measures are within this range, whereas the measured force for the
other subject appears rather low. Our subjects noted that regardless of the used splints,
the incisal bite capacity was limited by a pain sensation around the teeth. According to
our simulated incisal bite scenarios, based on the measured bilateral premolar bite, both
our subjects should have been able to generate a higher bite force at the incisal position,
as high as 271 and 371 [N] (Table 3). This suggests a biological inhibition which could
be caused by signals from the receptors in the periodontal ligaments and mandible. This
can inhibit muscle recruitment and thereby limit the generated bite force to prevent the
anatomical structures from overloading [44]. The effect of local anaesthesia on the increase
in bite force supports this thought [32,45]. We presume this has a greater effect on the
incisal elements than on the (pre)molar elements due to their much smaller periodontal
load-bearing surface, resulting in higher technical stress.

The current generally accepted intrinsic strength P values for the jaw elevator muscles
in the literature are 37 and 40 [N/cm2] [19,21]. In our study, we derived P values in a
subject-specific manner from FEA simulations, i.e., 25.6 and 40.6 [N/cm2] for the 56- and
29-year-old subjects, respectively. Since the MRIs were performed in maximum occlusion,
our CSA measurements were performed on the corresponding muscle lengths. The bite
force measurements were, however, registered at the physiologically optimum muscular
length. Assuming a constant muscular volume results in an over-approximation of the
CSAs, thus giving an under-approximated intrinsic strength value. Weijs and Hillen [19]
observed this as well in their experiments and suggested a gross correction. If one assumes
constant muscular volume between occlusion and the physiologically optimum muscular
length, a change in CSA can be calculated using the measured change in muscle length.
Applying a correction factor of 10% and 15%, the measured mean muscle length difference
between the occlusion and slightly opened mandible positions for our subjects resulted in a
corrected P-value of 27.1 and 46.6 [N/cm2] for the 56- and 29-year-old subjects, respectively.
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This can be easily overcome for future cases by providing the subjects with splints that
force the physiologically optimum mandibular muscular length while performing the MRI.

Even though our determined subject-specific intrinsic strength values correspond
rather well with the values found in the literature, they show a broad variation between our
subjects. This variation implies the necessity to determine the patient-specific capacity of
the muscular system of the mandible. Our 56 y.o. subject’s mandibular stress values were
63.8 [MPa] for P = 37 [N/cm2] versus 42.3 [MPa] in the corresponding P = 25.6 [N/cm2]
scenario. In this case, the P = 37 [N/cm2] intrinsic strength, as was suggested in the
literature, would have resulted in an overestimation of the muscular forces, leading to a
stress increase of 51% in the analysis. Using the model to, e.g., design a PS implant or (TMJ)
prosthesis, could result in a radical overestimation, i.e., too bulky or thick designs, of the
final implant. Such overestimations lead to PS implants that are much stiffer than necessary
which, in turn, is likely to result in stress shielding of the surrounding bone and could
subsequently lead to screw loosening due to stress shielding-induced bone resorption [8].
Our 29 y.o. subject’s corrected determined intrinsic strength is approximately 25% higher
than that suggested in the literature. We simulated the reconstruction of a segmental defect
in the mandible and found a comparable increase in the reconstruction plate’s maximum
occurring stress. Depending on the applied alloy and the actual maximum occurring stress
value in the plate, this 25% stress increase could mean a decrease in a plate’s life span of
10,000 to several million cycles [46], which would mean less than a week to several years of
intensive loading [47].

We realise that following the protocol suggested by this study, as well as determining
patient-specific intrinsic strength values, is time consuming and will therefore not always fit
in with the scheduled treatment of a patient. Hence, future studies should aim to optimise
and automate parts of the methods used in the protocol described herein. For example, the
delineation of the separate muscles is rather time consuming and could be overcome by
applying a (semi) auto-segmentation tool. Another suggestion would be to simplify the
bite force measurements by using a commercially available tool.

The variation in determined intrinsic strength values for our subjects in the current
proof of concept implies that true clinical intrinsic strength determination is complex and
dependent on multiple factors instead of merely the CSA of a muscle. With the results of
our small cohort, presented here, we do not suggest a new general intrinsic strength value
to replace the currently accepted P = 37 and 40 [N/cm2] values [19,21]. We did, however,
observe the deviation between these values and the values we determined in this study,
as well as the variation we found between our subjects. Therefore, it appears necessary
to determine the intrinsic strength in a PS manner when critical biomechanical models or
simulations are performed.

In the near future, we aim to start a study in which PS intrinsic strength determinations,
as presented here, will be carried out for a large group of patients as part of the clinical
evaluation. We aim to further study the spread of individual intrinsic strength values
and to conclude if the intrinsic strength should indeed be calculated patient-specifically in
all cases.

5. Conclusions

Despite using a small cohort in this proof of concept study, we show that there is
great variation between our subjects’ individual muscular intrinsic strength. This variation,
together with the difference between our individual results and those presented in the
literature, emphasises the value of our patient-specific muscle modelling and intrinsic
strength determination protocol to ensure accurate biomechanical analyses and simulations.
Furthermore, it suggests that average muscular models may only be sufficiently accurate
for biomechanical analyses at a macro-scale level. A future larger cohort study will put the
patient-specific intrinsic strength values in perspective.
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Abstract: As 2D quantitative measurements are often insufficient, a standardized 3D quantitative
measurement method was developed to analyze mandibular condylar fractures, and correlate the
results with the mandibular condylar fracture classifications of Loukota and Spiessl and Schroll
and clinical parameters. Thirty-two patients with a unilateral mandibular condylar fracture were
evaluated using OPT, 2D (CB)CT images, and 3D imaging to measure the extent of the fractures. The
maximum mouth opening (MMO) was measured. Ramus height loss could be measured only in OPT,
but not in 2D CT images. The Intraclass Correlation Coefficient was excellent in the 3D measurements.
In the Loukota classification, condylar neck fractures had the largest median 3D displacement and
the highest rotations of the fracture fragments. The largest fracture volume was observed in base
fractures. According to the Spiessl and Schroll classification, type V fractures had the largest median
3D displacement and the highest rotation in the X-axis and Z-axis. Type I fractures had the largest
fracture volume. We found a moderate negative correlation between MMO and 3D displacement
and rotation on Z-axis. The 2D quantitative analysis of condylar fractures is limited, imprecise, and
not reproducible, while quantitative 3D measurements provide extensive, precise, objective, and
reproducible information.

Keywords: mandibular fractures; mandibular condyle; three-dimensional imaging; classification; diagnoses

1. Introduction

Fractures of the condylar process represent 29–52% of all mandibular fractures. How-
ever, there is a lack of consensus on treatment of these fractures [1–5]. Generally speaking,
practitioners chose one of two treatment modalities for condylar fractures: surgical (open)
treatment or conservative (closed) treatment [4,6]. The choice of treatment modality can be
based on the classification and characteristics of the fracture [4], but in practice, this choice
is usually based on the training, experience, and skills of the surgeon. To overcome these
differences in approach, several classification systems for condylar fractures have been
proposed [7–10], of which the classifications of Loukota [11,12] and Spiessl and Schroll [13]
are the most widely used.

To diagnose and classify condylar fractures, practitioners frequently use conventional
two-dimensional (2D) imaging, such as panoramic radiographs (OPT) and Towne pro-
jections. Based on these radiographs, fracture characteristics such as ramus height loss
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and deviation of the condylar head are measured to decide on the preferred treatment
modalities [14–17]. However, Kommers et al. [18] questioned the reliability of measuring
the ramus height loss of fractures of the condylar process on OPT. Additionally, others
showed that measurements on conventional 2D imaging are highly observer dependent
and vary with patient positioning when taking X-rays [19–23].

Despite the efforts of several authors, no consensus has been reached on clinically
relevant universal classification and subsequent treatment choices of condylar fractures.
This situation continued even after the introduction of computed tomography (CT) [7,9,24].
Such a classification is needed because the description of condylar fractures is currently
dependent on 2D slices of CT images, while the availability of conventional 2D images
such as OPT and Towne is rapidly declining due to the introduction of low dose CT and
the conebeam CT (CBCT) [7]. Even though CT and CBCT can display the anatomy in 3D,
most CT data are still viewed in 2D slices. A major drawback of the use of 2D CT images is
that the assessment of condylar fractures with this type of radiograph is also dependent
on the skills of the clinician who analyses these 2D CT images and can vary depending on
the CT characteristics such as resolution, slice thickness, and field of view [7]. Moreover,
measurements such as the estimated loss of ramus height and deviation of the condylar
head are not reliable if they are based on 2D CT images [7].

Nowadays, quantitative three-dimensional (3D) CT measurements are used for diagno-
sis and classification of fractures of the tibial plateau, acetabulum, and radial heads [25–28].
These measurements have been proven reliable and have provided insight into the mul-
tidirectional aspects of these fractures based on this detailed information about fracture
extent [25–27]. Therefore, the aim of this study was to develop a standardized 3D quantita-
tive measurement method for mandibular condyle fractures with high inter-user reliability,
to correlate the obtained results with the Loukota [11,12] and Spiessl and Schroll [13] classi-
fications and with clinical parameters as ramus height loss and maximum mouth opening.

2. Materials and Methods
2.1. Study Population

All consecutive patients that were diagnosed with a unilateral mandibular condylar
fracture with or without concomitant other mandibular fractures at University Medical
Center Groningen between 2015 and 2018 were reviewed. Patients whose diagnosis was
confirmed with CBCT or CT with a maximum slice thickness of 1 mm were included.
Exclusion criteria were a bilateral condylar fracture and unavailability of a diagnostic CT
or CBCT scan. This study was conducted according to the guidelines of the Declaration of
Helsinki. There is no file number of the medical ethical committee as it is a retrospective
study that analyses anonymous CT data from our center only. The default is that this does
not require a review board statement.

2.2. Fracture Classification and Clinical Parameters

To classify the condylar fractures, based on the preoperative standard 2D format CT
or CBCT scans in axial, coronal, and sagittal reconstructions, the classifications according
to Loukota [11,12] and Spiessl and Schroll [13] were used.

Due to the retrospective nature of this study, not all 32 eligible cases were completely
documented with respect to clinical parameters. maximum mouth opening (MMO) measure-
ments (from incisor to incisor) were available from 20 patients. These measurements consisted
of MMO scores in mm on the same day (±1 day) that the CT or CBCT scan was taken.

In patients whose OPT and/or Towne projections were taken at the same time as the
CT scan (±1 day), 2D measurements were made of ramus height loss and deviation of the
fracture. Ramus height loss (2D measurement) was measured in millimeters, and deviation
was measured in degrees according to the method described by Palmieri et al. [17].
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2.3. Segmentation and 3D Model

Of all included patients, the CT or CBCT files were imported into the Mimics Medical
software package (Version 21.0, Materialise, Leuven, Belgium) to create a 3D bone model of
the skull and each part of the fractured mandible. The segmentation process was performed
using a default bone threshold (Hounsfield Unit ≥ 226) followed by manual optimization
by a trained observer (E.-O.B). All the segmented models were given a different color
(Figure 1).

Figure 1. A 3D representation of a segmented fractured condyle (red) and mandible (blue), which is
based on the CT scan, superimposed on the CT slices.

Next, the condylar fracture was virtually reduced to its anatomical position in
3-matic Medical (version 13.0; Materialise, Leuven, Belgium). As a guide for reduction, the
contralateral non-fractured side was mirrored and aligned with the affected side (Figure 2).

Figure 2. Workflow of virtual reduction in the fracture using a 3D model. (A) segmented condylar
fracture fragment (green) from the mandible (blue); (B) template mirrored from non-fractured
contralateral condyle; (C) fractured condyle is aligned according to the template; (D) virtually
reduced model with the fracture fragment after reduction (orange).
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2.4. The 3D Measurements

To measure the condylar fracture extent, the following new 3D measurements were used:
3D displacement, the volume of the fracture fragment and the rotation of the fracture fragment.

The 3D displacement. The 3D displacement of the fracture is the difference between
the fractured and the reduced position of the condyle. This was assessed using 3-matic
Medical and Matlab (R2014B, Mathworks, Natick, MA, USA) software. The extent of
displacement/dislocation of the fragment(s) of the condyle was determined by calculating
the 3D displacement along the X, Y, and Z axes. To calculate the 3D displacement, the
fracture was virtually reduced in the 3D model, as described above (Figure 2). For each
point on the surface of the 3D model, a difference in Euclidian distance between the
fractured and reduced position was calculated in millimeters (mm). This 3D displacement
of each part of the fragment is presented as a distance map in Figure 3, and was calculated
as follows:

3D displacement =
∑n

i=1(Sur f acei∗ displacementi)

∑n
i (Sur f acei) + Nondisplaced sur f ace

Figure 3. Measurements of ramus height loss and 3D displacement. (a) Ramus height loss measure-
ment on panoramic: Loss of vertical height is the difference between non-fractured (A’–B’) side and
fractured side (A*–B*). The 3D displacement of fractured condyle fragment after (orange) (b) and
before (green) (c) virtual reduction. The two fragments (d) were imported into MATLAB software,
after which a quantitative map of the displacement was calculated (e).
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2.5. Volume of Fracture Fragment

The volume of the fracture fragment is the actual size of the fractured part of the
condylar process. It was calculated in cubic millimeters (mm3) using 3-matic Medical.

The 3D rotations. The 3D rotation is a rotation of the fractured fragment of condyle
in the X, Y, and Z axes. This was assessed using the same software (3-matic Medical and
Matlab). This measurement was calculated in degrees (◦). Because the orientation of the
mandible within the original CT scan is greatly influenced by the positioning of the patient
in the scanner, a standardized axis was defined using three landmarks on the bilateral
lingulae of the mandible (Figure 4). This method has good reproducibility [29].

Figure 4. Defined standardized axis of the mandible (A). The axes was defined by using three points:
The uppermost part of left lingual (B) and the uppermost and lowermost parts of the right lingula (C).

Deviation in axial alignment was described as the rotation difference along the Y-axis
between the fragment and its original position, whereas the rotation difference along the
Y-axis described the deviation in coronal alignment (Figure 5).

2.6. Reproducibility and Statistical Analysis

The condylar fractures were classified by two independent observers (E.-O.B and
R.R.M.B.). Consensus was reached after discussion, without need of a third observer.
Ramus bone height loss (2D) was measured by the same observers on the OPT.

3D displacement and 3D rotation were measured by one observer first (E.-O.B) in
all 32 included patients. To assess the reproducibility, the 3D measurements were then
performed by another independent observer (N.A.) in 10 patients, selected by E.-O.B, so
that all types of condylar fractures were represented.

All statistical analyses were performed using IBM SPSS Statistics for Windows, Version
23.0 (Armonk, NY, USA: IBM Corp.) software. Reproducibility was calculated using the
Intraclass Correlation Coefficient (ICC), with a two-way random, single-measurement
model with the absolute agreement.

Normality of the data distribution was tested with the Kolmogorov–Smirnov test,
and median and interquartile range (IQR) were reported for not normally distributed
variables, and means and standard deviation (SD) for normally distributed variables. The
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Kruskal–Wallis test was used to compare the results of the measurements (MMO, ramus
height loss, and 3D) with the fracture classifications (Loukota and Spiessl and Schroll). The
correlation between MMO and measurements (ramus height loss and 3D) was determined
using Spearman’s correlation test. Statistical significance was set at p < 0.05.

Figure 5. Fracture alignment in three views: (a) anterior–posterior, (b) medio–lateral, and (c) cranial–
caudal. X (red), Y (green), and Z (blue) axes are shown in different colors.

3. Results
3.1. Descriptives

In total, 32 patients with unilateral condylar fractures met the inclusion criteria. Me-
dian age was 29 (21;50) years, and 23 (72%) patients were male. In total 9 patients (29%) had
condyle fractures concomitant with other mandibular fractures: parasymphyseal (n = 7),
body (n = 1), and angle (n = 1). The median number of fracture fragments of the condyle
was 1 (1;3). The mean MMO was 22.0 ± 7.6 mm. A Towne projection was not available for
any of the 32 included patients, so measurement of deviation was not possible; OPT were
available for 8 patients.

According to the Loukota classification of condylar fractures, 9 patients had diacapitu-
lar fractures (type A, n = 4; type B, n = 3, type C, n = 2), 5 patients had neck fractures, and
18 patients had base fractures. According to the Spiessl and Schroll classification, 9 patients
had non-displaced fractures of the condyle (type I, n = 9), 8 patients had low condylar
fractures with displacement (type II, n = 8), 6 patients had low condylar fractures with
dislocation (type IV, n = 6), 3 patients had high condylar fractures with dislocation (type V,
n = 3), and 6 patients had intracapsular or diacapitular fractures (type VI A, n = 4; VI B,
n = 2). The type III fracture was not observed in this study.

The median (IQR) of the overall 3D displacement of the condylar fractures was 5.3 mm
(2.3;8.6). Median of the rotations for the fractures was: X-axis, 5.4◦ (−1.3;59.1); Y-axis,
−0.8◦(−9.2;4.5); Z-axis, 4.8◦ (1.1;12.0).

Eight of 32 patients had a pre-operative OPT, and ramus height loss was measured in
these patients only. Median loss of height was 5.7 mm (1.6;8.2).
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3.2. Reproducibility

The Intraclass Correlation Coefficient (ICC) for the validation of the Loukota classifi-
cation was 0.98 (95% CI, 0.96;0.99), and of the Spiessl and Schroll classification was 0.99
(95% CI, 0.93;0.98).

The ICC for reproducibility of the ramus height loss (2D) measurement was 0.86 (95%
CI, 0.45;0.97) between the two observers.

The ICC for 3D displacement measurement was 0.98 (95% CI, 0.86;0.99), and the
fracture rotation measurements were X-axis 0.99 (95% CI, 0.96;0.98), Y-axis 0.96 (95% CI,
0.84;0.99), and Z-axis 0.98 (95% CI, 0.95;0.99).

3.3. Clinical Parameters by Diacapitular Fractures (Loukota Classification)

In total nine patients had diacapitular fractures of the mandibular condyle: four
patients had type A fractures, three patients had type B fractures and two patients had type
C fractures. Because no OPT was available, ramus height loss was could not be measured
in any of the diacapitular fractures. MMO was scored higher in type A (n = 4, 24.5 mm)
and type B (n = 2, 26.5 mm) fractures and lowest in type C fractures (n = 1, 9.0 mm).

3.4. The 3D Measurements by Diacapitular Fractures (Loukota Classification)

The larger 3D displacement was measured in (n = 2, 10.3 mm) type C fractures followed
by type A (n = 4, 8.3 mm) and type B (n = 2, 1.3 mm) fractures. The type C diacapitular
fractures had greater rotation on the X and Z axis (n = 2, 25.8◦, and 13.8◦) compared to type
A (n = 4, 10.2◦, and 7.5◦) and type B (n = 2, 1.3◦, and 4.1◦) fractures. The mean volumes of
the fracture fragments were 693 mm for type A fractures, 851 mm3 for type B fractures and
761 mm3 for type C fractures.

3.5. Clinical Parameters by Condylar Process Fractures (Loukota Classification)

Ramus height loss was measured only in the condylar base fractures (n = 8); and the
median was 5.7 mm (16;8.2). Therefore, no comparison between the classes was performed.

MMO was documented in 21 patients with condyle fractures, consisting of diacapitular
fractures (n = 7), neck fractures (n = 4), and base fractures (n = 10). Higher mean MMO was
observed in the base fractures (24.1 mm) and diacapitular (22.2 mm) fractures, and lower
mean MMO in the neck fractures (16.5 mm) fractures (Table 1).

Table 1. Measurements according to the Loukota classification.

Variables Diacapitular
Type A

Diacapitular
Type B

Diacapitular
Type C

Diacapitular
Overall Neck Base p Value *

MMO
[mm; mean ± SD] 23.5 ± 10.9 26.5 ± 12.0 9.0 22.2 ± 10.9 16.5 ± 5.0 24.1 ± 4.9 0.235

Ramus height loss
[mm; median
(IQR)]

- - - - - 5.7 (1.6;8.2) -

3D displacement
[mm; median (IQR)] 8.3 (3.7;12.1) 1.3

(0.0;1.3) 10.3 (8.8;10.3) 6.1 (2.1;11.2) 10.7 (2.8;15.1) 5.0 (1.9;5.9) 0.117

Rotation [degrees;
median (IQR)]

X 10.2 (2.2;15.8) 1.6
(0.0;1.6)

25.8
(19.9;25.8) 5.8 (1.1;18.1) 6.3 (1.9;35) 4.5 (2.1;4.5) 0.880

Y −9.8
(−10.1;−3.5)

0.9
(0.6;0.9) −1.5

(−2.1;−1.5)
−1.5
(−9.8;0.7)

−3.6
(−17.6;18.3)

−0.1
(−1.5;7.9) 0.498

Z 7.5 (4.8;10.8) 4.1
(2.6;4.1) 13.8 (6.8;13.8) 6.8 (4.4;10.5) 19.7 (0.4;64.6) 2.1 (0.4;9.0) 0.187

Volume
[mm3; mean ± SD] 693 ± 440 851 ± 201 761 ± 72 761 ± 298 2140 ± 626 2226 ± 571 0.001

* Based on the Kruskal–Wallis test. Abbreviations: Max Mouth Opening (MMO), interquartile range (IQR),
standard deviation (SD), and millimeters (mm).
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3.6. The 3D Measurements of Condylar Process Fractures (Loukota Classification)

Condylar neck fractures had the largest median 3D displacement (n = 5, 10.7 mm)
compared to the diacapitular (n = 9, 6.1 mm) and base fractures (n = 18, 5.0 mm) of the
condyle, but a statistically significant difference was not observed between the classes.

Condylar neck fractures had the highest median rotation on all three axes; X-axis
6.3◦, Y-axis −3.6◦ and Z-axis 19.7◦. The rotation of the fracture fragments did not differ
between the Loukota classes. The mean volume of the fracture fragment was as follows:
diacapitular 761 mm3, neck 2140 mm3, and base 2226 mm3. A significantly larger volume of
the fragment was observed in base fractures compared to diacapitular and neck fractures.

3.7. Clinical Parameters According to the Spiessl and Schroll Classification

The ramus height loss was measured in following fracture types only: type I, II, and IV.
High loss of ramus was measured in type IV fractures (n = 4, 8.1 mm) and type II fracture
(n = 1, 6.2 mm) whereas low in the type I fractures (n = 3, 1.0 mm).

MMO was measured in 21 patients. Higher MMO was measured in type II (n = 3,
25 mm) and type IV (n = 5, 25 mm) fractures, followed by type VI A (n = 4, 24.5 mm), type I
(n = 6, 23 mm), type VI B (n = 1, 18 mm), and type V (n = 2, 12 mm).

3.8. The 3D Measurements According to the Spiessl and Schroll Classification

The largest median of 3D displacement was observed in type V (n = 3, 11.9 mm)
fractures followed by type VI A (n = 4, 8.3 mm), type IV (n = 6, 6.8 mm), type II (n = 8,
5.4 mm), type VI B (n = 2, 3.5 mm), and type I (n = 9, 2.3 mm). The 3D displacement differed
significantly in between the fracture types.

The highest rotation on X and Z-axis was observed in the type V fractures (31.8◦,
20.8◦). Type IV fractures had the highest rotation on Y-axis (−13◦). Fracture rotation varied
in the other types of condylar fractures (Table 2). Significantly higher fracture rotations
were observed in the type V fractures (X and Y-axis).

Table 2. Measurements according to the Spiessl and Schroll classification.

Variables Type I Type II Type IV Type V Type VI A Type VI B p Value *

MMO
[mm; mean ± SD] 23.5 ± 6.7 26.3 ± 6.1 21.4 ± 7.1 12.0 ± 4.2 23.5 ± 10.9 18.0 0.354

Ramus height loss
[mm; median (IQR)] 0.143

3D displacement
[mm; median (IQR)] 2.3 (1.3;4.1) 5.4 (2.0;6.2) 6.8

(4.6;11.2)
11.9

(8.8;11.9)
8.3

(3.7;12.1) 3.5 (1.3;3.5) 0.013

Rotation [degrees;
median (IQR)]

X 2.4 (0.7;4.5) 4.3 (1.7;8.4) 9.4
(5.3;13.0)

31.8
(19.9;31.8)

10.2
(2.2;15.8) 1.0 (0.0;1.0) 0.021

Y 0.1
(−2.6;1.9)

6.3
(−6.7;11.9)

−13.0
(−16.4;−2.0)

0.0
(−2.1;0.0)

−9.8
(−10.1;−3.5) 3.9 (0.6;3.9) 0.031

Z 1.4 (0.4;3.1) 5.8
(0.3;14.6)

8.6
(0.3−24.2)

20.8
(6.8;20.8)

7.5
(4.8;10.8) 4.8 (2.6;4.8) 0.173

Volume
[mm3; mean ±SD] 2291 ± 826 2151 ± 392 1950 ± 575 1244 ± 838 693 ± 440 793 ± 247 0.002

* Based on the Kruskal–Wallis test. Abbreviations: Max Mouth Opening (MMO), interquartile range (IQR),
standard deviation (SD), and millimeters (mm).

The largest mean volume of the fracture fragment was observed in type I (2291 mm3)
and the smallest volume in VI A (693 mm3) fractures. A significant difference was observed
between the fracture types.

3.9. Correlations between Clinical Parameters and 3D Measurements

The correlations between MMO and ramus height loss and 3D measurements are
shown in Table 3. A statistically significant negative correlation was observed between
MMO and 3D displacement (−0.41, p = 0.05), and rotation in the Z-axis (−0.560, p = 0.01).
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Table 3. Correlation between maximum mouth opening (MMO) and parameters.

Parameters
MMO

Spearman’s Correlation
Coefficient p Value

Ramus height loss 0.57 0.23
3D displacement −0.41 0.05 *

Rotation X-axis −0.27 0.23
Y-axis −0.54 0.82
Z-axis −0.56 0.01 *

Volume −0.12 0.59
* Statistically significant results (Spearman’s correlation). Abbreviations: Max Mouth Opening (MMO).

4. Discussion

The quantitative 3D CT measurement method we have described here expands the
classification by Loukota and Spiessl and Schroll quantitatively. This 3D method pro-
vides precise and detailed information about fractures of the condylar process, and the
reproducibility is excellent.

In a previous study, the repeatability of the 2D measurement of ramus height loss
measurement was reported to be excellent using OPT [18]. In our study, however, the 2D
reproducibility was good only for ramus height loss measured on OPT. This discrepancy
could be related to the difficulty in finding the highest point (reference point) of the condylar
head in the fractured side on an OPT in case of severely displaced and dislocated fractures
(Figure 2) due to rotational movements of the fracture fragments.

Measurement was impossible on 2D reconstructed CT and CBCT images, which was
previously reported by Neff et al. [7]. Our study supports this finding. Results varied
depending on the slices which were chosen for the measurements. Ramus height loss can
be measured on the OPT with only fair reproducibility. Moreover, this provides limited
information about fracture severity. In contrast to ramus height loss measurement based
on OPT images, the 3D displacement measurements of the fracture of the condylar process
are precise and hardly observer dependent.

To the best of our knowledge, this study provides the first objective description of
reproducible measurement of displacement and rotation of any condylar fracture. We found
the largest fracture 3D displacement and rotations in the condylar neck and diacapitular
fractures according to the Loukota classification, and in the dislocated high condylar and
diacapitular fractures without loss of ramus height according to the Spiessl and Schroll
classification (type V and type VI A). A possible explanation could be the attachment of
the lateral pterygoid muscle to the condylar neck and condylar head. Although the 3D
measurements are precise, objective, and reproducible, it is not known at this point whether
the large 3D displacement and rotation of the condylar neck and diacapitular fractures
are clinically relevant or not. To answer this question a prospective study that takes into
account additional clinical variables such as lateral excursion of mandible, pain, as well as
mandibular function impairment, is needed.

Limitations of this retrospective study were missing data about MMO as well as Towne
projections and OPT. Within these limitations, we found a low negative correlation between
MMO and 3D displacement and moderate correlation with rotation on the Z-axis. A possible
interpretation is that the 3D displacement or rotation on the Z-axis, regardless of fracture
classification, might be inversely related to the mouth opening. As this mouth opening was
measured when the CT scans were taken, i.e., shortly after trauma, the importance of this
initial mouth opening parameter to the final functional outcome is unclear.

Compared to the Spiessl and Schrol classification of condylar fractures, the classifica-
tion of Loukota et al., which was proposed as an aid for making treatment decisions [12], is
simplified. For example, Loukota does not take displacement, dislocation, and deviation of
the fractures into account, whereas these aspects are included in the Spiessl and Schroll
classification. Another consideration is that many languages do not differentiate between
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displacement and dislocation, which makes it difficult to translate these terms. Therefore,
these two concepts must be clearly defined: dislocation means that the condyle is outside
the fossa; displacement indicates the separation between the fracture fragments [6]. Based
on the 3D measurements, it is possible to quantify the dislocation, displacement, and
deviation in the X, Y, and Z-axes.

With regard to the validation of the Loukota classification, disagreement between
the observers occurred with two condylar fractures. The first observer judged these two
fractures to be a base fracture, whereas the second observer judged them to be a neck
fracture of the condyle. Regarding the classification of Spiessl and Schroll, the disagreement
also occurred with the same patients. The disagreement involving the first fracture was
due to a discrepancy in assessing low and high condylar fractures, which was a similar
problem with the Loukota classification (neck and base). The disagreement on the second
fracture regarding the classification results from a discrepancy in assessing type I and type
II displacement of the condylar fractures. There is no clear objective cut-off between these
two types. Similar disagreement on the assessment of the condylar fracture classification
was reported previously regarding neck and base fractures [30]. Together with the clas-
sification systems of Loukota and Spiessl and Schroll, the results from the quantitative
3D measurements in the present study have contributed to the objective description of
condylar fractures.

The volume measurement of the fragment(s) of condylar fractures has not yet been
included in any classification. This measurement not only enables visualization of the frag-
mentation but also provides information about the extent and inter-fragmentary stability of
the fracture. It also allows an estimation of the dimensions of the osteosynthesis materials
to be chosen for fixation. Although these measurements can now be performed with the
3D method, it is unclear whether this would be helpful in the clinical setting.

5. Conclusions

The quantitative 3D measurements provide precise, objective, and reproducible in-
formation about the condylar fracture with regard to volume, dislocation, and rotation
of fragments, with excellent reproducibility. The quantitative 3D measurements enable
surgeons to classify the fractures more exactly in accordance with the classification of
Loukota and Spiessl and Schroll. Further research should be conducted with 3D quantita-
tive measurements to determine if this method could be used to support treatment choice
and, more importantly, to predict the functional outcome of condylar fractures.
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Abstract: In our clinic, the current preferred primary treatment regime for unilateral condylar
hyperactivity is a proportional condylectomy in order to prevent secondary orthognathic surgery.
Until recently, to determine the indicated size of reduction during surgery, we used a ‘panorex-
free-hand’ method to measure the difference between left and right ramus heights. The problem
encountered with this method was that our TMJ surgeons measured differences in the amount to
resect during surgery. Other 2D and 3D method comparisons were unavailable. The aim of this
study was to determine the most reproducible ramus height measuring method. Differences in
left/right ramus height were measured in 32 patients using three methods: one 3D and two 2D.
The inter- and intra-observer reliabilities were determined for each method. All methods showed
excellent intra-observer reliability (ICC > 0.9). Excellent inter-observer reliability was also attained
with the panorex-bisection method (ICC > 0.9), while the CBCT and panorex-free-hand gave good
results (0.75 < ICC < 0.9). However, the lower boundary of the 95% CI (0.06–0.97) of the inter-observer
reliability regarding the panorex-free-hand was poor. Therefore, we discourage the use of the panorex-
free-hand method to measure ramus height differences in clinical practice. The panorex-bisection
method was the most reproducible method. When planning a proportional condylectomy, we advise
applying the panorex-bisection method or using an optimized 3D-measuring method.

Keywords: precision; condylar resection; unilateral condylar hyperplasia; hemimandibular
hyperplasia; hemimandibular elongation; cone-beam computed tomography; panoramic radio-
graphy; imaging; 3D virtual surgical planning

1. Introduction

Unilateral condylar hyperactivity (UCH) is a growth disorder which often results in
an asymmetrical presentation of the mandible. Obwegeser and Makek (1986) reported a
classification system to differentiate between hemimandibular hyperplasia, hemimandibu-
lar elongation, and a hybrid form of UCH [1]. UCH is the most common growth disorder of
the Temporo-Mandibular Joint (TMJ), yet the exact aetiology of UCH remains unclear [2].

The discrepancy in growth activity can be shown with Single Photon Emission Com-
puted Tomography (SPECT). Saridin et al. described that a difference of more than 10%
between both condyles can be seen as a significant growth differential between the left
and right. This can possibly be used as a cut-off point to determine if surgery, i.e., a
condylectomy, is needed [3].

One of the treatment options is performing a high condylectomy and orthognathic
surgery concurrently. This can lead to good aesthetic and functional results [4]. Another
possibility is performing a condylectomy, thus avoiding the need for secondary orthog-
nathic surgery. In a high condylectomy, the most proximal part (at least 5 mm) of the
mandibular condyle is removed surgically. This will stop further growth on the affected
side, but the related remodelling of the facial asymmetry and occlusion reassurance is not
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predictable [5,6]. The height of the condyle removed during a proportional condylectomy
depends on the asymmetry, i.e., a larger discrepancy (e.g., 8 mm) in ramus height means
more (e.g., 8 mm) of the affected condyle will be removed. A proportional condylectomy
significantly reduces the need for secondary surgery compared with a high condylectomy
(15.8% vs. 90.9%) [7].

A recent systematic review also showed a tendency towards a proportional approach
to avoid secondary corrective orthognathic surgery [8]. Hence, our clinic prefers initially
performing only a proportional condylectomy on active UCH; the preoperative measure-
ment of the ramus height difference has to be performed in an exact and reproducible way.

A great variety of measuring methods exist in the current literature to determine
the vertical difference between the left and right ramus heights [9–14]. Previously, we
used the conventional lateral transpharyngeal contact radiography method described by
Parma [15] to determine the amount of condyle to resect. These radiographs are no longer
available for daily clinical practice, so we determine the resection amount from panorex
images. This is carried out ‘free-hand’, meaning a point is selected manually where the
surgeon thinks the gonial angle (Go) is located. This point is connected to the highest
point on the top of the condyle (Co). The distance in millimetres between these points
is considered the ramus height. Both sides are measured, and the difference between
the left and right, i.e., the amount to resect during the condylectomy, is determined. A
problem encountered in our clinic with this method is that the TMJ surgeons measure
different amounts to resect during surgery since this is not a validated procedure. Another
commonly used measuring method for ramus height with the panorex is the ‘bisection
method’, in which point Go is constructed by bisecting the angle between the tangent of
the lower and posterior borders [11–13,16].

Unfortunately, such two-dimensional measurements on a panorex have been reported
as leading to asymmetry under-diagnosis due to the angled projection of the panorex [17].
Hence, alternative planning tools need to be explored to determine the asymmetry more
precisely. De Bont et al. already presented Computed Tomography (CT) in 1993 as an
imaging modality to detect UCH [18]. Nolte et al. (2016) showed that measurements based
on three-dimensional data, using a Cone-Beam Computed Tomography (CBCT) scan, can
be used to quantify mandibular asymmetry [19]. However, the different two-dimensional
panorex measurements have not been compared with each other or compared with a
3D analysis.

We asked ourselves if it would be possible to add more reproducibility, i.e., precision
or reliability, to our daily practice by changing to a different measuring method. Hence, the
aim of this study was to objectify the most reproducible ramus height measurement method,
so that it does not matter who performs the measuring, or when. A 3D analysis method
based on CBCT data was developed and compared to the panorex-free-hand method, and
to the commonly used bisection method in the literature.

2. Materials and Methods

In order to evaluate the reproducibility of the 3 described measuring methods, we
selected a cohort of patients who had had both panorex (Planmeca, Helsinki, Finland) and
CBCT (Planmeca, Helsinki, Finland) scans within a short period of time: the pre-operative
data of the patients who had undergone orthognathic surgery between 2015 and 2018 were
analysed. Patients were only included if they met the following criteria:

• Older than 16 years of age;
• A panorex image where the condyle and the gonial angle are visible on both sides;
• A CBCT with a slice thickness of 0.4 mm.

The exclusion criterion was:

• Prior mandibular surgery.
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2.1. Two-Dimensional Methods

Two different independent measurements of the mandibular ramus height were per-
formed on the 2D panorex images. The first method was conducted ‘free-hand’, meaning
the observer manually chose a point where he/she thought the gonial angle (Go) was
located. This point was connected to the highest point on the top of the condyle (Co).
The distance in millimetres between these points was considered the ramus height. Both
sides were measured, and the difference between the left and right was determined. The
second ‘bisection method’ (Figure 1) was based on the method described by Kjellberg et al.
(1994) [13]. First, the tangent of both the mandibular ramus and the body was drawn.
Another line was drawn from the intersection of these lines to the mandible, dividing the
angle between the two tangents into two equal angles. The gonion, where this line crosses
the curvature of the angle of the mandible, was marked. The ramus height was measured
from the Go-Co on both sides, and the difference between the left and right was determined.
A positive number meant the left ramus was longer compared to the right and vice versa.
Both 2D measurements (bisection and free-hand method) were made for all the patients by
N.B.v.B., an Oral and Maxillofacial surgeon who specialized in TMJ surgery.

J. Pers. Med. 2022, 12, x FOR PEER REVIEW 3 of 11 
 

 

• Prior mandibular surgery. 

2.1. Two-Dimensional Methods 
Two different independent measurements of the mandibular ramus height were 

performed on the 2D panorex images. The first method was conducted ‘free-hand’, 
meaning the observer manually chose a point where he/she thought the gonial angle (Go) 
was located. This point was connected to the highest point on the top of the condyle (Co). 
The distance in millimetres between these points was considered the ramus height. Both 
sides were measured, and the difference between the left and right was determined. The 
second ‘bisection method’ (Figure 1) was based on the method described by Kjellberg et 
al. (1994) [13]. First, the tangent of both the mandibular ramus and the body was drawn. 
Another line was drawn from the intersection of these lines to the mandible, dividing the 
angle between the two tangents into two equal angles. The gonion, where this line crosses 
the curvature of the angle of the mandible, was marked. The ramus height was measured 
from the Go-Co on both sides, and the difference between the left and right was 
determined. A positive number meant the left ramus was longer compared to the right 
and vice versa. Both 2D measurements (bisection and free-hand method) were made for 
all the patients by N.B.v.B., an Oral and Maxillofacial surgeon who specialized in TMJ 
surgery. 

 
Figure 1. Ramus height measurement on the right side of the panorex using the bisection method. 
Lines 1 and 2 are the tangents of the mandibular ramus and the body, respectively. Line 3 is the 
bisection line dividing the angle between the two tangents in half. Line 4 is used to measure the 
ramus height and goes from the gonial angle (where line 3 crosses the curvature of the angle of the 
mandible, i.e., point gonion) to the highest point on the top of the condyle, i.e., point condyle. 

2.2. Three-Dimensional Method 
All the 3D measurements were made on segmented mandibular bones based on the 

CBCTs in a semi-automated way. The right side of the mandible was mirrored using 
Materialise ProPlan CMF 3.0 (Materialise, Leuven, Belgium), after which, it was 
superimposed onto the original segmentation of the left gonial angle. This area was 
manually selected, as shown in Figure 2. Once the observer was satisfied with the 
alignment, both 3D ramus shapes were exported to a standalone application created using 

Figure 1. Ramus height measurement on the right side of the panorex using the bisection method.
Lines 1 and 2 are the tangents of the mandibular ramus and the body, respectively. Line 3 is the
bisection line dividing the angle between the two tangents in half. Line 4 is used to measure the
ramus height and goes from the gonial angle (where line 3 crosses the curvature of the angle of the
mandible, i.e., point gonion) to the highest point on the top of the condyle, i.e., point condyle.

2.2. Three-Dimensional Method

All the 3D measurements were made on segmented mandibular bones based on the
CBCTs in a semi-automated way. The right side of the mandible was mirrored using Mate-
rialise ProPlan CMF 3.0 (Materialise, Leuven, Belgium), after which, it was superimposed
onto the original segmentation of the left gonial angle. This area was manually selected,
as shown in Figure 2. Once the observer was satisfied with the alignment, both 3D ramus
shapes were exported to a standalone application created using the MATLAB R2017a (Math-
works, Natick, MA, USA) AppDesigner module. Then, the tangents of the mandibular
ramus of both sides were positioned vertically, and the highest point on each condyle was
marked. The difference in condylar height was equal to the vertical height difference of
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both points (Figure 3). All three 3D steps, i.e., segmentations, superimpositioning, and
measurements, were carried out for all the patients by J.W.v.d.G., a technical physician and
engineer with software experience.
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Figure 3. Three-dimensional representation of both the original (blue) as well as the aligned mirrored
(green) side of the mandibular bone. The tangent of the mandibular ramus of both sides is positioned
vertically, and the highest point on each condyle is marked in red. The difference in condylar height
is equal to the vertical height difference of both points.

2.3. Sample Size

A pilot study with ten randomly selected patients from the orthognathic dataset was
undertaken to calculate the required sample size for drawing founded conclusions when
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making comparisons between the 2D methods and the 3D method. The results, i.e., the
mean difference between the left and right ramus height and standard deviation (data not
shown), were entered in G*Power (free available Statistical Software for Power Analysis
by Department of Psychology, Dusseldorf, Germany) to calculate the effect size where
p < 0.05 and there is an acceptable power of 0.8. The required sample size for this study
was determined as 32 cases. The 32 patients were randomly selected from the orthognathic
dataset using the same inclusion and exclusion criteria. To test the intra- and inter-observer
reliability, 10 cases were randomly selected from the group of 32. These ten cases were
re-evaluated 2 weeks after the first measurements by the same observers (N.B.v.B. (2D)
and J.W.v.d.G. (3D)) for intra-observer reliability. The same cases were also evaluated by
different observers (F.K.L.S., an Oral and Maxillofacial surgeon specialized in TMJ surgery
(2D) and J.K., a technical physician and engineer with software experience (3D)), and their
measurements were compared with those made by N.B.v.B. (2D) and J.W.v.d.G. (3D) to
check for inter-observer reliability. The 3D inter-observer reliability analysis involved
observer J.K. performing only the last two 3D steps (see three-dimensional method above)
and J.W.v.d.G. performing the segmentations.

2.4. Statistical Analysis

Statistical analyses were performed with IBM SPSS Statistics 23 (SPSS, Chicago, IL,
USA). To determine if the measurements were significantly different, a paired samples t-test
was applied. p-values < 0.05 were considered statistically significant. The distribution of the
data was checked by constructing Q-Q plots and by performing the Kolmogorov–Smirnov
test [20]. To assess the intra- and inter-observer reliability, the Intraclass Correlation
Coefficients (ICC; two-way mixed effects model, single measures, absolute agreement)
and the 95% confidence intervals (CI) were calculated for all 3 methods. Values less than
0.5, between 0.5 and 0.75, between 0.75 and 0.9, and larger than 0.90 were indicative of
poor, moderate, good, and excellent reliability, respectively [21,22]. Bland–Altman plots
were constructed to analyse measurement differences between either the observers or
the repeated measurements with all three methods. The ICC results were compared; our
clinically acceptable difference was 1 mm [23,24].

3. Results

The measured population (n = 32) had an average age (±s.d.) of 26.9 (±9.6) years.
The cohort was made up of 59.4% (n = 19) female and 40.6% (n = 13) male patients. The
average age (±s.d.) of the ten randomly selected patients for the ICC measurements was
26.5 (±7.4) years, of which 40% (n = 4) were female and 60% (n = 6) were male.

All data had a normal distribution according to the Q-Q plots and Kolmogorov–
Smirnov tests (data not shown). The panorex-free-hand method showed an average
difference of 2.15 mm ± 3.53 mm between the left and right ramus heights. The panorex-
bisection method showed a difference of 0.93 mm ± 3.34 mm, and the CBCT measurements
showed a difference of 1.41 mm ± 2.50 mm. The average absolute difference between
both 2D methods was significant, 1.40 mm ± 1.10 mm (p = 0.001). Additionally, the
panorex-bisection and CBCT measurements showed significant average differences of
1.70 mm ± 1.17 mm (p = 0.001). The average difference between the panorex-free-hand
and the CBCT method was 1.48 mm ± 1.13 mm, which is not a significant discrepancy
(p = 0.25).

The average differences between the first and second measurements (same observer, 2 weeks
apart) was 0.85 mm ± 0.50 mm with an intra-observer reliability of 0.95 (95% CI: 0.82–0.99)
for the panorex-free-hand method. Regarding the panorex-bisection, the average difference
was 0.65 mm ± 0.58 mm with an intra-observer reliability of 0.95 (95% CI: 0.82–0.99). The
average difference in the CBCT measurement was 0.56 mm ± 0.39 mm with an intra-observer
reliability of 0.92 (95% CI: 0.73–0.98). Appendix A shows the Bland–Altman plots of all the 2D
and 3D measurements.
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The average measurement differences between the observers were 1.53 mm ± 0.87 mm,
0.72 mm ± 0.37 mm, and 0.76 mm ± 0.58 mm for the free-hand, the bisection, and CBCT
methods, respectively (Table 1). The ICC of the inter-observer reliability of the free-hand
method was 0.86 (95% CI: 0.06–0.97), the bisection method was 0.96 (95% CI: 0.78–0.99),
and the CBCT method was 0.87 (95% CI: 0.56–0.97).

Table 1. Measuring results and reliability results.

Difference in Ramus Height Left vs. Right
N = 32 *

Intra-Observer Reliability
N = 10 †

Inter-Observer Reliability
N = 10 ‡

Method Mean ± SD Mean diff ± SD ICC (95% CI) Mean diff ± SD ICC (95% CI)
OPG-FH 2.15 ± 3.53 0.85 ± 0.50 0.95 (0.82–0.99) 1.53 ± 0.87 0.86 (0.06–0.97)
OPG-B 0.93 ± 3.34 0.65 ± 0.58 0.95 (0.82–0.99) 0.72 ± 0.37 0.96 (0.78–0.99)
CBCT 1.41 ± 2.50 0.56 ± 0.39 0.92 (0.73–0.98) 0.76 ± 0.58 0.87 (0.56–0.97)

* Observer N.B.v.B. performed both the OPG-FH and the OPG-B method; observer J.W.v.d.G. performed the CBCT
method. † Measurements were performed 2 weeks apart by the same observers: N.B.v.B. performed both the
OPG-FH and the OPG-B method; J.W.v.d.G. performed the CBCT method. ‡ Measurements performed by different
observers: N.B.v.B. vs. F.K.L.S. for the OPG-FH and OPG-B method; J.W.v.d.G. vs. J.K. for the CBCT method.
Abbreviations: OPG-B = two-dimensional panorex-bisection, OPG-FH = two-dimensional panorex-free-hand,
CBCT = three-dimensional mirror method.

4. Discussion

Objective and reproducible measurements are key when determining the amount
to resect during a proportional condylectomy in patients with active unilateral condylar
hyperactivity. The aim of the study was to objectify the most reproducible ramus height
measurement method when determining facial asymmetry which can be used by whomever
and whenever.

A significant difference was found between the panorex-bisection and 3D measure-
ments, as well as between the panorex-bisection and panorex-free-hand method.

The intra-observer reliability was excellent for all three methods (ICC > 0.9). The
panorex-bisection also showed excellent inter-observer reliability (ICC > 0.9), while both
the CBCT and panorex-free-hand gave good results (0.75 < ICC < 0.9). However, the lower
boundary of the 95% CI (0.06–0.97) of the panorex-free-hand meant the inter-observer
reliability was poor. Furthermore, the average difference between the inter-observer mea-
surements of the panorex-free-hand was 1.53 mm ± 0.87 mm, which exceeds our clinically
accepted margin of 1 mm. The combination of a poor lower boundary of the 95% CI of the
inter-observer reliability and exceeding a clinically acceptable margin of 1 mm suggests the
panorex-free-hand method is inferior for clinical use in terms of reproducible measurements
of ramus height differences.

Both the 3D and bisection methods demonstrated excellent intra-observer reliability.
The 3D method had a good inter-observer ICC with a moderate–excellent 95% CI, and
the bisection method had an excellent inter-observer ICC with a good–excellent 95% CI.
Therefore, the bisection method seems more suitable for determining mandibular ramus
height differences compared to the 2D free-hand and 3D methods. Nevertheless, the
most accurate display of actual asymmetry is still undetermined because there is no gold-
standard, and the precise difference between the left and right ramus heights is unknown.
Preferably, consecutive measurements over time, for example, in the case of a wait-and-see
policy for a possibly extinguished UCH (i.e., anamnestic increasing asymmetry, but <10%
difference in activity between the condyles on a SPECT image), should be performed with
the bisection method because of the excellent intra-observer reliability.

Kambylafkas et al. showed that although a panorex can be used to evaluate mandibu-
lar asymmetry, some under-diagnoses will occur [17]. The panorex projection angle of
the mandibular ramus in an asymmetrical mandible could differ on both sides, possibly
resulting in under-diagnoses. Moreover, the position of the head of the patient while
making a panorex could affect the measured asymmetry. According to Vasudeva et al.
(2012), the appearance of the mandibular condyle depends on the projection angle which
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relates to the head’s position [25]. This could negatively influence the measurements. To
date, no research has reported on the influence of the projection angle on ramus height
measurements. However, one could assume these factors are related and therefore the
ramus height will be affected when a panorex is made at a different angle, especially in
patients with UCH where the dental plane is often tilted. The patient has to bite on a
piece of plastic (to position the head correctly before and during panorex-scanning), which
could change the projection angle. This effect needs to be kept in mind when creating and
evaluating the panorex. We hypothesize that, although our measurements were performed
on a non-UCH group of patients, this will not have influenced the results of our study
because reproducibility was the primary goal.

J.W.v.d.G. was the only observer who performed the CBCTs segmentations. Moeren-
hout et al. (2009) achieved excellent reliability on segmenting the CBCT using the Materi-
alise software [26]. Although they used a different software, ours was also a CE-certified
medical processing software (Proplan CMF), and we achieved excellent intra-observer
reliability. We therefore deemed it unnecessary to repeat this step by observer J.K. to
determine the inter-observer reliability.

Markic et al. (2015) were also able to make reliable ramus height measurements on
panorex and CBCT images [9] and found excellent intra- and inter-observer reliabilities
for both imaging modalities, indicating they can be used to measure asymmetry. Their
measuring method was slightly different to ours as both Co and Go were constructed in
a different way: Co was the intersection point of the tangent with the condyle of a line
perpendicular to the tangent of the posterior border of the mandible. Hence, the Co was not
the most cranial point of the condyle, but lower and more posterior. We are not sure if it is
possible to correct for this when performing a proportional condylectomy, i.e., resectioning
the most cranial part of the condyle. We consider this to be a tricky situation, especially
when the condyle is greatly inclined anteriorly. Markic et al.’s Go point was the intersection
point of the lower border of the line through Co parallel to the tangent of the posterior
border of the mandible. We hypothesize that with an increasing high mandibular plane
angle, and/or as the inclination of the condyle increases, the Go point will be located more
anteriorly. Furthermore, their sample size was smaller, no power analyses were performed,
and a 95% CI was not reported. Our Go point was the same as that described by Gaufield:
a point on the curvature of the angle of the mandible located by bisecting the angle formed
by lines tangent to the posterior ramus and the inferior border of the mandible [16].

Nolte et al. performed a 3D quantification of mandibular asymmetry in 37 UCH
patients and compared this with a group of healthy subjects, matched for age and gender. It
is unclear why they had this number of subjects. They concluded that CBCT is a useful and
accurate modality for this purpose [19]. Although they performed linear measurements
on the data, they did not make any comparisons with 2D methods. In another study of
patients with unilateral condylar hyperplasia, Nolte et al. performed measurements on
panoramic radiographs [27]. They subdivided their measurements into condylar head,
condylar neck, ramus height, angle of gonion, and body height. They defined the ramus
height as “the total length between the most upper and lower points perpendicular to the
tangential line of the mandibular ramus”. It is not completely clear to us how this was
carried out. Nevertheless, the biggest difference in between-observer reproducibility was
observed for the condylar head and condylar neck measurements. Regarding the ramus
height, they found a difference between the affected and healthy side: the between-observer
reproducibility (kappa), as assessed on an orthopantomogram, was 0.88 for the affected
side and 0.96 for the healthy side. A power analysis was not performed by that study, and
therefore, firm conclusions cannot be drawn.

Sembronio et al. also performed 3D virtual mirroring by superimposing the contralat-
eral healthy side on the condylar hyperplasia side [28]. A custom-designed condylar cutting
guide was modelled on the condylar head, allowing for the precise tracing of the osteotomy
as planned. This technique proved to be very useful for the seven patients treated in this
way. However, the paper did not give any information about the accuracy of the planned
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and performed condylectomy. Combining the most reproducible and the most accurate
measuring method with the guided surgery, as described by Sembronio et al., is potentially
a suitable method for correcting asymmetry and should be part of future studies.

A substantial difference of 1.70 mm ± 1.17 mm was found by us between the panorex-
bisection and 3D measurements, which means there was a clinically relevant (>1 mm)
discrepancy between them. All the patients with more than a two-millimetre difference
between measurements (which was the case with 10 of the 32 cases in total) were closely
reviewed. No explanation could be found for three of the ten cases. In the other seven cases,
it was difficult to identify the mandibular angle, the highest point of the condyle, or both, on
the panorex image because of overprojection with other structures. Nevertheless, the intra-
and inter-observer reliabilities of the panorex-bisection method were both higher compared
to the 3D measurements. This indicates that the repeatability of the measurements is
better, but that the accuracy of the measurements compared to the actual asymmetry is
questionable in the presence of overprojection, making it difficult to identify the mandibular
angle and/or the top of the condyle.

To the best of our knowledge, comparisons of different measuring methods for ramus
height involving power analyses, as was performed in our study, has never been described
in the available literature. This research provides a better understanding of (1) the reliability
of the currently available and easily accessible 2D methods, resulting in us switching
from the panorex-free-hand to the panorex-bisection method in daily practice, and (2) the
possible contribution of 3D to proportional condylectomy surgery, which is promising
considering the 3D method is still in an early phase of development. The most accurate
display of the actual asymmetry remains undetermined because there is no gold-standard
and because the precise difference between left and right ramus heights is unknown. More
research needs to be carried out to determine this, including developing an easy, quick-
to-use, and more reliable method for daily practice based on (CB)CTs, e.g., the use of
fully automatic (1) mandible segmentations, (2) superimposition algorithms, and (3) ramus
height difference measurements.

In conclusion, we discourage the use of the panorex-free-hand method in clinical
use for reproducibility measurements of ramus height differences. The two-dimensional
panorex-bisection method is the most reliable method, provided that the panorex images
are good quality.
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Abstract: In recent years, patient-specific spinal drill guides (3DPGs) have gained widespread
popularity. Several studies have shown that the accuracy of screw insertion with these guides
is superior to that obtained using the freehand insertion technique, but there are no studies that
make a comparison with computer-assisted surgery (CAS). The aim of this study was to determine
whether the accuracy of insertion of spinal screws using 3DPGs is non-inferior to insertion via
CAS. A randomized controlled split-spine study was performed in which 3DPG and CAS were
randomly assigned to the left or right sides of the spines of patients undergoing fixation surgery.
The 3D measured accuracy of screw insertion was the primary study outcome parameter. Sixty
screws inserted in 10 patients who completed the study protocol were used for the non-inferiority
analysis. The non-inferiority of 3DPG was demonstrated for entry-point accuracy, as the upper
margin of the 95% CI (−1.01 mm–0.49 mm) for the difference between the means did not cross the
predetermined non-inferiority margin of 1 mm (p < 0.05). We also demonstrated non-inferiority of
3D angular accuracy (p < 0.05), with a 95% CI for the true difference of −2.30◦–1.35◦, not crossing
the predetermined non-inferiority margin of 3◦ (p < 0.05). The results of this randomized controlled
trial (RCT) showed that 3DPGs provide a non-inferior alternative to CAS in terms of screw insertion
accuracy and have considerable potential as a navigational technique in spinal fixation.

Keywords: spine surgery; virtual surgical planning (VSP); 3D-printing; patient-specific instrumen-
tation; drill guides; computer-assisted surgery; image-guided surgery; image-guided navigation;
pedicle screw; lateral mass screw

1. Introduction

Spinal instability is commonly treated through surgical fixation involving vertebral
screw insertion. Conditions that frequently result in spinal instability are fractures after
trauma, spinal deformities, tumors, and degenerative diseases. Spinal fixation is aimed at
gaining stability and preventing subsequent neurological deficit. Generally, the bilateral
positioning of screws in the vertebrae around the level(s) of instability is needed to achieve
the immobilization of the unstable segments. The accurate insertion of screws is essential
for achieving safe and optimal spinal fixation surgery. Conversely, malpositioned screws
can induce damage of vital structures or result in the failure of fixation [1,2].
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Traditionally, freehand insertion of screws is performed according to anatomical land-
marks and through fluoroscopy control. However, because freehand screw insertion does
not account for structural variations, including anatomical variance or severe deformations,
there is an increased risk of malpositioned screws and related neurovascular complica-
tions [3–6]. Advances in spinal surgery have led to the development of computer-assisted
surgery (CAS) navigation systems, also often mentioned as image-guided surgery, or intra-
operative navigation. Initially, CAS systems relied on preoperative CT, which had to be
manually re-registered for each individual vertebra and was associated with substantial
registration errors. With the advent of modern CAS systems that rely on intraoperative
acquired CT, this time-consuming repetitive calibration for individual vertebrae became
redundant, leading to the increased use of CAS in spinal surgery. The accuracy of screw
insertion has been substantially improved with current CAS systems, with a significantly
reduced misplacement rate compared with the misplacement rate associated with freehand
screw insertion [7,8]. Although spine surgeons with specific subspecialities (e.g., minimally
invasive surgery and oncology) have widely incorporated CAS into their practices, the
technology has not been adopted in all hospitals. In addition, the accuracy of screw inser-
tion in cases with a highly mobile cervical spine reportedly fails to meet the high accuracy
that is achieved in other spinal areas, which is most likely induced by the intraoperative
shifting of segments. Moreover, despite these modern techniques, screw malpositioning
does still occur, with the reported prevalence of malpositions being as high as 19% [9,10].
For these reasons, there is an ongoing demand for alternative navigational technologies
that can be used to facilitate accurate spinal screw insertion.

Recent developments in medical computer-aided design and manufacturing tech-
niques have given rise to completely new methods of surgical planning, commonly referred
to as 3D virtual surgical planning (VSP) and patient-specific instrumentation (PSI) tech-
nology. The PSI technology comprises 3D-printed instrumentation that allows for the
translation of the VSP to surgery. PSI are currently widely applied within different spe-
cialties [11], and the use of 3D-printed drill guides (3DPGs) has been attracting increasing
attention as a promising navigational tool for spinal screw insertion. Recent studies have
shown that 3DPGs are feasible for cervical and thoracic spine instrumentation, as demon-
strated in cadaveric studies [12–17] and in clinical trials [18–23]. Moreover, their specific
applications have been described for scoliosis surgery [24,25], C2 lamina screw inser-
tion [26], and C1–C2 transarticular screw insertion [27]. Compared with CAS, the 3DPGs
have several advantages. First, it provides the benefit of having a preformulated screw
plan that includes the direction, length, and thickness of the screws. Second, it eliminates
the need for intraoperative fluoroscopy. Third, it is applied to individual vertebra and is
thus unaffected by intervertebral motion, which, in the case of CAS, can lead to workflow
interruptions resulting from re-registration. Fourth, 3DPGs do not induce a surgical line of
sight interference as in the case with CAS, which requires to constant looking back and forth
between the patient and the screen. Last, 3DPGs do not require costly hospital investments.

The findings of various studies reported in the literature that have directly compared
the accuracy of freehand and 3DPG screw insertion have all demonstrated the superiority of
guides over the freehand technique [28–30]. However, comparisons of CAS and 3DPG are
sparse within the literature; only one study has compared groups of patients instrumented
with 3DPG and CAS [31]. To the best of our knowledge, a randomized comparative study
of 3DPG and CAS has not been previously conducted.

Although 3DPGs appear to have several advantages, to become accepted as a viable
alternative navigational tool its accuracy must first be shown to be comparable to that of
CAS. Consequently, the objective of this randomized trial was to demonstrate the non-
inferiority of 3DPG relative to CAS in terms of the accuracy of pedicle and lateral mass
screw insertion.
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2. Materials and Methods
2.1. Study Design

The SpineGuides study was a single-center, prospective, investigator-driven study
that randomly allocated screws to either 3DPG or CAS-assisted instrumentation in patients
undergoing clinically indicated fixation surgery. All consecutive patients scheduled for cer-
vical and/or thoracic spinal fixation surgery were eligible for this study. Exclusion criteria
were: (1) patients aged below 16 years, (2) scoliosis surgery, (3) previous surgical history
entailing laminectomy or the application of osteosynthesis material at the target levels,
(4) urgent cases, and (5) unilateral instrumentation. This trial was undertaken after obtain-
ing approval from the ethical board of the local medical institution (ref no. M19.229543).
Written informed consent was obtained from each patient prior to their enrollment in the
study. The trial has been registered on euclinicaltrials.eu with a registration number of
2022-500880-11-00.

The study was designed to determine whether the accuracy of screw insertion in spinal
fixation surgery performed with the 3DPG navigational technique is non-inferior relative to
that of screw insertion performed using the CAS technique. Because spinal bone geometry,
density, and microstructure can vary widely among subjects, a “split-spine” design was
selected for the study. The two navigational techniques were randomly assigned to either
the left or the right side of the spinal column. The split-spine design removed the influence
of interindividual variability in the study arms and also ensured that vertebral levels and
screw insertion techniques (mass lateral vs. pedicle) were evenly distributed.

The two techniques were randomly assigned to the right or left side of the spinal
column by generating balanced permutations via computer randomization. The ran-
domization was constrained by blocks such that an equal number of techniques per side
are obtained. The inclusion was limited to bilateral screw insertion, which resulted in
a consistent number of screws at each vertebral level within both study groups. The
randomization scheme was created using the online tool at randomization.com (http:
//www.randomization.com, accessed on 5 January 2019) prior to commencing the study,
and randomization codes were enclosed in sealed envelopes.

2.2. Virtual Surgical Planning

Virtual surgical planning (VSP) was carried out in accordance with a previously
developed workflow, and 3DPGs were fabricated according to our previously published
blueprint [17,23]. The brief description of the VSP and PSI steps are as follows. First, the
preoperative CT was imported into medical image data segmentation software (Mimics,
Materialise, Leuven, Belgium). Threshold-based segmentation was performed for each
vertebral level to obtain 3D anatomical models, and optimal trajectories were manually
defined. Then, 3DPGs were designed and manufactured in polyamide in accordance with
ISO 13,485 standards and sterilized for intraoperative use by autoclave steam sterilization.
Knowledge of the allocation was concealed from the 3D-specialist (PP) in charge of planning
screw trajectories and designing the guides.

2.3. Surgical Technique

The standard surgical procedure was applied, starting cranially and continuing cau-
dally placing screws sequentially at each level. Because randomization was concealed
from the 3D specialist, the 3DPGs were designed with bilateral drill holes. Therefore, they
would only fit if screws had not yet been inserted at the level of interest. Accordingly,
for each level to be instrumented, the protocol stated to start with the 3DPG-assigned
side followed by the contralateral CAS-assigned side. The 3DPGs were positioned after
performing meticulous removal of soft tissue. Pilot holes (2 mm) were drilled at high-speed
using appropriate drill stops (Figure 1). In the case of thick screws, the trajectories were en-
larged/expanded using a straight pedicle probe. The study protocol ensured that the 3DPG
burr hole checking was not performed using the CAS system, in order to keep the study
arms separate. For the CAS study arm, the screw trajectories were created according to the
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standard CAS guiding procedure applied at our neurosurgical department, which consists
of several steps. The steps applied in the CAS-assisted screw placement were as follows:
(1) entry point identification using the CAS pointer and its marking with a ball-tipped
burr, (2) definition of an optimal trajectory using the pointer, and (3) creation of a burr
hole through alternated probing (or drilling for lateral mass) and pointer-based checking
until the desired trajectory was achieved. For the purposes of this study, the ultimate CAS
trajectory was saved intraoperatively by positioning the CAS pointer in the drill hole and
storing the trajectory’s coordinates within the system. By opening the saved data using
the CAS cranial module (instead of the regular spine module) postoperatively, we were
able to retrieve the trajectory’s coordinates in the digital imaging and communications
in medicine (DICOM) format (Figure 2). The cone-shaped pointer tip ensured concentric
positioning within the drill hole. During the procedure, no navigated drill or screwdriver
was used, as these tools were not part of our center’s standard procedure, nor it was
available within the collection of instruments. The CAS setting comprised a mobile Arcadis
Orbic 3D fluoroscopy C-arm (Siemens Medical Solutions, Erlangen, Germany) combined
with a Brainlab optical navigation system (BrainLab Curve, BrainLAB, Munich, Germany).

Figure 1. 3DPG positioning and high-speed pilot hole drilling. A drill stop was slid over the drill bit
to prevent penetration of the anterior cortex.

Figure 2. Retrieval of the DICOM coordinates of the intraoperatively stored trajectories accomplished
by opening the spine planning file inside the cranial module of the planning software.

2.4. Outcome Measures

The accuracy of the primary radiological screw insertion was the main parameter
assessed in this study. Accuracy was measured by the amount of deviation from the plan
using two continuous variables: (1) deviation from planned entry point (in mm); and (2) the
3D angular deviation (in degrees) from the planned trajectory. For the 3DPG arm, the
deviation was measured following level-by-level registration of the postoperative CT with
the preoperative CT, which included the planned trajectories. For the CAS study arm, the
postoperative CT was registered with the intraoperative CT, which included the stored CAS
trajectories (Figure 3). As a result of the registration per vertebra (single-level registration
of each vertebra), the patient’s alignment (supine vs. prone) and spinal mobility did not
affect the final analysis.
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Figure 3. Schematic overview of the study depicting preoperative planning, preoperative measure-
ments, and postoperative assessment procedures. 3DPG: 3D printed guides; CAS: Computer assisted
surgery; 3D: 3 dimensional; PostOp CT: postoperative CT.

During the analysis, computerized registration and measurements were performed
wherever possible. In technical terms, this procedure entailed (1) automated surface-based
model registration using the Iterative Closest Point algorithm and (2) the use of automati-
cally fitted analytical cylinders at the screw positions. These cylinders were automatically
placed over the screw objects to prevent any assessment bias. Screw segmentation was
done using standardized Hounsfield thresholds to eliminate bias by segmentation. The 3D
deviation analysis has previously been shown to have very high inter-rater reliability, with
an intraclass correlation coefficient of 0.99 [23].

2.5. Statistics

The objective of this study was to assess the non-inferiority of the 3DPG navigational
technique relative to CAS. The calculation of the sample size was based on preselected
margins of non-inferiority: 1 mm for entry-point accuracy and 3◦ for angular accuracy.
In order to obtain representative margins and in the absence of representative published
3D deviation data, we conducted a small, pilot 3D simulation in which we measured the
maximum amount of screw rotation until pedicle wall breach occurred. The upper limit of
the rotation in which 99% of screws fitted within the pedicle was calculated as 3.29◦. The
allowable margins of error for screw placement reported in the literature are around 1 mm
and 5◦, respectively, for translation and rotation [32,33]. Although the metrics reported
in the literature and those obtained in our pilot experiment were slightly different, they
were in line with our predetermined margins. Hence, we concluded that they justified our
selected margins of non-inferiority.

The sample size of each group was calculated according to the accuracy data derived
from our pilot study along with additional pilot data gathered during CAS-assisted surgery.
Because the current study focused solely on radiological accuracy outcomes obtained
through 3D deviation analysis and because we assumed that the screws were independent,
we calculated the screw-based sample size. Applying our assumptions in the calculation
of sample size, we found that 36 screws demonstrated 90% power for determining non-
inferiority at a significance level of 0.05. To compensate for unanticipated problems such
as loss to follow up and equipment malformation, we included a dropout of 10% and
therefore aimed to include a minimum of 40 screws (20 in each study arm). Considering
the average number of cervical screws used per patient in our center, we aimed to include
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10 patients in the study. The power calculation was performed using PASS software (NCSS,
LLC, Kaysville, UT, USA).

All of the accuracy data were presented as descriptive statistics, expressed as median
and interquartile range IQR values for non-normal distributed parameters. Non-inferiority
was assessed by calculating the mean and 95% CI values for the difference between the
3DPG and CAS using a one-sample t-test and comparing the limits of the CI with predefined
non-inferiority margins. The decision to reject the null hypothesis was made by determining
whether the upper bound of the CI crossed the non-inferiority margin.

The final statistical analysis was performed using the SPSS Statistics program (SPSS
Version 23.0 for Windows, IBM, N, Armonk, NY, USA).

3. Results
3.1. Patient Characteristics

Between June 2019 and December 2020, all of the consecutive patients referred for
multi-level cervical and thoracic spine fixation were prospectively enrolled. A total of
10 patients were initially enrolled to meet the sample size calculations. A loss of CAS
trajectory data due to storage failure, which exceeded the calculated dropout rate, resulted
in the enrolment of three additional patients after approval by the institutional board had
been renewed. Altogether, the number of patients suitable for the final analysis was 10.
Because the ultimate number of screws inserted per patients turned out to be higher than
expected, the final number of screws per study arm was 30.

The mean age of all patients was 56 years (range 16–82) and 5 of the 10 patients were
women. The cohort presented with a spectrum of indications, including degenerative
disease, osteoporotic fractures, rheumatoid arthritis, Klippel–Feil syndrome, and tumor.

3.2. Descriptive Statistics

The median entry point deviation was 1.8 mm (IQR: 1.0 mm–2.9 mm) in the cohort
instrumented with 3DPG, and 1.8 mm (IQR: 1.0 mm–3.2 mm) in the cohort instrumented
with CAS. The angular deviation was 5.7◦ (IQR: 2.9◦–9.1◦) in the cohort instrumented with
3DPG and 5.3◦ (IQR: 3.8◦–8.1◦) in the cohort instrumented with CAS (Figure 4).

Figure 4. Entry point deviation (in mm) and angular deviation (in ◦) for screws used in the 3DPG
(green) and CAS (blue) study groups.
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3.3. Non-Inferiority Assessment

The 95% confidence interval (CI) for the difference in means between 3DPG and CAS
(3DPG-CAS) was −1.01 mm to 0.49 mm. Therefore, the entry-point accuracy of 3DPG
demonstrated non-inferiority relative to CAS, as the upper margin of the CI did not cross
the predetermined non-inferiority margin of 1 mm (p < 0.05), which has been visualized
in Figure 5. For angular accuracy, the 95% CI for the true difference between the means
was −2.30◦ to 1.35◦. Therefore, the angular accuracy of 3DPG was also found to be non-
inferior relative to CAS, as the upper margin of the CI did not cross the predetermined
non-inferiority margin of 3◦ (p < 0.05) (Figure 5).

Figure 5. Graph displaying non-inferiority of 3DPG (test) relative to CAS (active control). The error
bars demonstrate two-sided CIs, displaying both the lower and upper bounds of the CI. For both
outcome measures, 3DPG was non-inferior relative to CAS, given that the entire CI was below the
predetermined non-inferiority margins (∆). It should be noted that a smaller outcome value (less
deviation) indicated a better outcome. Therefore, areas to the left indicated better outcomes, and
areas to the right indicated worse outcomes.

4. Discussion

In this prospective randomized clinical trial (RCT), we compared the accuracy of spinal
screw insertion using 3DPG and CAS. Our results showed that screw insertion accuracy
achieved using 3DPG was similar and non-inferior to that obtained with CAS.

To the best of our knowledge, this RCT is the first to compare the accuracy of spinal
screw insertion using 3DPG and CAS. Previous studies have compared 3DPG and freehand
screw insertion, with their findings leading to a general consensus that the 3DPG technology
significantly reduces the incidence of pedicle screw malpositioning [29,30]. Moreover,
significant reductions in radiation exposure and in the time taken for screw implantation
using this technology have been reported [28]. We only found one study by Fan et al. that
compared groups of patients instrumented with CAS and 3DPG [31]. This prospective
cohort study compared the use of robot-assisted pedicle screw insertion with 3DPG, CAS,
and free-hand fluoroscopy-controlled screw insertion. The study demonstrated that the
accuracy of “acceptable” screw placement in the 3DPG-guided group (95.52%) was slightly
higher than that in the CAS group (90.60%), with no significant difference found between
the two groups. These results suggest that both techniques yield similar degrees of accuracy;
however, a systematic, randomized comparison was not performed in the above study. It
is generally acknowledged that pedicle screw insertion has been substantially improved
through the use of CAS technology compared with free-hand screw insertion. Hence, it
was our belief that this accuracy standard should be the reference for novel navigational
technologies such as 3DPG. Therefore, to become accepted as viable navigational tool and
to optimize safety, an RCT should be conducted between 3DPG and CAS with the aim
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of determining, at minimum, non-inferior screw insertion accuracy, as was done in the
current study.

The results of our randomized study indicated similar degrees of accuracy for both
techniques. Compared with the accuracy of CAS, that of 3DPG was non-inferior for both
of the assessed parameters. In fact, the upper limits of our 95% CI were 0.50 mm and
1.35◦, which were well below the respective non-inferiority limits of 1 mm and 3◦. There
was no indication of 3DPG being superior to CAS, as the CI upper limits were above
zero. However, we believe that a sufficiently powered study could lead to a finding of the
superiority of 3DPG in specific subgroups. In particular, the use of CAS in the highly mobile
upper cervical spine may be associated with increasing errors when operating further
away from the reference array, with surgical manipulation inducing slight realignments
of vertebral levels [34]. As our study design and methodology for measuring accuracy
differed considerably from those of Fan et al. (they did not report on quantitative differences
between planned and actual screw directions), a comparison of the results of the two studies
presents challenges [31]. Nevertheless, it can be concluded that again 3DPG evidences
a high degree of accuracy and that the finding of the current study validates with more
confidence that the accuracy of screw insertion using 3DPG is similar and non-inferior to
that of CAS.

4.1. Implications of the Study’s Findings

In light of the findings of this study, 3DPG can be considered to be an effective and
accurate alternative navigational technology relative to CAS for cervical and thoracic
spine fixation. It is important to point out that the results obtained using 3DPG cannot
be pre-guaranteed when implementing the same technique and that our surgical teams
underwent a learning curve, performing several cadaveric surgeries that served as training
sessions. Furthermore, our comprehensive point-of-care 3D planning and printing facil-
ity has evolved over time, and we have acquired sufficient professional knowledge and
competent staff with extensive training, enabling us to guarantee high-quality performance
standards in full compliance with the EU medical device regulation (EU 2017/745). Centers
that lack these facilities should be made aware of the high-quality standards that are re-
quired, or they should find suitable commercial partners for VSP and PSI design. However,
given the technology’s novelty, its commercial availability is currently limited.

Although 3D technology has great potential, the technique is not suitable for all
cases. This particularly applies for trauma cases that require immediate fixation surgery.
Since the here described technology needs pre-planning, manufacturing and sterilization
of 3D-printed instrumentation, the whole process does at minimum require 3–4 days.
Additionally, for minimal invasive approaches the current 3D technology is not yet suitable.
However, minimal invasive screw insertion gains increased popularity in order to minimize
tissue trauma. Three-dimensional printed guides for minimal invasive approaches remains
largely and unexplored area. There are however few examples of which the SpineBox
system is the most well-known [35]. Further studies are needed in this area to compare
these new approaches with CAS technology.

4.2. Study Limitations

At our center, the CAS system was used in combination with a 3D fluoroscopy C-arm
capable of acquiring an intraoperative cone beam CT scan. Current state-of-the-art CAS
systems are, however, often installed with the newer O-arms, which potentially provide
enhanced image quality. Although both systems offer high levels of accuracy, there is some
evidence that the use of O-arms with CAS improves the level of accuracy [36]. Therefore,
our results are not generalizable for all CAS set-ups. Consequently, future studies that
entail direct comparisons of 3DPG and O-arm-equipped CAS are warranted.

Within current 3D fluoroscopy CAS systems, the screw trajectory is defined ‘on the
spot’, and not according to a predefined screw plan. Therefore, in the present study, we
could not measure the accuracy of CAS accuracy with respect to a preoperative plan;
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instead, we measured its accuracy using the saved, intraoperative acquired trajectories
and CT image data. It is possible that the surgeon considered the trajectory associated
with the acquired hole to be sufficient but not optimal. If accuracy is defined according
to the extent of deviation from the most optimal trajectory, the study could entail a slight
overestimation of the actual accuracy of CAS. This again exposes the major advantage
of 3DPG; the optimal trajectory can be selected and considered preoperatively instead of
being defined during the time-constrained and intensive period of surgery.

A consideration of more clinical variables, such as infection rates, intraoperative
blood loss, duration of the operation, and radiation dosage, was beyond the scope of
the current study design. Additionally, for analyzing subgroups with different screw
techniques (lateral mass or pedicle) the study was insufficiently powered. Consequently,
these variables were not included in the comparison of the two techniques. Therefore,
prospective RCTs with larger sample sizes are still required for a comprehensive assessment
of these two techniques. It is likely that higher-powered clinical trials are necessary to
validate our findings with a higher degree of confidence and to evaluate whether the
inclusion of other clinical parameters, such as surgery time (total/per screw), support the
use of one or the other technique.

Our analysis of both end points was performed on a per-protocol basis. During the
study, there was a drop out of 3 patients due to data loss, which should be prevented in
future studies by multiple copies or cloud storage. In addition, some of vertebral levels
that we had planned to include in the fusion were not instrumented in cases entailing a
sufficient amount of fixation. Because these screws were not inserted, they could not be
evaluated, making an intention-to-treat analysis impossible to perform. Therefore, only
planned screws that were actually in situ and visible as postoperative image data were
included in the analysis. Furthermore, in our opinion, an intention-to-treat analysis was
not appropriate for the current study design because randomization pertained to the level
of patient side rather than to patients. An intension-to-treat analysis would, therefore, only
be necessary when for example the assigned sided were revered, which is something that
did not occur in this study.

Within-patient clustering was not considered in this study. In the future, variance
and thus confidence intervals need to be inflated to account for the effect of within-patient
clustering for two main reasons. Firstly, because screws within patients are more likely
to resemble each other than screws across different patients (violating the independence
assumption) and secondly because treatment is assigned on the level of patient side, not
on the level of the screw. Therefore, to accurately reflect dependencies in the data, cluster-
randomized design (whereby patients are the clusters) will be used to appropriately power
future studies.

5. Conclusions

Although the benefits of 3DPG and its accuracy have been repeatedly demonstrated,
this is the first randomized controlled study that compares 3DPG with CAS. The results
of this RCT indicate that the accuracy of spinal screw insertion using 3DPG is similar
and non-inferior to that obtained with CAS. Future higher powered comparative studies
should focus on studying specific subgroups of vertebral levels that have the potential to
demonstrate superiority.
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Abstract: The purpose of this study was to evaluate the restoration of original anatomy after fixation
of sawbone fractures using case-specific 3D printing plates based on virtual reduction (VR). Three-
dimensional models of 28 tibia sawbones with cortical marking holes were obtained. The sawbones
were fractured at various locations of the shaft and 3D models were obtained. The fractured models
were reduced virtually and customized non-locking metal plates that fit the reduced model were
produced via 3D printing. The fractured sawbones were actually fixed to the customized plate with
nonlocking screws and 3D models were generated. With the proximal fragments of the 3D models
overlapped, the changes in length, 3D angulation, and rotation of the distal fragment were evaluated.
Compared to the intact model (IN), the virtual reduction model (VR) and the actual fixation model
(AF) showed no significant differences in length. Compared to the IN, the VR and the AF had mean
3D angulations of 0.39◦ and 0.64◦, respectively. Compared to the IN model, the VR and the AF
showed mean rotations of 0.89◦ and 1.51◦, respectively. A customized plate based on VR facilitates
the restoration of near-original anatomy in fractures of tibial sawbone shaft.

Keywords: fracture; virtual reduction; 3D printing; patient-specific customized plate

1. Introduction

Fractures are a relatively common injury. In 2019, there were 178 million new fractures
worldwide (increased by 33.4% since 1990) and the age-standardized rate of fractures was
2296.2 per 100,000 population [1]. Surgical treatment of fractures has increased along with
the increase in the demand for normal functional recovery via anatomical reduction [2–4].

Since Hansmann first reported fracture fixation using plate and screws in 1886, plate
osteosynthesis has become the standard for fracture surgeries, especially for articular
and metaphyseal fractures and some diaphyseal fractures such as those involving the
forearm [5]. Fracture plates have evolved over time, and currently anatomically pre-
contoured locking plates are widely used [6,7].

However, despite the evolution of the plates, intraoperative anatomical fixation still
entails manual reduction of the fracture, followed by plate contouring because a single
anatomical plate does not fit all the patients. Patient-specific fracture plates may overcome
such inconvenience but they are still to be developed, although various patient-specific
treatments employing three-dimensional (3D) printing technology have recently been used.
The lack of a model for case-specific plate design is one of the primary hurdles in this area.

In this study, we used the virtual reduction (VR) of a fracture as the basis for designing
customized plates. The purpose of this study was to evaluate the restoration of original
anatomy after the actual fixation of sawbone fractures using 3D printed plates based on VR.
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2. Materials and Methods
2.1. Experimental Procedures

A total of 28 tibial sawbones (ORTHObones model W19122, W19126, W19129, and
W19131, size 15.4 in × 31.9 in × 2.8 in, weight 0.35 kg, 3B Scientific, Hamburg, Germany)
were used, and the overall experimental flow is depicted in Figure 1. In each sawbone,
cortical marking holes were drilled to consistently localize the same measurement points on
the 3D models obtained by multiple scanning. Three cortical marking holes were drilled in
the same proximal axial plane and another three holes were drilled in the same distal axial
plane using a customized jig. Each one of the three holes was located in the mid-sagittal
plane of the tibia. Following computed tomography (CT), 3D models of the sawbones were
obtained using MIMICS software (Ver 21.0, Materialise, Leuven, Belgium); these models
were categorized as intact (IN). Using this software, the 3D coordinates of the center of
each marking hole were automatically calculated so that subsequent measurements could
be performed without observer bias.
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The sawbones were fractured at various longitudinal locations of the shaft (Figure 2A),
and 3D models were obtained after CT scan. The fractured models were reduced virtually
using Metasequoia 4 software (Ver 4.7.0, Tetraface, Tokyo, Japan); these models were
grouped under the virtual reduction (VR) category.

Using the same software, a case-specific fracture fixation plate with four screw holes
for proximal fragment and four screw holes for distal fragment was designed to fit the
medial surface of each VR model. The contact surface (with bone) of the plate was designed
according to the Boolean function in Metasequoia 4 to ensure perfect contact between the
bone surface and the plate. The plates were then fabricated using a powder bed fusion type
3D printer (DMP 350, 3D Systems, SC) and titanium powder (grade 23 Ti-6AI-4V alloy).
Post-processing consisted of removal of the supporter, surface finishing using a hand piece,
and blasting with ceramic microbead. The dimensions of the plates were 149.5 ± 1 mm in
length, 12 ± 0.1 mm in width, and 2.5 ± 0.1 mm in thickness. The actual fractured sawbones
were reduced and fixed to the plate with nonlocking screws to ensure complete contact of
the fragments with the customized plate (Figure 2B). Three-dimensional models of the fixed
sawbones obtained after CT scan were grouped under the actual fixation (AF) category.
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Figure 2. (A) Tibial sawbones fractured at various longitudinal locations of the shaft, prior to CT scan.
(B) Sawbones and customized plates prior to fixation (left image in row), fixed at various locations
(middle three images in row), and enlarged at the fracture site (right image in row). (C) Tibial
sawbones actually fixed with a customized plate based on virtual reduction, prior to CT scan.

2.2. Evaluation of the Alignment

To evaluate the alignment after VR and AF, the IN, VR, and AF models of each sawbone
were overlapped virtually in 3D space while ensuring the same position of the proximal
fragments of each model (Figure 3). Sagittal, coronal, and axial planes were set to fit the
shape of the tibia. The alignment was evaluated based on three parameters: length of the
model, angulation of the distal fragment, and rotation of the distal fragment.
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The length of each model was defined as the average distance in the longitudinal
direction between the centers of the marking holes proximal 3 and distal 3. The lengths of
the IN, VR, and AF models were compared. The differences in the length of VR compared to
that of IN and the length of AF compared to that of IN were also measured. The angulation
of the distal fragment was defined as the 3D angle between the normal vector of the
distal fragment of IN and that of VR or AF. The normal vector of the distal fragment was
obtained from the plane containing the centers of three distal marking holes. The degree of
angulation for VR and AF was compared. The rotation of the distal fragment was defined
as the angle between the axial plane projection of the vector passing through two of the
centers of the three distal marking holes of IN and that of VR or AF. The degrees of rotation
for VR and AF were also calculated and compared.

2.3. Statistical Analysis

Statistical analyses were conducted using Statistics and Machine Learning Toolbox
on MATLAB (R2021b, MathWorks, Natick, MA, USA). Descriptive statistics are presented
as mean (M) and standard variation (SD). The significance of the differences in the mean
values of each evaluated parameter was analyzed via paired t-tests after verifying the
normality of the data distribution. The significance level was set at p < 0.05.

3. Results

The mean lengths of the IN, VR, and AF models were 329.22 mm (SD, 2.92 mm; range,
323.50–336.21 mm), 329.15 mm (SD, 2.88 mm; range, 323.66–336.03 mm), and 329.51 mm
(SD, 2.82 mm; range, 324.05–335.92 mm), respectively (Figure 4A). There were no significant
differences in length between any two of the three models (p > 0.05). The mean length
difference (either lengthening or shortening) of VR relative to IN was 0.17 mm (SD, 0.14 mm;
range, 0–0.81 mm), which was significantly greater than that of AF relative to IN (0.36 mm,
SD, 0.29 mm; range, 0–1.32 mm) (p = 0.0001) (Figure 4B).
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Figure 4. (A) Lengths of intact (IN), virtual reduction (VR), and actual fixation (AF) models.
(B) Length variation of VR compared to IN and that of AF compared to IN. Standard deviation, (SD).

The mean angulation of VR relative to IN was 0.39◦ (SD, 0.28◦; range, 0–0.92◦), which
was not significantly different from the mean angulation of AF relative to IN (0.64◦, SD,
0.65◦; range, 0–3.01◦) (p = 0.0611) (Figure 5). The mean rotation of VR relative to IN was
0.89◦ (SD, 0.76◦; range, 0.09–3.34◦), which was not significantly different from that of AF
relative to IN (1.51◦, SD, 1.87◦; range, 0–9.54◦) (p = 0.1138) (Figure 6).
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4. Discussion

The principal finding of the current study is that a fractured bone can be reduced
to near its original anatomy with a customized plate based on virtual reduction. The
tibia was chosen for this study because it has sufficient length and width on which to
place the marking holes far from each other so that the alignment could be measured
accurately. The fracture was made at various longitudinal locations of the tibial shaft to
simulate various innate anatomy features (curvatures and twists on the surface) at the
fracture site. The acceptable range of fracture reduction alignment is generally evaluated
by length, angulation, and rotation [8,9]. For a tibia fracture, 10–20 mm shortening, 5–10◦

angulation, and 10–20◦ rotation are considered to be acceptable [10]. Tibial malunion occurs
in 3–50% of conservative treatment and up to 20% of surgical fixation [10]. Although plate
osteosynthesis has the lowest malunion rate for tibial fractures [11–13], the malunion rate
reaches up to 8.3% even after tibial plating [14], and midshaft fractures do not have a
lower malunion rate than distal fractures [15]. The mean angulation after tibial plating
reaches up to 2.6–3.1◦ even on a single coronal plane [16,17]. In our results, both VR and
AF showed minor mean changes in length (0.17 and 0.36 mm), angulation (0.39 and 0.64◦),
and rotation (0.89 and 1.51◦) compared to the pre-fracture condition. These results suggest
that the alignment effect of the VR-based plate itself is excellent, although further studies
are needed to investigate whether the final alignment will equal the alignment immediately
after fixation in clinical practice.

At present, fracture surgery using a metal plate involves manual reduction of the
fragments followed by manual contouring of the plate to fit the reduced bone. Sometimes
the manual reduction itself is difficult and may require alignment verification with intraop-
erative radiographs because the operator can only see the exposed part of the bone. Even
with successful reduction, repeated manual bending and twisting of the plate is necessary
to fit the plate to the reduced bone. Although contemporary locking plates do not need
to fit to the bone for stability [18,19], at least some manual contouring is still necessary,
even for anatomical plates, to install the plate and screws in the right position and prevent
plate protrusion or irritation. These procedures require additional surgical time, effort, and
equipment. The outcomes of the fixation may vary depending on the operator’s experience
or know-how. Further, there are cases in which a plate does not fit the bone despite bending
and twisting, or an important fragment cannot be purchased because the screw holes are
limited to certain fixed locations.

To address these limitations, studies have utilized 3D printing technology in fracture
surgeries. The application of 3D printing in fractures varies widely from 3D modeling for
screw fixation to customized casting [20,21]. The existing works on 3D printing fracture
plates can be largely divided into tactile modeling and mirroring of the normal contralateral
bone. Recent reports of tactile modeling techniques have involved real-size 3D printing of
the fractured bone for pre-practicing of the surgery and pre-contouring of the plate [22–24].
Although tactile modeling reduces intraoperative time, blood loss, and fluoroscopies [25],
the overall procedure still entails manual reduction of the tactile model and bending and
twisting of the plate by the operator.

Meanwhile, the other type of approach utilizes mirroring of the normal contralateral
bone. Various authors have used mirrored models to pre-contour a ready-made plate and
achieved good outcomes [26–28]. A recent study reported 3D printed case-specific pelvic
fracture plates based on a mirrored 3D model of the contralateral pelvis [29]. When using
such a strategy, manual pre-reduction of the fracture is not necessary to pre-contour the
plate. However, in practice, there are cases in which a normal contralateral image is not
available, such as cases involving bilateral fractures or when the patent refuses to undergo
an additional CT of the uninjured other side. The difference between right and left bones
may also be problematic and may lead to malalignment after reduction or protrusion of
the plate. A poorly-fitting 3D printed plate may be especially problematic because it is still
difficult to ensure both strength and ductility of 3D printed metals [30,31] and bending of
the 3D printed plate may result in fracture.
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However, in this study, we used a virtually reduced model as the basis of each case-
specific fracture plate and thus achieved near-original alignment. Our results suggest
that the virtually reduced bone represents an excellent model for designing case-specific
fracture plates. The VR has advantages over intraoperative manual reduction in which the
operator only visualizes the exposed area of the bone or has to perform fluoroscopy. Further,
compared to the mirror method, the VR does not result in errors caused by differences
between right and left bones, and it does not increase the cost or radiation exposure during
contralateral imaging.

In addition to the excellent fit, the VR-based customized plate has an advantage in
which the plate itself can guide fracture reduction intraoperatively. Because the plate is
designed to fit the reduced model, the operator can both reduce the fracture and determine
the alignment by attaching the bone fragments to the plate. In conventional fracture fixation,
the operator manually reduces the bone, determines the alignment, and temporarily clamps
the fragments to hold the reduction. Then a plate is placed on the surface of the bone, and
is bent and twisted accordingly. These procedures may require considerable amounts of
intraoperative time and effort. In addition, sometimes the clamp holding the reduction
hinders the attachment of the plate onto the bone to determine the fit. By contrast, our
method involved screwing the fragments to the plate with nonlocking screws to ensure
complete contact. The procedure was simpler and restored almost original anatomy of
the fractured sawbones. This may allow less-experienced surgeons to operate easily and
quickly, reduce radiation exposure and need for related equipment, and prevent plate-
related complications such as plate protrusion or irritation. In addition, good contact
between the bone and the plate may strengthen the fixation and facilitate better alignment
in minimally invasive plate osteosynthesis.

However, the VR-based plate is not completely free from performance-related errors,
in that the mean length of VR model was shorter than that of IN model, and in that the
length difference of AF was significantly greater than that of VR. In some cases, the task
performer for the VR had to let the virtual fragment slightly intrude into the other virtual
fragment to obtain better overall alignment. This made the mean length of the VR model
shorter, although this difference was not statistically significant. The significantly greater
length difference of AF can be attributed to the surgical technique. The angulation and
rotation were also greater in AF than in VR, although this difference was also not statistically
significant. For example, compression across the fracture site due to eccentric placement of
the screws resulted in a slight gap between the far cortices at the fracture site (Figure 2).
Although the overall final alignment was excellent in our study, there is room for achieving
even better alignment with the additional use of appropriate techniques such as centering
the screws in the holes while using the customized plate. Designing the plate slightly
concave to the bone to allow compression across the fracture site may also improve the
final alignment. Further studies are needed to investigate these possibilities.

The current study has limitations. First, no comparisons were performed with conven-
tional or mirroring-based plates. However, the final alignment parameters were adequate to
ensure fracture surgeries. Second, a single type of sawbone was used, and relatively simple
fractures were simulated. Although we simulated the individuality of each bone shape and
fracture type by making the fractures at different longitudinal locations, additional studies
involving various bones and complex fractures are needed to further confirm the reliability
of VR. Third, this study was an experimental study, and it did not take into account in vivo
conditions such as the soft tissue or the bone quality. In practice, the final alignment of
the bone can be affected by soft tissue tension or low bone density. In vivo evaluations
based on the present work are necessary to further investigate the clinical relevance of the
customized fracture plates. However, in practice, the original anatomy is missing when
fracture patients visit a clinic, which means there is a need for an experimental study to
accurately evaluate the aligning effect of the customized plate. For such a study, we believe
that a sawbone experiment is the best because, in an in vivo experiment, the soft tissue or
the bone quality may confound the aligning effect of the customized plate itself. Lastly,
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before our method can be actually applied in fracture surgeries, further studies are needed
to reduce the time needed for image engineering and manufacturing, and to ensure the
mechanical properties of the customized plates.

In conclusion, a customized plate based on VR facilitates the restoration of near-
original anatomy in fractures of tibial sawbone shaft. Besides the excellent fit, the plate
itself can guide the alignment of fracture reduction. The use of a VR model as the basis of
implant design may facilitate the application of 3D printing technology in personalized
fracture surgeries.
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20. Durusoy, S.; Akdoğan, V.; Paksoy, A.E. Do three-dimensional modeling and printing technologies have an impact on the surgical
success of percutaneous transsacral screw fixation? Jt. Dis. Relat. Surg. 2020, 31, 273–280. [CrossRef]

21. Surucu, S.; Aydin, M.; Batma, A.G.; Karasahin, D.; Mahiroğulları, M. Evaluation of the patient satisfaction of using a 3D printed
medical casting in fracture treatment. Jt. Dis. Relat. Surg. 2022, 33, 180–186. [CrossRef] [PubMed]

22. Yang, L.; Shang, X.W.; Fan, J.N.; He, Z.X.; Wang, J.J.; Liu, M.; Zhuang, Y.; Ye, C. Application of 3D printing in the surgical planning
of trimalleolar fracture and doctor-patient communication. Biomed. Res. Int. 2016, 2016, 2482086. [CrossRef] [PubMed]

23. Kang, H.J.; Kim, B.S.; Kim, S.M.; Kim, Y.M.; Kim, H.N.; Park, J.Y.; Cho, J.H.; Choi, Y. Can preoperative 3D printing change
surgeon’s operative plan for distal tibia fracture? Biomed. Res. Int. 2019, 2019, 7059413. [CrossRef] [PubMed]

24. Yammine, K.; Karbala, J.; Maalouf, A.; Daher, J.; Assi, C. Clinical outcomes of the use of 3D printing models in fracture
management: A meta-analysis of randomized studies. Eur. J. Trauma Emerg. Surg. 2021, 12, 1–13. [CrossRef] [PubMed]

25. Xiong, L.; Li, X.; Li, H.; Chen, Z.; Xiao, T. The efficacy of 3D printing-assisted surgery for traumatic fracture: A meta-analysis.
Postgrad. Med. J. 2019, 95, 414–419. [CrossRef]

26. Zhang, W.; Ji, Y.; Wang, X.; Liu, J.; Li, D. Can the recovery of lower limb fractures be achieved by use of 3D printing mirror model?
Injury 2017, 48, 2485–2495. [CrossRef]

27. Jeong, H.S.; Park, K.J.; Kil, K.M.; Chong, S.; Eun, H.J.; Lee, T.S.; Lee, J.P. Minimally invasive plate osteosynthesis using 3D printing
for shaft fractures of clavicles: Technical note. Arch. Orthop. Trauma Surg. 2014, 134, 1551–1555. [CrossRef] [PubMed]

28. Upex, P.; Jouffroy, P.; Riouallon, G. Application of 3D printing for treating fractures of both columns of the acetabulum: Benefit of
pre-contouring plates on the mirrored healthy pelvis. Orthop. Traumatol. Surg. Res. 2017, 103, 331–334. [CrossRef]

29. Wang, C.; Chen, Y.; Wang, L.; Wang, D.; Gu, C.; Lin, X.; Liu, H.; Chen, J.; Wen, X.; Liu, Y.; et al. Three-dimensional printing
of patient-specific plates for the treatment of acetabular fractures involving quadrilateral plate disruption. BMC Musculoskelet.
Disord. 2020, 21, 451. [CrossRef]

30. Zhang, D.; Qiu, D.; Gibson, M.A.; Zheng, Y.; Fraser, H.L.; StJohn, D.H.; Easton, M.A. Additive manufacturing of ultrafine-grained
high-strength titanium alloys. Nature 2019, 576, 91–95. [CrossRef]

31. Barriobero-Vila, P.; Gussone, J.; Stark, A.; Schell, N.; Haubrich, J.; Requena, G. Peritectic titanium alloys for 3D printing. Nat.
Commun. 2018, 9, 3426. [CrossRef] [PubMed]

121





Citation: Glas, H.H.; Kraeima, J.;

Tribius, S.; Leusink, F.K.J.;

Rendenbach, C.; Heiland, M.;

Stromberger, C.; Rashad, A.; Fuller,

C.D.; Mohamed, A.S.R.; et al.

Three-Dimensional Evaluation of

Isodose Radiation Volumes in Cases

of Severe Mandibular

Osteoradionecrosis for the Prediction

of Recurrence after Segmental

Resection. J. Pers. Med. 2022, 12, 834.

https://doi.org/10.3390/

jpm12050834

Academic Editor: David

Alan Rizzieri

Received: 13 April 2022

Accepted: 16 May 2022

Published: 20 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Personalized 

Medicine

Article

Three-Dimensional Evaluation of Isodose Radiation Volumes in
Cases of Severe Mandibular Osteoradionecrosis for the
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Abstract: Background: Pre-operative margin planning for the segmental resection of affected bone in
mandibular osteoradionecrosis (ORN) is difficult. The aim of this study was to identify a possible
relation between the received RT dose, exposed bone volume and the progression of ORN after
segmental mandibular resection. Method: Patients diagnosed with grade 3-4 ORN for which a
segmental resection was performed were included in the study. Three-dimensional reconstructions
of RT isodose volumes were fused with postoperative imaging. The primary outcome was the
recurrence of ORN after segmental resection. Subsequently, RT exposed mandibular bone volumes
were calculated and the location of the bone cuts relative to the isodose volumes were assessed.
Results: Five out of thirty-three patients developed recurrent ORN after segmental mandibular
resection. All cases with recurrent ORN were resected inside an isodose volume of ≥56 Gy. The
absolute mandibular volume radiated with 56 Gy was significantly smaller in the recurrent group
(10.9 mL vs. 30.7 mL, p = 0.006), as was the proportion of the mandible radiated with 56 Gy (23% vs.
45%, p = 0.013). Conclusion: The volume of radiated bone was not predictive for risk of progression.
The finding that recurrent ORN occurred with bone resection margins within the 56 Gy isodose
volume suggests that this could serve as a starting point for the pre-operative planning of reducing
the risk of ORN recurrence.

Keywords: osteoradionecrosis; mandible; radiotherapy; surgery; computer assisted surgery; virtual
surgical planning
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1. Introduction

Osteoradionecrosis (ORN) of the mandible is a late complication of radiotherapy (RT).
ORN most commonly occurs in the tooth-bearing body of the mandible [1]. It is described
as exposed irradiated bone that fails to heal over a period of three months without evidence
of a persisting or recurrent tumour [2]. Incidence of ORN is reported to occur in 1–15% of
head and neck cancer patients with a median latency of 1 to 2 years after RT [1,3–7]. Factors
such as the received RT-dose, the volume of mandible included in the planning target
volume (PTV) as well as the fractionation schedule are known to influence the occurrence
of ORN [3,4,6,8,9]. Other risk factors associated with the development of ORN are surgery
to the mandible, dental condition and pre- or post-RT tooth extractions, as well as continued
smoking [1,5,10–13]. There is no association between concomitant chemotherapy and the
incidence of ORN [12]. The initiation of ORN is mainly reported after traumatic events to
the bone but is also known to occur spontaneously [14,15].

Mental neuropathy, dehiscent bone or fistulas may be predictors for ORN as well as
medication-related osteonecrosis of the jaw (MRONJ); however, ORN patients demonstrate
significantly more pathological fractures, skin fistulae and pain compared to MRONJ [16,17].
Despite some similarities, ORN and MRONJ are considered two distinct pathological
entities [16].

The treatment of patients with ORN depends on the extent of the affected bone and
may consist of antibiotics, debridement, sequestrectomy, hyperbaric oxygen therapy, or a
combination of the aforementioned techniques [18]. Treatment of severe mandibular ORN
often requires the surgical removal of the affected bone and segmental resection is often
necessary. ORN of the jaw is often classified into several stages that describe the severity
or progression of the disease. The classification used by Marx et al. defines three stages
of ORN, in which the third stage includes pathological fractures, orocutaneous fistulas or
radiographic evidence of resorption of the inferior border.

The risk of developing ORN is associated with a dose of >60 Gy to the bone [8,19,20],
or a mean dose to the total mandibular volume of >48 Gy [21]. Additionally, a gross
tumour volume (GTV) dose of >54 Gy is related to an increased risk of developing ORN [4].
Furthermore, the risk of developing ORN is also reported to be related to the volume of
bone and the received RT dose. Emami et al. reported a 5% risk of developing ORN within
the 5 years following RT when 2/3 of the mandible is radiated with more than 60 Gy, which
is equal to more than 65 Gy when approximately 1/3 of the mandible is exposed [9]. Tsai
et al. reported a matched case–control analysis, with a significant difference between the
volume of the mandible in the two groups receiving doses between 50 Gy (V50) and 60 Gy
(V60) [6]. Abdallah et al. reported on a case–control matched study with significant higher
dose-volume histogram () bins from V35 to v73 in the ORN cohort [21]. A DVH is used to
relate radiation dose to tissue volume. It can be concluded that the risk of ORN increases
with radiation dose and radiated mandibular volume, with an incremental increasing risk
for ORN at doses of above 50 Gy.

Currently, the position of bone cuts for mandibular segmental resection are based on
the clinical inspection of the lesion and pre-operative imaging such as panoramic X-rays or
(CB)CT/MRI. The use of Technetium-bone scans has been described as a method to identify
the affected bone [22]. Using DCE-MRI, differences in vascular leakiness can be measured
between affected and healthy bone tissue [23]. However, surgeons often struggle with
the decision of where to make cuts in the mandible and the resulting margins. The most
commonly used technique is to remove bone until healthy, bleeding bone is visible [24].
Others have described using tetracycline as a fluorescent marker to discriminate between
vital and necrotic bone [25–27]. As was described by Kraeima et al., the 3D- visualization of
the isodose lines obtained using RT planned with IMRT in relation to the mandibular bone
can support preoperative planning [28]. This method provides a potential decision-making
tool that can be used pre-operatively. However, sufficient data on the relationship between
the received RT dose and the ideal location for the bone cuts when a segmental mandibular
resection is performed are not available. Defining this relationship is important in order to
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determine a cut-off dose that may possibly be used for the pre-operative planning of the
surgical resection or placement of screws for fixating osteosynthesis materials.

This study describes a retrospective analysis of an international multi-institutional
database for patients with severe ORN that required surgical treatment. The aim of the
study was to identify the relationship between the received RT dose, exposed bone volume
and progression of ORN after segmental mandibular resection in order to support the
preoperative planning of the bone cuts.

2. Materials and Method
2.1. Patients

An international consortium of medical centres collected retrospective data on pa-
tients who underwent segmental mandibular resection as treatment for ORN. The selec-
tion focused on patients who developed severe (Marx classification grade 3) ORN after
RT/chemoRT and were treated in the following centres: University of Texas MD Anderson
Cancer Center (Houston, TX, USA), Charité-Universitätsmedizin Berlin (Berlin, Germany),
University Medical Center Hamburg-Eppendorf (Hamburg, Germany), Amsterdam Uni-
versity Medical Center (Amsterdam, the Netherlands) and the University Medical Center
Groningen (Groningen, the Netherlands). Written informed consent was obtained from all
subjects involved in the study. The study was approved by the ethical committee (Berlin
EA1/206/18).

Inclusion criteria were as follows: (1) Patients diagnosed with Marx grade 3 ORN of
the mandible after IMRT for which a segmental resection was performed; (2) patients who
underwent IMRT with curative intent as part of their initial treatment after the confirmed
pathological diagnosis of oral or oropharyngeal squamous cell carcinoma; (3) availability
of the following data: radiotherapy-CT scan and radiation plan (DICOM-RT) to recon-
struct 3D-isodose fields and the postoperative imaging data to derive the performed
resection, either by CT scan or orthopantomogram (OPT). Furthermore, patients who
received brachytherapy or previous head and neck RT were excluded.

The following patient characteristics were recorded: age, gender, smoking and alcohol
consumption, tumour stage and location, primary treatment (surgery, RT, chemoradiation
or a combination of aforementioned), months between RT and diagnosis of ORN, dental
status, HBO therapy, RT dose and fractionation schedule. The dental status was retrieved
from clinical files, including performed extractions or the invasive treatment of any other
conditions. If such data were not available, patients were marked edentulous when the RT
planning CT did not reveal any elements.

2.2. Processing of Imaging Data

For every case, the RT planning CT scan was selected for the 3D-segmentation of the
bone (e.g., the mandible). The DICOM-RT clinical treatment plans were uploaded to the RT
planning software research database (Mirada, Mirada Medical, Oxford, UK) and fused with
the selected CT dataset. The 56 Gy and PTV isodose curves were visualized and exported
as RTSS files. Subsequently, these RTSS files were fused with the RT planning CT using
a similar conversion method to that described by Kraeima et al. [29], using Matlab 2018a
(MathWorks, Natick, MA, USA). After data fusion, a 3D-virtual model of both the involved
bone, 56 Gy and PTV isodose volumes were produced using ProPlan CMF 3.0 (Materialise,
Leuven, Belgium). Figure 1 presents a stepwise overview of the workflow.

Postoperative imaging was used to derive the margins of the performed segmental
resection, using either a CT scan or OPT. When a postoperative CT scan was available,
3D-segmentation of the resected mandible was performed and registered with the 3D
RT reconstruction. When the shape of the mandible significantly changed due to the
reconstruction, this registration was performed twice, once for each segment. Hereafter,
cutting planes superimposing the performed resection onto the RT bone model were
constructed. In case an OPT was used, resection planes were translated manually using
screen-to-screen comparison onto the RT bone model.
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Figure 1. Describing the workflow of data fusion and segmentation, including reconstruction of
the performed segmental resection. (A). Data fusion of radiotherapy planning files (RTSS) and RT
CT scan. (B). 3D model of the mandible from RT CT scan. (C). In green, the 3D reconstruction
of the 56 Gy isodose volume. (D). In yellow, the volume of the mandible radiated with 56 Gy
(Vm56). (E). Reconstruction of performed segmental resection using either a postoperative CT or
OPT. (F). Mandible after segmental resection. (G). Mandible after segmental resection in relation to
the 56 Gy isodose volume (V56).

2.3. Measurements

Volume measurements were performed on the combined dataset, including total
mandible volume (Vm), 56 Gy and PTV isodose volumes (V56, V-PTV), volume of mandible
inside the 56 Gy (Vm56) and PTV (Vm-PTV) isodose volume. The PTV resembled the
high-dose volume and included the gross tumour volume (GTV) and the clinical target
volume with an additional set-up margin. The PTV dose is typically equal or higher than
56 Gy. Further measurements included volume of the resection of the mandible (VmR), and
residual volume of V56 and V-PTV after resection surgery (Vm56R, Vm-PTV-R). Besides
absolute volumes, the distribution of the volumes was calculated as a percentage of total
mandibular volume. Furthermore, for each resection, we assessed whether the resection
was performed inside the Vm56 and Vm-PTV volume. If the resection was performed inside
the Vm56 volume, the involvement of the lingual and/or buccal cortex was noted. Figure 2
illustrates an example of lingual involvement in the osteotomy with the Vm56. Moreover,
the progression of ORN after segmental resection was used as an outcome measure. A
Kolmogorov–Smirnov analysis for normal distribution was performed. A student’s t-test
for normally distributed data and the Mann–Whitney U (MWW) test for skewed data were
used to detect significant differences between recurrent and non-recurrent cases.
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Figure 2. Cortical involvement osteotomy and 56 Gy isodose volume. On the left, an overview of
the mandible and the 56 Gy isodose volume (yellow). The osteotomy plane is visualized in green.
On the right side, a view perpendicular to the osteotomy plane. In this case, only the lingual cortex
is involved.

3. Results
3.1. Patient Characteristics

A total of 33 patients who underwent segmental mandibulectomy for severe ORN
following RT/chemoRT were included in the study. Patients were treated for primary
ORN between 2008 and 2018. Follow-up after initial ORN surgery was 69 months (range
19–142 months). Five patients were diagnosed with recurrence of ORN after initial segmen-
tal resection. A complete list of all patient characteristics can be found in Table 1.

Table 1. Patient characteristics.

Value %

Age

Median (range) 60 (43–76)

sex

male 21 64%

Female 12 36%

Smoking status

Never 6 23%

Former 11 42%

Current 9 35%

unknown 7

Smoking pack-year

Mean (SD) 31 (23)

Alcohol history

occasional 5 19%

Former 11 41%
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Table 1. Cont.

Value %

Current 13 48%

unknown 6

Tumour location

Base of tonque 11 48%

Tonsil 8 35%

Other 4 17%

unknown 10

T stage

T1 1 3%

T2 12 38%

T3 6 19%

T4 13 41%

unknown 1

N stage

N0 6 19%

N1 5 16%

N2 21 66%

unknown 1

Primary treatment

RT 3 9%

Surgery + RT 7 21%

RCT 20 61%

Surgery + RCT 3 9%

Time RT-ORN

Months (range) 28 (1–76)

Reconstruction method

Fibula (unknown) 12

21 (21)

Follow-up initial ORN

Months (range) 69 (19–142)

Dental status

Edentulous 11 33%

dental extractions 16 59%

unknown 6

HBO therapy 18 55%

Radiation dose

Median (range) 70 Gy (56–72)

Radiation fractions

Median (range) 33 (28–45)

RT = radiotherapy

RCT = radiotherapy + chemotherapy
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A total of 75 patients diagnosed with severe ORN were assessed. Forty-two pa-
tients were excluded from the analysis. Reasons for exclusion included no segmental
resection (12), incomplete RT planning data or unavailable data for reconstruction (13),
incomplete postoperative imaging data (11), prior RT (3), additional brachytherapy (1),
total radiation dose <56 Gy (1) and unavailable patient record (1).

3.2. Recurrent Cases

A total of five patients were diagnosed with recurrent ORN after mandibular segmental
resection, with initial diagnoses of ORN occurring 16.2 months (range 1–34) after RT. The
median age of patients was 60 years (range 53–66 years). The mean radiation dose was
64 Gy (SD 6.4 Gy). Figure 3 illustrates the recurrent ORN cases, including the radiated
mandibular volume, performed resection and location of the recurrent ORN. Four patients
were edentulous at the time of RT and three patients presented osteosynthesis material in
situ during RT.

J. Pers. Med. 2022, 12, x FOR PEER REVIEW 7 of 12 
 

 

 
Figure 3. Overview of patients with recurrence of ORN after segmental resection. The first column 
illustrates the 3D segmentation of the mandible during radiotherapy, representing the total 
mandibular volume (Vm). The second column illustrates, in yellow, the volume of the mandible 
inside the 56Gy isodose (Vm56). The third column, in red, represents the volume of the mandible 
inside the PTV (Vm-PTV). The forth column shows the postoperative situation after segmental 
resection (VmR). The last column shows the residual volume of Vm56 after resection surgery 
(Vm56R). The red dots in the last column indicate the location of the ORN recurrence. 

3.3. Measurements 
The mean mandible volume was 62.7 mL (range 26.4–95mL). On average, 42% (range 

9–83%) of the mandible was radiated with at least 56Gy (Vm56/Vm), and 15% (range 0–
51%) of the mandible received the PTV dose, which ranged from 56Gy to 72Gy. On 
average 35% (range 7–78%) of the mandible was resected. The total mandibular volume 
of the recurrent ORN group was smaller compared to the non-recurrent group (65.4 mL 
vs. 47.8 mL, t-test p = 0.045). Additionally, Vm56 volume was significantly smaller in the 
recurrent group (10.9 mL vs. 30.7ml, t-test p = 0.006). The proportion of mandible radiated 
with 56Gy was smaller for the recurrent group than for the non-recurrent group (23% vs. 
45% (MWW p = 0.013)). Resections performed in the non-recurrent group included a larger 

Figure 3. Overview of patients with recurrence of ORN after segmental resection. The first col-
umn illustrates the 3D segmentation of the mandible during radiotherapy, representing the total

129



J. Pers. Med. 2022, 12, 834

mandibular volume (Vm). The second column illustrates, in yellow, the volume of the mandible inside
the 56 Gy isodose (Vm56). The third column, in red, represents the volume of the mandible inside the
PTV (Vm-PTV). The forth column shows the postoperative situation after segmental resection (VmR).
The last column shows the residual volume of Vm56 after resection surgery (Vm56R). The red dots in
the last column indicate the location of the ORN recurrence.

3.3. Measurements

The mean mandible volume was 62.7 mL (range 26.4–95mL). On average, 42% (range
9–83%) of the mandible was radiated with at least 56 Gy (Vm56/Vm), and 15% (range
0–51%) of the mandible received the PTV dose, which ranged from 56 Gy to 72 Gy. On
average 35% (range 7–78%) of the mandible was resected. The total mandibular volume
of the recurrent ORN group was smaller compared to the non-recurrent group (65.4 mL
vs. 47.8 mL, t-test p = 0.045). Additionally, Vm56 volume was significantly smaller in the
recurrent group (10.9 mL vs. 30.7ml, t-test p = 0.006). The proportion of mandible radiated
with 56 Gy was smaller for the recurrent group than for the non-recurrent group (23% vs.
45% (MWW p = 0.013)). Resections performed in the non-recurrent group included a larger
proportion (37%) of the total mandibular volume compared to the recurrent group (26%),
although this was not significant (MWW p = 0.268). Two recurrences of ORN in patients
occurred for those who received the highest doses of RT of 70 Gy or more while 20 patients
showed no recurrences. The overall volume measures were smaller in recurrent cases than
in non-recurrent cases. A complete overview of the volume measurements and volume
distribution is provided in Table 2.

Table 2. Mean, minimum and maximum volumes of mandible and RT isodose fields. Volume of
mandible (Vm), 56 Gy and PTV isodose volume (V56, V-PTV). Volume mandible inside 56 Gy isodose
and PTV (Vm56, Vm-PTV). Volume of resection (VmR) and residual volume of Vm56 and Vm-PTV
after resection (Vm56R, Vm-PTV-R). Significant differences between recurrent and non-recurrent
group are highlighted in red.

Vm V56 V-PTV Vm56 Vm-PTV Vm56R Vm-PTV-
R VmR Vm56/Vm Vm-

PTV/Vm VmR/Vm

Total (n = 33)

Mean
(mL) 62.7 772.8 221.5 27.7 9.2 9.6 3.3 39.4 42% 15% 35%

min 26.4 33.8 0.0 4.0 0.0 0.0 0.0 23.9 9% 0% 7%
max 95.0 1760.9 623.2 77.5 38.6 53.1 31.4 36.0 83% 51% 78%

Non-recurrent
(n = 28)

Mean
(mL) 65.4 843.5 238.6 30.7 9.8 10.9 3.8 40.3 45% 15% 37%

min 26.4 183.6 0.0 4.5 0.0 0.0 0.0 23.9 10% 0% 7%
max 95.0 1760.9 623.2 77.5 38.6 53.1 31.4 36.0 83% 51% 78%

Recurrent (n = 5)

Mean
(mL) 47.8 376.9 125.7 10.9 5.9 2.2 0.0 34.8 23% 13% 26%

min 32.2 33.8 33.8 4.0 0.0 0.7 0.0 29.1 9% 0% 10%
max 58.4 763.0 212.1 19.6 19.6 4.8 0.0 35.1 44% 44% 52%

>70 Gy
Non-recurrent

(n = 20)

Mean
(mL) 67.8 950.7 235.6 29.9 6.7 7.7 1.5 43.7 43% 10% 34%

min 26.4 183.6 0.0 6.7 0.0 0.0 0.0 23.9 12% 0% 7%
max 95.0 1760.9 604.8 77.5 33.7 32.5 10.2 42.2 83% 44% 63%

>70 Gy
Recurrent (n = 2)

Mean
(mL) 57.3 751.3 196.7 12.2 1.9 0.8 0.0 41.0 21% 3% 29%

min 56.3 739.7 181.3 10.9 0.0 0.7 0.0 42.6 19% 0% 23%
max 58.4 763.0 212.1 13.4 3.9 0.8 0.0 39.4 24% 7% 34%

A total of 60 osteotomy planes were reconstructed (8 recurrent cases, 52 non-recurrent
cases). In total, 14 resections were outside the Vm56. Thus, the margin was in bone that
received a lower RT dose. Of the 46 resections inside the Vm56, 10 planes intersected the
Vm56 at the lingual cortex only. The remaining 36 resections intersected the Vm56 in both
the lingual and buccal cortex. Of the eight osteotomies in the recurrent ORN group, five
intersected the Vm56 bicortically, one on the lingual side and the remaining two were
performed outside the Vm56, thus in bone with a dose of less than 56 Gy.
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4. Discussion

In the present study, five out of thirty-three patients developed a recurrence of ORN
after segmental resection. Two of the five patients received a maximum RT dose of 56 Gy
and for the other three patients the ORN recurred in a mandibular volume that was exposed
to more than 56 Gy RT. No recurrence was observed with margins placed in the mandibular
volume exposed to less than 56 Gy. Although not significantly different, the resection
volumes in the non-recurrent ORN group were larger than in the recurrent ORN group,
possibly indicating that sufficiently large resection volumes of radiated bone may reduce
the chance of recurrence. This study is a first attempt to involve radiation dose in surgical
decision making in the treatment of ORN. Because of the retrospective nature of the study,
the data were focused on what could be reliably extracted, the placement of the bone cut,
the isodose and the progression of ORN.

Aiming to place the bone margin outside the 56 Gy volume may reduce the risk of
ORN recurrence. Although this concept is supported by general findings in the literature
that the risk of ORN increases incrementally with doses of more than 50 Gy, the data
from the current cohort do not support this [4,6,8,19,21]. Moreover, it has been suggested
that the risk of recurrent ORN after surgical resection is associated with multiple factors
and should most likely be considered as such [1,3–11,13]. Thus, the approach of making
resection-margin decisions based on isodose distribution needs to be approached with
caution. From this data, the concept of always placing the bone margins outside the 56 Gy
isodose volume could not be applied uniformly.

Studer at al. reported about 42 patients for whom a mean mandible volume of 4.6%
received the prescribed dose (71 Gy) [7]. Compared to our cohort of patients who received
a prescribed dose of a minimum of 70 Gy, we found 10% for the non-recurrent ORN group
and 3% for the recurrent ORN group. According to Emami et al., the risk of developing
an ORN is 5% in 5 years if one third of the mandible is exposed to 65 Gy, or if two thirds
is exposed to 60 Gy [9]. In our study, on average, 42% of the mandible received a dose
of 56 Gy. However, for the recurrent cases this proportion was lower (23%) than for the
non-recurrent ORN cases (45%). This is also lower than the DVH constraints of V58 < 25%
proposed by Abdallah et al. [21].

Mandibular surgery increases the risk of the development of ORN [4], where marginal
or periosteal bone resection impose the highest risk, followed by segmental or no resec-
tion [19]. In the recurrent ORN group, three of the five patients had osteosynthesis material
in place during RT/chemoRT. In two of these patients, a segmental resection and reconstruc-
tion was performed during primary resection. One patient underwent reconstruction with
a fibula graft, the other solely with osteosynthesis. The third case had a mandibular fracture
that was sustained during radical surgery, for which internal fixation was indicated. In the
non-recurrent ORN group, only four of the twenty-eight patients had already undergone
reconstructive surgery. This might also explain the difference in the total mandibular bone
volume at the time of RT between the recurrent and non-recurrent ORN group. The resec-
tion in recurrent case 4 consisted of removing the condyle and osteosyntheses material, and
there was no bone cutting. However, this case is considered as a bicortical involvement of
the osteotomy at the Vm56 volume, because the Vm56 was not completely removed during
surgery. For recurrent case 5, one of the osteotomies was performed in the fibula graft and
not in the mandibular bone. For the same reason mentioned before, this osteotomy was
also considered as bicortical involvement.

In this study, a non-systematic analysis of retrospective data on ORN patients was
conducted to establish evidence to support potential dose–volume criteria for pre-operative
decision making for 3D-virtual surgical planning. Data from 33 patients were used from an
initial cohort of 75 patients (incomplete records in 42 cases), emphasizing the need for a
multicentre approach. Despite the multicentre approach, only a limited number of patients
could be included. The limited data availability and the resulting statistical power is the
main limitation of this study. Moreover, as treatment and surgical reconstruction tech-
niques differ between patients, but also between surgeons and health centres, comparing
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individual patients is even more challenging. In addition, ORN is a multifactorial disorder,
and due to the retrospective nature of the study, not all factors could be included. We did
not find a relation between the proportion of recurrences and the RT dose or dose-volumes.
Perhaps the group was too small to draw conclusions related to RT dose and dose volumes.
This study was not set up as an investigation of the causes of ORN, but for the risk of
recurrence. Therefore, the data retrieved from these cases should not be viewed similarly
to those in previous reports on the relationship of RT dose, dose volumes and the risk of
developing ORN. The unexpected finding that mandibular RT dose volumes were smaller
in the recurrent ORN group is perhaps more a consequence of all patients already having
ORN and less related to recurrence.

The surgical technique and choices regarding the placement of the bone cuts and
reconstruction are relevant for the risk of the progression of ORN. The risk of ORN progres-
sion is not solely based on the RT dose given to the bone. Other factors related to surgery,
such as vascularization of the remaining bone, quality of the covering soft tissue as well as
patient-related factors, including smoking and health status. Placing the bone margin in the
isodose volume with the lowest risk of the recurrence of ORN may be just one factor in the
process. The importance of planning the bone margin is even more essential for 3D-surgical
planning of the bone reconstruction. The traditional surgical approach would be free-hand
resection and shaping of the composite flap in the OR without 3D-virtual planning. In the
OR, regardless of the decision to utilize 3D-planning, the surgeon is faced with the problem
of where to cut and the following question remains: ‘is bleeding bone a safe criterion?’.

5. Conclusions

All of the patients who experienced the progression of ORN after the surgical removal
of the affected mandibular bone were resected inside the 56 Gy volume. Although the
volume measurements alone are not predictive for progression, the authors suggest that
the use of 3D-isodose volumes may be an option to avoid areas at risk for ORN during
one-stage resection and reconstructive surgery. This approach warrants further evaluation.
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Abbreviations

3D Three-dimensional
GTV Gross tumour volume
DVH Dose volume histogram
IMRT Intensity modulated radiotherapy
MRONJ Medication-related osteonecrosis of the jaw
ORN Osteoradionecrosis
PTV Planning target volume
RT Radiotherapy
Vm Mandible volume
VSP Virtual surgical planning
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Abstract: Zygomatic implants are used in patients with maxillary defects to improve the retention and
stability of obturator prostheses, thereby securing good oral function. Prosthetic-driven placement
of zygomatic implants is even difficult for experienced surgeons, and with a free-hand approach,
deviation from the preplanned implant positions is inevitable, thereby impeding immediate implant-
retained obturation. A novel, digitalized workflow of surgical planning was used in 10 patients.
Maxillectomy was performed with 3D-printed cutting, and drill guides were used for subsequent
placement of zygomatic implants with immediate placement of implant-retained obturator prosthesis.
The outcome parameters were the accuracy of implant positioning and the prosthetic fit of the
obturator prosthesis in this one-stage procedure. Zygomatic implants (n = 28) were placed with good
accuracy (mean deviation 1.73 ± 0.57 mm and 2.97 ± 1.38◦ 3D angle deviation), and in all cases, the
obturator prosthesis fitted as pre-operatively planned. The 3D accuracy of the abutment positions
was 1.58 ± 1.66 mm. The accuracy of the abutment position in the occlusal plane was 2.21 ± 1.33 mm,
with a height accuracy of 1.32 ± 1.57 mm. This feasibility study shows that the application of these
novel designed 3D-printed surgical guides results in predictable zygomatic implant placement and
provides the possibility of immediate prosthetic rehabilitation in head and neck oncology patients
after maxillectomy.

Keywords: maxillectomy; guided surgery; zygomatic implants; digital; 3D; prosthetic rehabilitation;
head and neck oncology; maxillary tumor; maxillary reconstruction; 3D VSP

1. Introduction

Several reconstructive techniques are available for patients with complex defects of the
mid-face and maxilla following tumor resection. The size and extent of the maxillary defect,
patient factors, and comorbidities are decisive factors for the choice of surgical, prosthodon-
tic, or combined rehabilitation after a maxillectomy. In cases when tumor resection has
caused a relatively small maxillary defect, primary closure or surgical reconstruction with a
local soft tissue flaps alone can lead to excellent functional and aesthetic results. For larger
maxillary defects, reconstruction with a vascularized flap or prosthetic rehabilitation with
an obturator prosthesis can be used, the latter remaining an important treatment in many
institutions [1]. However, conventional obturator prostheses can have their drawbacks,
mainly caused by lack of retention of the prostheses. Placement of endosseous implants
in the native bone of the maxilla allow for improvement of retention of the obturator
prosthesis and thereby increase the success of prosthetic rehabilitation. While there is often
not enough bone volume for reliable implant placement, zygomatic implants can be used
to improve the retention of the obturator prosthesis [1–3].

The literature reports good zygomatic implant survival rates (78.6 to 100%) after
placing maxillary resections [4]. Primary implant placement at the time of ablative surgery
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along with early loading of implants has been shown to be an effective rehabilitation
protocol [1–3]. Although the survival rates are promising, this more complex treatment
modality is not a standard implant procedure among many clinicians. Due to drilling
with long drills close to critical anatomical structures, compromised visibility, and for
oncological cases, also the absence of anatomical landmarks, the oblique drill trajectories
for placement of zygomatic implants are challenging [5]. Inaccurate placement could result
in uncontrolled bleeding, damage to the orbit and its content, damage to the maxillary
sinus, and traumatic fractures to the orbitozygomatic complex [6,7]. Moreover, inaccurate
placement and angulation of the implant results in positional errors at the apex and of the
prosthetic head. This possibly results in an undesired prosthetic outcome and may even
make the use of the zygomatic implant unattainable.

Pre-operative 3D planning and guided placement and drilling according to a virtual
surgical plan could solve these problems and result in lower risk of complications compared
to the free-hand approach. With the use of virtual implant planning, an optimal inclination,
position, and depth of the zygomatic implant can be chosen considering volume and
anatomical variation of the malar bone [8]. Moreover, the ideal prosthetic platform positions
can be planned, which eliminates the possible need for the intraoperative “guess work”
involved with complex zygomatic implant rehabilitation [9].

While there is widespread experience in guided placement of endosseous dental
implants and guided resection of tumors, a proper tool for guided placement of zygomatic
implants in maxillectomy patients is not yet available. With the combination of the oblique
bone surface, the long drill trajectories and the extent of the defects make designing
guided templates a challenge. Any small angular or positional entrance error results in
magnification of apical positional error at the tip of the drill [10]. The drill guide for
zygomatic implant placement, introduced by Vrielink et al. [11] in 2003, which was solely
based on available bone volume, unfortunately had an unfavorable accuracy. A technical
note describing guided placement of zygomatic implants in atrophic maxillae lacks implant
placement-accuracy analysis [12].

Recently, our group described a novel design of a fully digital 3D surgical planning for
accurately executing the ablative surgery, placement of zygomatic implants, and immediate
placement of an implant-retained obturator prosthesis in human cadavers [13].Therefore, the
aim of this study was to assess whether this full 3D virtual workflow to guiding zygomatic
implants placement and providing the patient with a printed surgical obturator prosthesis
in head and neck cancer patients with a maxillary defect would be clinically feasible.

2. Materials and Methods

A total of 10 consecutive patients (7 female, 3 male, mean age of 66.3 years, range
45–73 years) who were treated for oral malignancies at the department of Oral and Maxillo-
facial Surgery at the University Medical Center Groningen were included. Patients either
had a pre-existing defect of the maxilla (n = 3) or were scheduled for a maxillectomy (n = 7)
with reconstruction an obturator prosthesis supported by zygomatic implants. All maxil-
lary defects in this study are categorized as a class Brown IIb defect [14]. Patient, tumor,
and defect characteristics are described in Table 1. For all patients, a complete 3D virtual
surgical planning was made, in which zygomatic implants as well as an implant-retained
obturator prosthesis were included.

Table 1. Patient, tumor, and defect characteristics.

Patient Age
(Years) Sex Indication Laterality Implants IMPL Length (mm) Radiotherapy

1 49 F cT4N0
Adenoid cystic carcinoma maxilla R 2 42.5; 55 Post-op

2 73 F cT1N0
Squamous cell carcinoma maxilla R & L 4 52.5; 45; 52.5; 47.5 Pre-op

Post-op

3 64 F cT4aN1M0 Squamous cell
carcinoma maxilla R 4 55; 50 -
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Table 1. Cont.

Patient Age
(Years) Sex Indication Laterality Implants IMPL Length (mm) Radiotherapy

4 74 M pT4aN0M0
Melanoma cavum nasi R 2 55; 55 Post-op

5 71 F cT3N0M0
Oral lentiginous melanoma maxilla R 4 35; 45; 42.5; 50 Post-op

6 67 M T4N0
Squamous cell carcinoma maxilla L 2 47.5; 55 Pre-op

7 60 F cT4N0
Squamous cell carcinoma maxilla R 2 47.5; 55 -

8 45 M Langerhans Histiocytosis R & L 4 55; 52.5; 55; 52.5 Pre-op

9 66 F Osteosarcoma
maxilla R 2 45; 50 -

10 71 F pT4aN0
Squamous cell carcinoma maxilla R&L 4 55; 50; 55; 47.5 -

2.1. Pre-Implant Procedure and 3D Planning

Prior to ablative oncological surgery, each patient underwent a diagnostic work-up
consisting of both a CT and MRI of the head and neck region for ablative surgery and
implant planning. In dentate patients, the natural dentition of dentulous patients was
digitalized through 3D optical surface scanning and could be matched to the 3D patient
models. In edentulous cases, additional cone-beam-computed tomography scan (CBCT)
datasets of the patients wearing their conventional prostheses were obtained. The patient’s
prosthesis was prepared before scanning: five radiopaque markers were added and spread
over the prosthesis. Immediately after the scanning, a second scan of the prosthesis itself
was performed. Through the radiopaque markers, the two CBCT-datasets of the patient
and the prosthesis were merged to match the virtual prosthesis to the 3D models of the
patient’s anatomy.

By using a multi-modality CT and MRI combined workflow for 3D resection margin
planning [15], the tumor was delineated on the MRI data, after which this dataset was
fused with the CT bone data in order to construct a 3D bone and tumor model. This model
enabled reliable virtual resection planning with oncologic margins [16]. The virtual patient
dentition or prosthesis was matched to the virtual planning to allow for digital obturator
prosthesis designing, matching the defect, and backwards planning of the zygomatic
implants from the position of the obturator prosthesis. The zygomatic implant heads were
placed in the most ideal prosthodontic positions. The apical part of the zygomatic implant
was planned in the lateral cortical bone of the zygomatic complex with care for maximal
bony contact of the implant. The needed length of zygomatic implant was determined. In
dentate cases, two zygomatic implants were digitally planned at the maxillary defect site.
Four zygomatic implants were planned in edentulous cases.

2.2. Guide Design

Translation of the 3D VSP towards the surgical procedure was realized by means of
3D-printed surgical guides (Figure 1).

Subsequently, patient-specific implant drill guides were designed based on the pre-
ferred apical and abutment positions of the zygomatic implants captured in the final virtual
set-ups (3-Matic Medical, Materialise, Leuven, Belgium). In edentulous cases, the drill
guides were developed to fit the alveolar ridge, nasal aperture, and zygomatic arch for
stable positioning (Figure 2A,B).
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Figure 1. Overview of 3D VSP workflow for virtual resection planning. The working method starts
with right-sided maxillectomy (A), caudal view (B), and the matching lateral view guided by the
surgical cutting guides (C,D), with which the aim is to remove the red transparent part representing
tumor removal with margin.

The maxillary bone-supported part included an extension to the nasal aperture to
verify correct positioning of the guide [17] and was connected with crosslink arms to the
zygomatic bone-supported part. Centered channels in the drill-guides enable insertion of
stainless steel milled drill sleeves, which should minimize deviation of the drill trajecto-
ries and prevent polyamide particle formation (Figure 2C,D). The length of the channels
functions as an integral depth stop for the zygomatic implants (Figure 2E,F).
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Figure 2. Overview of 3D VSP workflow for virtual zygomatic implant planning. (A,B) Virtual
obturator prosthesis-driven zygomatic implant planning in an edentulous patient with right-sided
maxillary resection planning. (C,D) Bone-supported zygomatic implant drill guide. Support is
gained at alveolar ridge, nasal aperture, and zygomatic arch for stable positioning, and centered
channels in the drill-guide enable insertion of stainless steel milled drill sleeves. (E,F) the length
of the channels forms an integral depth stop for the zygomatic implants. (G) detailed view of drill
guidance. (H) detailed view of zygomatic implants placed through the guide to enhance correct
prosthetic head positions.

In addition, the guide was supplied with holes for temporary fixation with mini screws.
If natural dentition was remaining after resection, the teeth were used for support of the
guides (Figure 3). The guides were printed from polyamide, produced according to the
ISO 13485 standards for medical devices, by Oceanz (Ede, The Netherlands).
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planned, individually designed cutting guides (Figure 3A,B). In the two cases in which 

the maxillectomy already had been performed, a mucoperiosteal flap was raised. Second, 

the zygomatic implant drill guide was fitted onto the bone. All zygomatic implants were 

placed by the same surgeons (S.V. and G.R.). During exposure of the maxillary and zygo-

matic bone, care was taken in order to remove all connective tissue from the guide sup-

porting bone region so that the drill guide could be seated with a tight fit. The guide was 

fixated with osteosynthesis screws (KLS Martin, Tuttlingen, Germany) (Figure 3C). Third, 

the first metal sleeves matching the 2.7 mm zygomatic drill with apical lance were inserted 

in the guide to create the entry point in the malar bone. Subsequently, the preplanned drill 

Figure 3. Surgical procedure. (A,B), maxillectomy according to the preplanned, individually de-
signed cutting guides. (C) Drill guide seated with a tight fit and fixated with osteosynthesis screws.
(D) Zygomatic drill inserted in the guide to perform the preplanned drill. (E) Insertion of zygomatic
implant into the bone until the fixture mount contacts the reference stop on the guide. (F) View of
zygomatic implant positions after removing the guide. (G) Final screw direction of the fixture mounts,
which correspond exactly with the abutment positions. (H) Implant-retained obturator prosthesis
immediately fixated with non-engaging prosthetic cylinders mounted into the prepared slots with a
light-curing denture resin.

2.3. Surgical Procedure

First, the tumor was removed by resecting the maxilla (SV) according to the pre-
planned, individually designed cutting guides (Figure 3A,B). In the two cases in which the
maxillectomy already had been performed, a mucoperiosteal flap was raised. Second, the
zygomatic implant drill guide was fitted onto the bone. All zygomatic implants were placed
by the same surgeons (S.V. and G.R.). During exposure of the maxillary and zygomatic
bone, care was taken in order to remove all connective tissue from the guide supporting
bone region so that the drill guide could be seated with a tight fit. The guide was fixated
with osteosynthesis screws (KLS Martin, Tuttlingen, Germany) (Figure 3C). Third, the
first metal sleeves matching the 2.7 mm zygomatic drill with apical lance were inserted in
the guide to create the entry point in the malar bone. Subsequently, the preplanned drill
trajectories were performed (Figure 3D). The metal sleeve was removed, which transformed
the guide into a placing guide for the correct installation angle for the zygomatic implants
(Zygex, Southern implants, Gauteng, South Africa). Next, the implants were inserted into
the zygomatic bone until the fixture mounts contacted the reference stop on the guide.
(Figure 3E). Due to longitudinal slots in the guide, the guide can be removed easily follow-
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ing implant placement by loosening the osteosynthesis screws and unclipping the guide
from the implants (Figure 3F). Before removing the guide, the maxillofacial prosthodontist
determines the final screw direction of the fixture mount, which corresponds exactly with
the abutment position (Figure 3G). The obturator prosthesis with preplanned slots can be
used as a reference to ensure a parallel positioning of the prosthetic platforms. In the eden-
tulous cases (n = 5), a second guide was placed on the contralateral side, and the guided
implant procedure was repeated. The surgical procedure was finalized by fixating the
obturator prosthesis. Non-engaging prosthetic cylinders (Southern implants, Irene) were
fixed to the obturator prosthesis with ultraviolet light-curing resin. The obturator prosthesis
was checked for balance support and was firmly screw-fixed on the zygomatic implant
abutments (Figure 3H). The screw-retained retention allows post-operative removal of the
surgical obturator prosthesis and enables replacement as often as necessary

2.4. Analysis of Accuracy

All patients underwent a routine postoperative cone-beam-computed tomography
scan (CBCT) within 16 days after surgery, which was used to evaluate the accuracy of
the implant placement. The computer-aided design (CAD) files in STL format of the
titanium zygomatic implants were superimposed onto the postoperative CT data, and a
comparison was made with the planned positions by calculating reproducible reference
planes in which the accuracy was measured. The implant coordinate system (ICoS) includes
three reproducible reference planes in which the accuracy was measured: the center of
the zygomatic implant head, bone entry point of the implant, and bone exit point of the
implant (Figure 4A). Furthermore, the 3D angular deviation between 3D-planned position
and postoperative implant position was calculated (Figure 4B).
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Figure 4. Overview of the different types of measurements and reference planes or coordinate systems
for assessing the accuracy of zygomatic implant placement derived from post-op CBCT. In red, the
planned zygomatic implant position; in blue, the postoperative zygomatic implant position. (A) The
implant coordinate system (ICoS), including the three reproducible reference planes in which the
accuracy is measured: the center of the zygomatic implant head, bone entry point of the implant,
and bone exit point of the implant. (B) 3D angular deviation between 3D-planned position and
postoperative implant position. X represents the 3D angle deviation. (C) Occlusion plane coordinate
system. A plane parallel to the prosthetic occlusional plane is defined; perpendicular to this plane is
the blue arrow. This arrow indicates the direction in which the abutment height accuracy is calculated.
Deviation of the abutment is measured in the occlusional plane (green arrow).

Deviation of abutment position in two dimensions were calculated by defining a plane
parallel to the prosthetic occlusional plane as reference: the occlusion plane coordinate
system (Figure 4C). If the implant-retained obturator prosthesis on the zygomatic implant
abutments was within 3 mm of the prosthetic cylinders in the slots, and a passive fit could
be achieved, placement was deemed a success.
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3. Results
3.1. Implant Placement Accuracy

The surgical guides fitted well in 9 cases (28 zygomatic implants). In one case, the fit
of the surgical guide was not optimal because a larger resection of the tumor than planned
was performed. These two implants were placed non-guided and therefore eliminated
from the accuracy analysis. The implant lengths varied between 35 mm and 55 mm
and were placed with a mean entry point deviation of 1.73 ± 0.57 mm and a 3D angle
deviation of 2.97 ± 1.38◦ (range 0.6–6.1◦). The 3D accuracy of the abutment positions
was 1.58 ± 1.66 mm. The accuracy of the abutment position in the occlusal plane was
2.21 ± 1.33 mm, with a height accuracy of 1.32 ± 1.57 mm. An overview of the accuracy
results can be seen in Tables 2 and 3. The accuracy was well within tolerance limits.

Table 2. Accuracy data. Result of the post-operative analysis of the implant coordinate system (ICoS)
measurements. * SD, standard deviation.

ICoS Measurements
n = 10 Mean (+/− * SD) Min Max

Abutment (mm) 1.60 (+/−0.64) 0.53 3.42
Entry point (mm) 1.81(+/−0.64) 0.43 3.24
Exit point (mm) 2.87 (+/−1.18) 1.11 4.72

Table 3. Accuracy data. Result of the post-operative analysis. Descriptive statistics of the occlusion
coordinate system (OCoS) measurements. * SD, standard deviation.

OCoS Deviations
n = 10 Mean (+/− * SD) Min Max

Abutment in occlusal plane (mm) 2.45 (+/−1.35) 0.87 6.04
Abutment height from occlusal plane (mm) 1.58(+/−1.66) 0.01 6.58

Axial angle (◦) 2.31 (+/−1.52) 0.19 4.34
Coronal angle (◦) 2.43 (+/−1.73) 0.25 7.97
Sagittal angle (◦) 2.85 (+/−1.88) 0.27 7.04

3D angle (◦) 3.20 (+/−1.49) 0.34 6.13

3.2. Fit of the Implant Retained Obturator Prosthesis

In nine cases, the obturator prostheses could be fixated with non-engaging prosthetic
cylinders (Zygex Southern implants, Gauteng, South Africa) to the zygomatic implants as
planned. The prosthetic outcome in the horizontal and vertical dimension was within the
3 mm leeway space. This margin was available in prepared slots of the obturator prostheses
needed for fixation. In the case where the zygomatic implants were not guided placed,
extensive prosthetic adjustments at the preplanned slots were needed to allow for a proper
fit of the obturator prosthesis.

Finally, all pre-operatively designed obturator prostheses had an adequate and were
well-balanced on the zygomatic implants and remaining maxillary structures.

4. Discussion

This feasibility study shows that the application of 3D-printed surgical guides re-
sults are feasible in predictable zygomatic implant placement and immediate prosthetic
rehabilitation in head and neck oncology patients after maxillectomy. Furthermore, appli-
cation of this reliable method is believed to minimalize the risk of surgical and prosthetic
complications.

The literature reports loading of zygomatic implants within a few hours after implant
placement [18,19], but to the best of our knowledge, such a CAD workflow involving
immediate implant-retained prosthetic rehabilitation in a combined surgical procedure with
guided tumor resection and placement of zygomatic implants is not described. Thereby,
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comparative accuracy data are not available yet. Perioperative prosthetic delivery obviates
invasive impression taking in surgical field or shortly after surgery, which is a direct benefit
for the patient.

In the literature, an unfavorable zygomatic implant position of the apex or prosthetic
head is described as a surgical complication [2,7]. This could indicate that even when
executed by experienced surgeons, there is a frequent occurrence of suboptimal zygomatic
implant positioning using a free-hand placement. The concept of guided zygomatic implant
placement was first tested by our group in a series of human cadavers [12]. The data of this
pre-clinical cadaver study and the data presented here are comparable in accuracy. As a
consequence, immediate implant support was available for the obturator prosthesis.

This phase I trial shows high clinical potential for this approach of 3D-planned place-
ment of zygoma implants. We think that a larger group of patients is required to confirm
our first data on the predictability of placement and subsequent immediate loading of
the obturator prosthesis. The lessons learned from this trial are that 3D planning can be
accurately used when surgeons and prosthodontists together plan the surgery and pros-
thetic rehabilitation. 3D visualization of the tumor and planned resection promotes clinical
debate and facilitates choices. The execution of the resection is less of a determining factor.
Added resections are very well possible since the support for the 3D zygoma guides are
chosen outside the expected oncological surgical field. Two factors are critical for accurate
placement of the zygomatic implants. The first is the accurate placement of the 3D guide.
Surgeons should be aware how the guides should be placed and 3D information should
be available in the OR. Time must be taken to place these correctly, as is the case with
all 3D-planned surgical guides for another purposes. Second, during placement of the
implants, the surgeon should have the possibility of visual inspection of the entry point in
the zygoma. Despite accurate 3D planning and well-thought out guide design, the surgeon
needs visual feedback on the entry point. Once the entry point is placed accurately, the
rigid guide supports the right direction of the implant drill.

Besides guided placement of implants, currently, implant placement using real-time
navigation is gaining popularity. Research results are promising, and this most likely
accurate and less-invasive surgical technique could be a next step in zygomatic implant
placement according to a VSP in the future. To date, the main drawback of current visualiza-
tion techniques is the difficulty of steadily maintaining the drill handpiece and transferring
the surgical view from the navigation display to the operative site, which is amplified in the
long drills used for zygomatic implants [20]. Secondly, it currently involves above-average
operating time [9].

It is reasonable to assume that knowledge of the planned resection automatically
provides 3D visualization of the necessary obturator outline to restore oral function. In
this study, a treatment protocol was used for immediate prosthetic rehabilitation with
immediate loading of the zygomatic implants. Restoring oral function immediately after
ablative surgery obviates the need for fitting, placing, and adapting the prostheses. After
maxillectomy, the frequent necessity of adjuvant radiotherapy limits the possibility of
achieving sufficient retention for a conventional obturator prosthesis. An implant-retained
obturator prosthesis allows for repeated removal to check the oncological defect visually
or in the event of complications. The addition of subsequently placing a fixed, removable
obturator prosthesis during surgery is a major step to shortening the time of prosthetic
delivery and implant utilization. It can be anticipated that the number of prosthetic
interventions post-operatively will be less compared to conventional prosthetic planning,
in which retention is more difficult to obtain. We anticipate that oral function in such
patients can recover earlier and better before the often necessary radiotherapy starts, and
the hospital visits for prosthetic aftercare will be minimized in the early post-operative
phase. In case of adjuvant radiotherapy, it is important to provide zygomatic implant-
specific information to the radiotherapy team. This enables adjustments of the radiotherapy
treatment plan and the dosimetric accuracy in radiotherapy [21,22].
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5. Conclusions

A fully digitalized workflow for guided resection, zygomatic implant placement, and
immediate prosthetic rehabilitation is feasible when planning a zygomatic implant-retained
prosthesis. The method presented here is novel and advantageous for head and neck cancer
patients because of an immediate implant-based prosthetic rehabilitation after ablative
surgery, which otherwise could not have been achieved without delay.
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