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sSummary

Introduction

Virtual surgical planning is often used to prepare mandibular segment resection with subsequent recon-
struction. Patient-specific cutting guides translate the planned resection and reconstruction osteotomies to
the surgery. The accuracy of computer-assisted surgery is currently evaluated by heterogeneous method-
ologies for post-operative imaging, segmentation, registration, and accuracy measurements.

Objective

This thesis aims to develop an objective, reproducible and insightful evaluation methodology. The eval-
uation methodology will compare planned osteotomies with actual osteotomies in segmental mandibular
resection and reconstruction. The designed methodology will be applied in a retrospective study.

Method

Actual osteotomies were defined by a plane fitted through manually defined points on the post-operative
imaging. The actual osteotomies were aligned to the pre-operative mandible or fibula model. Distance
and angular deviation were measured between the planned and actual osteotomies. Resection osteotomy
distance deviation was defined as the distance between the centre of mass of the actual and planned
intersection of the pre-operative mandible model and the osteotomies. The maximum distance between
the intersections was also measured. Reconstruction osteotomy distance deviation was defined as the
length difference between the planned and actual fibula segments. Angular deviation of the resection and
reconstruction osteotomies were defined by two angular differences based on the saw slot, i.e. the angle
across the saw slot (x-axis) and the angle through the saw slot (y-axis).

Results

A semi-automatic novel methodology was developed. The intra-observer variation of the osteotomy locali-
sation was + 0.4 mm for distance deviation and + 2.1° for the angular deviation. The inter-observer variation
was * 0.8 mm for the distance deviation and + 2.4° for the angular deviation.

Sixteen patients were included in the retrospective study. For the resection osteotomies, the absolute aver-
age distance deviation was 2.1 £ 1.9 mm for the centre of mass and 3.1 £ 2.3 mm for the maximum distance.
The fibular segments differed by 2.4 + 2.5 mm in length. Angular deviations around the x-axis were 3.7 +
3.4° for resection and 6.9 * 7.1° for reconstruction osteotomies, and deviations around the y-axis were 5.7
+ 5.8°and 9.1 + 11.4°, respectively.

Conclusion

The evaluation methodology provides guidelines for post-operative imaging, segmentation, osteotomy local-
isation, registration, and osteotomy comparison. The difference in distance deviated was within an absolute
average of 3 mm. The angular deviation was significantly larger for the reconstruction osteotomies than for
resection osteotomies, requiring further research.
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Introduction

1.1. General introduction

Patients suffering from osteomyelitis, osteoradionecrosis, or tumours invading the mandible, require a seg-
mental resection [1]. Ablative surgery removes the tumour and/or affected tissue, creating a bone- and
soft-tissue defect in the oral cavity. The defect causes impairments in speech, swallowing, mastication,
nutrition, and appearance [2].

The current golden standard for reconstructing large mandibular defects is a reconstruction with a microvas-
cular free fibula transfer [3, 4]. The reconstruction restores the mandibular contour, the internal soft tissue
and creates the foundation for dental rehabilitation [1, 5, 6].

For the segmental mandibular resection and reconstruction, the resection osteotomies need to be made
accurately to ensure adequate tumour removal. While doing so, vital tissues like nerves and dentition should
be preserved whenever possible. Additionally, the created mandibular gap should allow for a reconstruction
that results in a proper neo-mandible contour and facilitates the placement of a fibular graft segment that
is at least 1.5 cm long [7].

Computer-assisted surgery (CAS) is frequently used to optimize the complex procedure described above.
Computer-assisted segmental mandible resection and reconstruction is a multi-step process, consisting of
1) Acquisition of pre-operative imaging data, 2) Computer-assisted planning, 3) 3-dimensional (3D) print-
ing, 4) Surgery and 5) Evaluation. The workflow starts with acquiring high-quality CT and MRI scans of the
craniomaxillofacial region and a CT angiography of the graft site, see Figure 1.1.A. These 2-dimensional
images can be converted into 3D surface models using image segmentation, see Figure 1.1.B. The resec-
tion osteotomies are positioned based on oncological and functional considerations. The reconstruction
segment is created by positioning the fibula (multiple times, for more segments) in the mandibular defect,
see Figure 1.1.C.

The transition from virtual to physical in-patient osteotomies is enabled by 3D-printed patient-specific cutting
guides (PSC). The PSC is made up of two main components: the slot or flange and the supporting surface.
The slot or flange is designed to guide the saw in the direction of the planned osteotomy. The design of
the slot/flange is dependent on the surgical approach, osteotomy location, and sterilization (determining the
part thickness and slit dimension of the slots) [8]. The supporting surface needs to comply with the following
design factors: 1) stable contact, which can be enhanced by fixating the guide with screws [8]; 2) facilitation
of unique position and orientation for precise guide placement; and 3) non-interference with other tissues
to prevent the spread of tumour cells. A connecting arc is often designed to connect the proximal and distal
resection cutting guides, creating one cohesive unit, to increase its stability and uniqueness. Two guides
are developed: a resection guide for the resection of the tumour and a reconstruction guide for creating the
graft segment(s) for reconstruction, see Figure 1.1.D.

Lastly, reconstruction of the mandible is achieved by fixating the fibular segments and the remnant mandibu-
lar segments to each other.
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Figure 1.1: Overview computer-assisted surgery process

Figure 1.1.A shows the workflow for craniomaxillofacial reconstruction starts with obtaining high-quality CT and MRI scans of the
craniomaxillofacial region along with a CT angiography of the graft site. Figure 1.1.B, using imaging segmentation, 3D models of
the mandible and fibula are created. Figure 1.1.C, the resection osteotomies are positioned based on oncological and functional
considerations. The reconstruction segment is created by positioning the fibula in the mandibular defect. Figure 1.1.D, the resection
and reconstruction cutting guides are designed to translate the planned osteotomies to surgery. Figure 1.1.E, the resection and
reconstruction osteotomies are executed, and the mandibular reconstruction is accomplished by fixating the fibular segment(s) to the
remnant mandibular segments.

Inaccuracies between the planned and the actual in-patient reconstruction can arise by intentional and
unintentional deviation. Intentional deviations occur if the computer-assisted planning is not (or no longer)
assumed to be valid. The invalidity of the planning can, among other reasons, be caused by tumour growth
due to the time between pre-operative imaging and the surgery [9]. Unintentional deviations, on the other
hand, arise from errors such as misplacement of the PSC, incorrect saw orientation within the PSC saw-
slot, or incorrect fixation of graft segments [10, 11]. These unintentional deviations can affect the adequacy
of tumour margins and the preservation of vital structures. The intentional and unintentional deviation
may result in suboptimal resection and reconstruction, leading to less favourable patient outcomes and
prolonged surgical duration [12].

The inaccuracies caused by the aforementioned reasons should be evaluated as the last step of the CAS
process. The literature reports deviations ranging between 0 mm and 12.5 mm and between 0.9° and
17.5°. However, the evaluation methods and, therefore, outcome parameters are heterogeneous, making
comparison weak [13].

Baar et al. [14] introduced a guideline in 2019 aiming to standardize the evaluation method. However, a lim-
itation of this guideline is the generality of the outcomes derived from the proposed evaluation method. The
method compares the entire post-operative reconstruction to the pre-operatively planned reconstruction. It
does so by calculating the deviation in the mandibular contour. The deviation in the final post-operative
mandibular contour is, however, a summation of all the deviations that can occur during the CAS process,
as explained above. The origin of these deviations cannot be retrieved at a later stage. This hampers
identifying causes of the deviations and, thus, the ability for innovation and improvement.

Due to many factors influencing the post-operative accuracy, a focus is required. Translating the virtual
to the physical osteotomies using the PSC is an important step for accurate reconstruction. The devia-
tion caused in this step can be evaluated by comparing the planned osteotomies to the actual executed
osteotomies.

As preliminary research, a comparative literature review was conducted [15] investigating the different
methodologies used in the literature for comparing planned and actual osteotomies. The methodologies
of twenty-four articles were assessed [11, 12, 16-37]. The articles used a wide variety of incomplete and
poorly described methods for segmentation, osteotomy localisation, registration and accuracy assessment.
It could be concluded that a standardized and well-described methodology for comparing planned and
actual osteotomies is imperative.

1.2. Aim and objectives

This thesis aims to develop a methodology for assessing inaccuracies between the planned segmental
mandibular resection and reconstruction and the actual post-operative result. It focuses on the deviation
that occurs when translating planned osteotomies to surgery using a PSC. This evaluation is conducted by
comparing the differences between the planned and actual osteotomies.
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Objective 1: Methodology development
The first objective entails the development of a reproducible and objective accuracy assessment method,
comparing the planned osteotomy with the actual osteotomy. The methodology will consist of two parts:

» Developing and/or describing the methodology for post-operative imaging, segmentation, localisation
of the actual osteotomies, and registration.

» Developing a distance and angular deviation measurement to evaluate the accuracy between the
planned and the actual resection and reconstruction osteotomies.

Objective 2: Retrospective study

The second objective is to retrospectively analyse the accuracy of CAS in segmental mandibular resection
and reconstruction, using the novel method developed in objective one, for patients treated at the Leiden
Medical University Centre.



Technical background

In CAS procedures, mathematics is used to understand and guide processes such as the virtual planning
of mandibular resection and reconstruction. 3D virtual representations of the patient’'s anatomy are created
to develop a virtual resection and reconstruction plan. A similar approach must be applied to evaluate the
accuracy of the virtual surgery. Therefore, this introduction explains the principles needed to understand the
developed methodology for evaluating the accuracy between planned osteotomies and actual osteotomies.

2.1. Imaging

The input for the 3D models are imaging scans like CT and CBCT. The quality of the scan affects the
segmented 3D models [38] and the localisation of the actual osteotomies. The scan quality is determined
by the acquisition technique and the used parameters like the kilo Voltage peak (kVp), slice thickness and
pixel spacing. The optimal level of kVp is a trade-off between high energy (highly penetrating, low contrast)
versus lower energy (less penetrating, higher contrast) X-rays [39]. The slice thickness determines the
longitudinal sampling resolution [40]. A thinner slice thickness will improve the spatial resolution but at the
cost of an increased radiation dose or image noise and scanning time [41]. The sampling resolution in
the transaxial dimension depends on the selected field of view of the CT scanner and the imaging matrix
(256x256 or 512x 512) yielding pixel spacing. The pixel space is a trade-off between spatial resolution
(small pixel spacing) and the measurable signal affecting the signal-to-noise ratio [40].

2.2. Segmentation

Image segmentation is the grouping of pixels in an image according to specific properties. Segmentation is
used to distinguish between regions that have homogenous characteristics, such as bone and soft tissue.
[40, 42]. Accurate segmentation is essential as it forms the basis for CAS.

Many approaches can be used to create a segmentation. The initial approach is often thresholding, which
groups pixels by intensity. An upper and lower threshold can be set, classifying pixels into groups [40]. The
optimal threshold depends on the imaging modality, acquisition parameters, and the nature of the tissue
being segmented [40].

Region growing is a segmentation approach that detects connected regions based on intensity and connec-
tivity. In region growing, a seed point is manually selected and connected voxels with the correct intensity
are included. There are three types of connectivities that can be used to identify connecting voxels: 6, 18,
and 26. In 6 connectivity, all voxels with adjacent faces are included. In 18 connectivity, all voxels with
adjacent edges are included and in 26 connectivity, all voxels with adjacent vertices are included [40]. The
connected region is separated and manually labelled after the specific structure.

Advanced techniques, including interpolation approaches, automatic adjustments and the use of artificial
intelligence, are used to enhance segmentation accuracy and decrease segmentation time and observer
variability [43] [44].
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Figure 2.1: Global coordinate system (X, Y, Z) and a plane (yellow) with its local coordinate system (x’, y’, Z')

2.3. 3D surface models

From segmentation, a 3D surface model is created using algorithms such as the marching cubes algorithm.
The mesh defines a surface model, outlining the object’s shape through a collection of polygons, typically
triangles, composed of vertices, edges, and faces [45]. Vertices define the corners, edges are the lines
between vertices, and faces represent flat surfaces.

2.4. Coordinate systems

The position and orientation of the created 3D models are defined in three-dimensional space. Within this
space, a coordinate system describes a structured framework. This system centres around an origin point,
from which three orthogonal axes emerge—the x-axis, y-axis, and z-axis. The direction of these axes
follows the right-handed rule, defining it as a right-handed coordinate system. The axes, extending from
the origin, designate positive values, while the opposing side represents negative values [46, 47].

In this three-dimensional space, any point p can be assigned coordinates p = (ps,py,p-), representing
signed distances along the three axes from the origin [46].

The world coordinate system (WCS) is a universal reference, positioning objects and defining spatial rela-
tionships within a given environment. The WCS origin is situated at [0, 0, 0], and orthonormal axes x,y,z are
represented by i = (1,0,0), j = (0,1,0), and k = (0,0, 1) [46].

The location of an object can be expressed within the world coordinate system, but they can also have their
own local coordinate system (LCS), see figure 2.1. LCSs have their own origin and three orthogonal axes.
Each coordinate system can be expressed as a 4x4 matrix adhering to special constraints, positioning the
LCS in a reference frame of another system, such as the WCS. Therefore, these matrices also facilitate
coordinate system changes, allowing the expression of positions and orientations in a local coordinate
system to be translated to the global coordinate system [47].

2.5. Spatial transformation

Spatial transformation refers to a rigid or deformable transformation of an object [40, 48]. Within the scope
of this report, rigid translation and rotation will be further explained. The translation and rotation can be
combined in a single 4x4 rigid transformation matrix, see Matrix (2.1).

Ryo Rym R.., T,
Ry Ryy Ray T,
0 0 0 1

M = (2.1)

The top-left 3x3 sub-matrix of the matrix shown above, represents a rotation transform, while the last column
represents a translation. This matrix can also be interpreted as a coordinate system. The position is
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represented in the last column, and the orientation in space is represented in the top-left 3x3 matrix. The
last row of the matrix is always (0, 0,0, 1), ensuring a uniform 4x4 structure. This uniformity enables the
representation of both translation and rotation operations in a single transformation matrix through matrix
multiplication, facilitating efficient geometric transformations [47].

2.5.1. Translation
A translation matrix can move an object along one or more of the three axes. The basic form of a transfor-
mation matrix that solely shows translations is as follows:

M= 2.2)

o o o
oo = O
o= OO

When a translation matrix is applied to a point v, it can be shown that Mv only produces translation (shift)
by adding the translation vectors tx, ty, and tz to the components of v (vx, vy, and vz):

1 0 0 tgf |ve Vg +1g

o1 0ty vy | eyt

Mv = 0 0 1 t ] |va|  [|vs+t,
0 0 0 1 1 1

2.5.2. Rotation

An object can be rotated around one or more of the three axes by a rotation matrix. The rotation matrix
is formed by the 3x3 top-left section. The matrices RX, RY, and RZ represent transformations that rotate
points by the angle 6 in radians around the origin of the WCS [48].

The transformation matrix for rotation around the x-axis by an angle 6:

1 0 0

0 cos(f) —sin(d)
0 sin(d) cos(f)
0 0 0

R.(0) =

_— o O o

The transformation matrix for rotation around the y-axis by an angle 6:

cos(d) 0 sin(f) 0

0 1 0 0

By(0) = | _ sin(#) 0 cos(f) O
0 0 0 1

The transformation matrix for rotation around the z-axis by an angle 6:

cos(#) —sin(d) 0 O

sin(6 cos(6 0 0

R.(6) = 0( : 0<) 10
0 0 0 1

The total rotation is a multiplication of the three rotation matrices in a specific order. To go from the total
rotation matrix to intuitive values, the rotation matrix should be converted into Euler angles [48]. Euler
angles express the rotation around one of three perpendicular axes (the x, y, and z axes), in degrees (°).
Due to the non-commutative nature of matrix multiplication for rotation matrices, the order of multiplication
affects the result [49]. In the methodology in Section 3.1.5, rotation is first applied around the z-axis, then
the x-axis and finally the y-axis.
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2.5.3. Registration

Registration is the spatial alignment of two datasets (e.g. images or surface models). Different methods
for registration can be used. In the methodology proposed in Chapter 3, landmark registration is used as
an initial registration, globally aligning the objects. An iterative closest point registration will later facilitate
precise alignment. Both registration methods are explained below. The spatial alignment of landmark
registration is based on a limited set of identified points (landmarks). Landmark-based registration mostly
performs rigid transformations. A disadvantage is that the landmarks are often picked manually. The
optimization process of landmark-based registration is relatively fast as the input data (the set of landmarks)
is sparse compared to the original image/model content [50].

After landmark registration, iterative closest point registration is performed for optimisation. Iterative closest
point registration tries to find the closest point pairs using rigid transformations and iterates until the error
metric is minimal and stable. The error metric is typically the sum of the squared differences between the
coordinates of the matched pairs [51].



Accuracy guideline

This chapter outlines a methodology to evaluate the accuracy of computer-assisted segmental mandible
resection and reconstruction. It focuses on comparing planned osteotomies with actual ones using a math-
ematical approach to ensure objectivity and reproducibility.

All measurements are conducted on virtual representations of the anatomical structures and osteotomies.
All models that are created for the planning will be referred to as planned. All the models representing
the post-operative result will be referred to as actual. The osteotomies can be categorised into resection
and reconstruction osteotomies. The resection osteotomies remove the affected tissue from the mandible
and create the mandibular gap. The reconstruction osteotomies are made in the fibula to create fibula
segment(s) for the reconstruction of the mandible.

An overview of the methodology is shown in Figure 3.1. The methodology begins with the collection or
creation of the virtual representation of the planned and actual models and osteotomies, see Figure 3.1.A.
The virtual representation of the planning is derived from the computer-assisted pre-operative plan. A
virtual representation of the actual result is generated from the post-operative imaging. The neo-mandible
is segmented from this imaging to create 3D models of the actual remnant mandible and fibula segments.
The actual osteotomies are also determined based on the post-operative imaging. To compare the actual
osteotomies with the planned ones, the actual osteotomies are registered to the pre-operative mandible or
fibula.

The osteotomies are compared by measuring distance and angular deviation, see Figure 3.1.B. The cal-
culation of distance deviation differs between resection and reconstruction osteotomies. For the angular
deviation, an identical methodology is used. Additionally, a more clinical value is determined by assessing
the maximum distance deviation of the resection osteotomies. The value is important in the context of the
preservation of adequate tumour margins and the avoidance of vital structures.

The first part of the methodology is executed in Mimics and 3-Matic (Materialise NV, Leuven, Belgium) [52,
53]. A Python script is developed to perform the final calculations.

This methodology is intended to provide guidance on different steps of the evaluation process, including:

Pre-processing: Osteotomy comparison:
1. Planned data collection 1. Distance deviations
2. Actual data generation 1.1. Resection osteotomies
2.1. Post-operative imaging ¢ Maximum distance
2.2. Segmentation _ + Distance direction
2.3. Localisation of the osteotomies 1.2. Reconstruction osteotomies
3. Registration 2. Angular deviations

2.1. Resection osteotomies
2.2. Reconstruction osteotomies
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Figure 3.1: Methodology overview
Figure 3.1.A shows the preprocessing steps, where the data is prepared for osteotomy comparison. The planned data is collected
from the pre-operative planning, while the actual data is based on the post-operative imaging. 3D models are created through
segmentation, and the actual osteotomies are defined on the post-operative imaging. Lastly, the actual osteotomies are aligned with
the pre-operative mandible/fibula. Figure 3.1.B shows the osteotomy comparison, consisting of measuring a distance and angular
deviation.
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3.1. Accuracy methodology

Pre-processing
3.1.1. Planned input data

The planned input data is collected from the pre-operative planning. This includes models of the pre-
operative mandible and fibula. Additionally, models of the planned resection and reconstruction are nec-
essary. These models entail the remnant mandible, fibula segments, and the resection and reconstruction
osteotomies. Lastly, models of the resection and reconstruction PSCs should be gathered.

3.1.2. Actual input data

Imaging

Post-operative imaging is used to create the actual 3D models of the mandibular reconstruction and locate
the actual osteotomies. The evaluation accuracy depends on the CT imaging quality, requiring optimization
and uniformity. The quality of the post-operative imaging is dependent on the study type. For prospective
research, the acquisition parameters and scanner model should be uniform. A maximum slice thickness of
1.25 mm is recommended [38]. To minimize the impact of bone healing and resorption [54], post-operative
imaging must be conducted as soon as possible after surgery. Retrospective research must present the
acquisition parameters, including imaging modality, slice thickness, pixel spacing, kVp, manufacturer, and
model name for both pre-operative and post-operative imaging. Additionally, the time interval between
surgery and post-operative imaging must be presented.

Segmentation

3D surface models of the actual reconstructed mandible must be created by image segmentation in Mimics
(Materialise NV, Leuven, Belgium) [52]. The created models include the left and right remnant mandible
and the fibular segments. Segmentation functions used include thresholding, region growing, smart fill,
split mask and edit mask (manual editing).

Osteotomy localisation

The next step is the localisation of the actual osteotomy. The osteotomies must be located on the post-
operative CT or CBCT imaging in Mimics (Materialise NV, Leuven, Belgium) [52]. The osteotomies are
located on the ends of the remnant mandible and fibula segments. The natural shape of the structure is
disrupted here, which is seen as an abrupt and unexpected change in contrast. The resection and the
reconstruction osteotomies are localised using the same protocol. However, before localising the resection
osteotomies, the PSC design must be examined. The saw slot or flange of the PSC does not always
cover the full cross-section of the mandible, see Figure 3.2.A. Especially osteotomies crossing the ramus
or dentition. If the PSC partially guides the osteotomy, the assessment of the actual osteotomy is only
valid on the guided part. Therefore, the PSC should be aligned with post-operative imaging to determine
the proper location for assessing the actual osteotomy. The transformation necessary for this alignment is
established by aligning the planned remnant mandible with the actual one [Figure 3.2.B]. Subsequently, the
resection PSC is registered using the same transformation [Figure 3.2.C]. The alignment is executed in 3-
Matic (Materialise NV, Leuven, Belgium) [53]. Importing the aligned PSC in Mimics (Materialise NV, Leuven,
Belgium) [52] will present the PSC in a proper position on the post-operative imaging [Figure 3.2.D].
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Figure 3.2: Registration resection cutting guide
Figure 3.2.A Pre-operative mandible with the designed PSC. The PSC slot only guides the saw on the caudal part of the osteotomy
across the ramus. Figure 3.2.B shows the registration of the planned remnant mandible (grey) to the actual remnant mandible (green).
Figure 3.2.c shows the PSC aligned with the actual remnant mandible. Figure 3.2.D shows the PSC aligned with the post-operative
imaging.

The osteotomy must be localised by placing points at the end of the sawn bone segments on post-operative
imaging in Mimics (Materialise NV, Leuven, Belgium) [52]. These points should be positioned next to the
outermost edge of the bone segment. Starting from one side of the bone cut, points must be placed every
couple of slices towards the opposite side. The points must only be positioned in slices where the bone
contour is clearly visible, as some regions are affected by artefacts from fixation material. The points will
together form a point cloud. A plane that represents the actual osteotomy will be fitted through the point
cloud in 3-Matic (Materialise NV, Leuven, Belgium) [53].

3.1.3. Registration

Resection osteotomies

To analyse the deviation between a planned and actual resection osteotomy, the actual osteotomy must
be aligned to the pre-operative mandible. The registration is performed by aligning the actual remnant
mandible to the planned remnant mandible. The actual osteotomy must then undergo an identical transfor-
mation. The registrations must be performed initially using landmark registration, followed by optimization
using surface registration. Through this alignment, the new position of the actual osteotomy becomes
relative to the pre-operative mandible model, enabling comparison to the planned osteotomy.

Reconstruction osteotomies

The fibula bone has a uniform shape, making it difficult to accurately determine the longitudinal position of
the actual segment. Therefore, it is not feasible to align the fibular segments with just the pre-operative
fibula bone. To register the actual fibular segments with their associated osteotomies, they must be aligned
with the planned fibular segment at the location of the pre-operative fibula. An initial registration must again
be performed using landmark registration, followed by iterative closest point registration. Manual alignment
is performed when necessary due to the homogeneous shape of the fibula and segmentation errors in the
actual fibular segments.

Registration is performed in 3-Matic (Materialise NV, Leuven, Belgium) [53].

Osteotomy comparison

3.1.4. Distance deviation

Resection osteotomies

To determine the distance deviation of the resection osteotomy, the positional difference between two ref-
erence points representing the planned and actual osteotomies must be measured. The reference points
are located at the centre of mass (COM) of the intersection between the osteotomy and the pre-operative
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Figure 3.3: Definition of the accurate cut mandible.
Figure 3.3.A shows that the PSC only partially guides the osteotomy. Figure 3.3.B shows that the mandible is cut based the PSC.
Figure 3.3.C shows the accurate mandible which is relevant for the osteotomy comparison.

mandibular model. The intersection must be created by performing a boolean intersection of the osteotomy
(actual and planned) with the pre-operative mandible model in 3-Matic (Materialise NV, Leuven, Belgium)
[53]. Similarly to the localisation of the actual osteotomy, described in Section 3.1.2, the intersection is
limited to the part of the osteotomy where the saw is guided by the PSC. If the osteotomy is only partly
guided by the saw, then the pre-operative mandible model is cut based on the length of the slot or flange
PSC, see Figure 3.3. The cut pre-operative mandible model is used to perform the boolean intersection
with the planned and actual osteotomy.

The intersections must be saved and will be loaded into the Python script. In this script, the COM of the
intersection is calculated. The distance between the planned COM and the actual COM is calculated by
the Euclidean distance using Formula (3.1). Figure 3.4 shows the measurement of the distance deviation.

Euclidean Distance = \/(z2 — 21)2 + (y2 — 41)2 + (22 — 21)2 (3.1)

Maximum distance

The maximum distance between the actual and planned intersection is calculated in the Python script. The
maximum distance is defined as the maximum perpendicular distances between the planned and actual
intersection [55]. The vertices of the actual intersection are used to convert the intersection STL model into
a point cloud. The perpendicular distances are measured from all points of the actual point cloud to the
planned intersection. The maximum of these absolute distances defines the maximum distance between
the intersections, see Figure 3.5.A.

Tumour margin deviation

The resection osteotomies are planned with a specific tumour margin. Based on the position of the actual
osteotomy relative to the planned osteotomy and the tumour, the tumour margins can increase or decrease.
This gives the COM and the maximum distance deviation a direction. Negative values represent deviations
where less mandibular tissue is removed, placing the actual osteotomy closer to the tumour. Positive
values represent deviations where more mandibular tissue is removed, moving the actual osteotomy further
away from the tumour. The direction is determined by manually selecting a point within the resection gap
representing the tumour. The distance between the tumour reference point and the COM of the planned and
actual intersection is measured in the Python script, see Figure 3.6. If the distance between the tumour and
the COM of the actual intersection is smaller than the distance from the tumour to the planned intersection
of the actual intersection, the direction of the deviation is negative, indicating the actual COM lies closer to
the tumour. A similar measurement is performed for the maximum distance.
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Figure 3.4: Resection osteotomy distance deviation.
The distance deviation is measured by first creating an intersection between the osteotomies (planned and actual) and the pre-
operative mandible. The COM of the intersections is then calculated. The distance deviation is defined as the distance between the

planned COM and the actual COM
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Figure 3.5: Maximum distance deviation
Figure 3.5.A shows the 3D presentation of the maximum distance between the planned (blue) and actual (green) intersection. Figure
3.5.B is a schematic representation of the maximum distance measurement. The blue dotted line represents the planned intersection.
The green point represents the point cloud of the actual intersection. The distance from each point in the actual point cloud is measured
perpendicularly to the planned intersection (black lines). The maximum distance between the actual and planned intersections is the

largest absolute distance measurement (thick black line).



3.1. Accuracy methodology 14

Figure 3.6: Direction of distance deviation
The direction of the distance deviation is based on the distance between the reference point of the tumour (red) and a reference point
on the actual (green) and planned (blue) intersection. The reference points can be the COMs of the intersections or the points on the
intersection associated with the maximum distance. In this figure, the direction measurement of the COM is displayed. The green
line (tumour to COM of the actual intersection) is shorter than the blue line (tumour to the COM of the planned intersection), indicating
the actual COM lies closer to the tumour, making the COM deviation a negative value.

Reconstruction osteotomies

As explained in Section 3.1.3, the longitudinal alignment of the fibular segments is not accurate enough.
This prohibits the distance deviation to be measured per osteotomy (one planned and actual pair), as the
method of the resection osteotomies. A measurement is employed that is not influenced by this longitudinal
position of the fibula segment. The assessment of distance deviation in reconstruction osteotomy must be
measured by comparing the planned and actual lengths of the fibular segment. Boolean intersections must
be computed between the pre-operative fibular model and the two pairs of reconstruction osteotomies
creating the planned and actual fibular segment. The intersection is again created in 3-Matic (Materialise
NV, Leuven, Belgium) [53]. The intersections must be saved and will be loaded into the Python script. The
COM is calculated for each of the four intersections. The length of the planned and actual segment is
measured by the distance between the COM of the intersections. The difference in length is determined by
subtracting the actual fibular segment length from the planned length, see Figure 3.7. The fibular segment
length difference is determined for all fibular segments in the reconstruction.

3.1.5. Angular deviation

The calculation of the angular deviation is identical for the resection and reconstruction osteotomies. The
angular deviation of the actual osteotomy is determined in reference to the planned osteotomy. The angular
deviation must be measured by the difference in orientation of the LCS of the osteotomies. The x and y axes
of this local coordinate system must be defined in-plane while the z-axis is pointing outwards, determined
by the right-hand rule. The direction of the x- and y-axis of the planned osteotomy is determined by the saw
slot/flange, see Figure 3.8A1/B1. The saw slot/flange is designed to guide the saw through the bone in one
specific direction, identical to the planned osteotomy, see Figure 3.8.C1. The x-axis of the local coordinate
system is presented by the height of the slot/flange. The difference in this angle defines the deviation of
the saw across the saw slot/flange, see Figure 3.8A2/B2/C2. The y-axis of the local coordinate system is
defined by the length of the PSC slot/flange. This deviation defines the angle of the saw going through the
saw slot, see Figure 3.8A3/B3/C3. The angular deviation along the z-axis does not yield clinically valuable
information and will thus be irrelevant.

For the LCS of the actual osteotomy, the x and y direction are roughly determined. The direction must
represent the same direction as the LCS of the planned osteotomy, but cannot be determined exactly. In a
later step, a rotation around the z-axis will move the x-y axes of the actual osteotomy to the correct position.
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Figure 3.7: Reconstruction osteotomy distance deviation
The distance deviation for the reconstruction osteotomies is defined as the difference in length between the planned and actual fibula
segment. The length is determined by the distance between the intersections of the upper and lower osteotomies of each segment,
with the fibula.

The LCS of the planned and actual osteotomy must be saved and will be loaded into the Python script.

To determine the angular deviation, the rotation matrix that transforms the LCS of the planned osteotomy
to the LCS of the actual osteotomy is calculated. This calculation involves first translating both the actual
and planned LCS to the centre of rotation, which is located at the origin [0,0,0]. Next, the inverse of the
planned LCS is determined. The inverse of an LCS rotates the LCS to the WCS. By multiplying the inverse
of the planned LCS with the actual LCS, the deviation matrix is obtained, see Formula (3.2).

R = Ractual - Rplanned*1 (3.2)

Finally, Euler angles are computed from the rotation matrix to facilitate easy interpretation. The order of
rotation is Z, X, Y. First, a rotation around the z-axis is performed to position the x and y axes of the LCS
correctly, as described before. This angular information itself is not clinically relevant. Subsequent rotations
around the x and y axes are determined in degrees.

3.1.6. How to use this evaluation guideline

Appendix A, B and C provide a step-by-step guide for the execution of the methodology. The input for
this methodology is the pre-operative plan in 3D models and the post-operative imaging. The first steps
of the evaluation are done in Mimics and 3-Matic (Materialise NV, Leuven, Belgium) [52, 53], for which a
license must be available. A Python script is developed, performing the final calculations and exporting the
results into an Excel sheet (Mircosoft, Redmond, Washington, USA). Python (python software foundation,
Wilmington, Delaware, USA) installation is necessary to execute the script, which can be run using a Python
interpreter.

3.2. Evaluation of the methodology

Assessment of observer variability is a required step in developing a new measurement methodology [56].
The developed method consists of a combination of manual and automatic steps, each with its own vari-
ability risk. The analysis evaluated the intra- and inter-variability, focusing on the localisation of the actual
osteotomies. The variability test involved two observers; the first observer conducted the intra-observer
variability. This observer performed the measurements twice on an identical set of samples. The initial
measurement served as the reference, which was then compared to the second measurement for vari-
ability assessment. The inter-observer variability involved comparing the reference measurement (first
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Figure 3.8: Angular deviation
The angular deviation is determined using the same method for both resection and reconstruction osteotomies. Figures 3.8.A1 and
3.8.B1 show how the direction of the angular deviation is determined based on the PSC. The x-axis is defined by the height of the
PSC slot, and the y-axis is defined by the length of the PSC slot. Figures 3.8.A2 and 3.8.B2 provide an example of deviation around
the x-axis, resembling the angular deviation across the saw slot. Similarly, Figures 3.8.A3 and 3.8.B3 show the deviation around the
y-axis, resembling the angular deviation through the saw slot. Figure 3.8.C show the PSC with the saw orientation as intended (1),
with a deviation around the x-axis (2), and with a deviation around the y-axis (3)
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Table 3.1: Variability osteotomy localisation (absolute average difference)

Distance deviation Angular deviation
COM [mm] Max [mm] Fibula length [mm] X axis [°] Y axis [°]
Average STD Average STD Average STD Average STD Average STD
Intra 0.3 0.5 0.4 0.5 0.4 0.6 1.9 2.7 2.2 3.1
Inter 0.8 1.2 1.2 1.8 0.8 1.1 2.0 2.5 2.8 3.7

Table 3.2: Variability osteotomy localisation (intraclass correlation coefficient)

Intra Observer Inter Observer
ICC P Cl95% ICC P Cl95%
COM Distance 0.99 <0.01 [0.96-1.00] 0.96 <0.01 [0.85-0.99]
Max Distance 0.99 <0.01 [0.96-1.00] 0.93 <0.01 [0.73-0.98]

Fib Length Actual 1.00 <0.01 [1.00-1.00] 095 <0.01 [0.79-0.99]
Rotation X axis ~ 0.87 <0.01 [0.75-0.94] 0.94 <0.01 [0.88-0.97]
Rotation Y axis  0.98 <0.01 [0.96-0.99] 0097 <0.01 [0.94-0.99]

Abbreviations: IC: confidence interval, ICC: intraclass correlation coefficient

measurement by the first observer) with a measurement taken by the second observer on the same set of
samples. Five samples were used for the variability analysis and were randomly selected from the included
patients of Chapter 4. The observers were guided by a step-by-step guide (see Appendix A.4) on localis-
ing post-operative osteotomies. The first observer executed the remaining steps of the designed method
to minimize the deviations in the following steps. The disparities in the final outcomes (distance and an-
gular deviation between planned and actual osteotomies) were compared. Furthermore, the intra-class
correlation (ICC) was determined to assess the inter- and intra- agreement.

Observer variability

For the intra-observer variability, the absolute average difference was 0.3 (£ 0.5) mm for the COM distance,
0.4 (x 0.5) mm for the maximum distance and 0.4 (+ 0.6) mm for the fibula length. The absolute average
angular deviation was 1.9 (£ 2.7)° for the x-axis and 2.2 (+ 3.1)° for the y-axis. The ICC of the intra-observer
variability was 0.99 [95% CI 0.98 - 0.99]. Table 3.2 shows the ICC values with the confidence interval per
deviation outcome.

For the inter-observer variability, the absolute average difference was 0.8 (+ 1.2) mm for the COM distance,
1.2 (x 1.8) mm for the maximum distance and 0.8 (x 1.1) mm for the fibula length. The absolute average
angular deviation was 2.0 (£ 2.5)° for the x-axis and 2.8 (+ 3.7)° for the y-axis. The ICC of the inter-observer
variability was 0.99 [95% CI 0.98 - 0.99]. Table 3.2 shows the ICC values with the confidence interval per
deviation outcome.

3.3. Discussion

A novel method for assessing the accuracy of computer-assisted surgery in segmental mandibular resec-
tion and reconstruction is developed. The method compares the planned osteotomies with the actual os-
teotomies. Actual osteotomies should be defined by a plane fitted through manually defined points on the
post-operative imaging. The resection and reconstruction osteotomies must be evaluated separately by
comparing the distance and angular deviation. Resection osteotomy distance deviation should be defined
as the distance between the COM of the planned and actual intersection of the pre-operative mandible
model and the osteotomies. Additionally, the maximum distance between the intersection and the direction
of the distance must be calculated to provide a clinically valuable measurement. The distance direction indi-
cates if the deviation reduces or increases the planned tumour margin. Reconstruction osteotomy distance
deviation should be measured as the length difference between the planned and actual fibula segments.
Angular deviation of the resection and reconstruction osteotomies must be defined by two angular differ-
ences based on the saw slot, i.e. the angle across the saw slot (x-axis) and the angle through the saw slot
(y-axis).
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3.3.1. Literature comparison

The novel method is the first guideline on computer-assisted osteotomy accuracy evaluation in segmental
mandibular resection and reconstruction. It provides a detailed step-by-step guide of a semi-automatic
methodology to ensure reproducible, objective and quantitative accuracy evaluations. Systematic use of
the accuracy evaluation guidelines reduces heterogeneity in the literature. Homogeneity is important for
multi-centre comparison and the establishment of an acceptable deviation range. The developed method
evaluates the inaccuracy between the planned osteotomies and the actual performed osteotomies. Assess-
ing osteotomy accuracy focuses on the deviation caused by translating the virtual osteotomies to actual
osteotomies. Therefore, excluding other origins of deviation such as the fixation method and the postoper-
ative mandibular position relative to the cranium and maxilla.

Baar et al. [14, 57] developed a post-operative evaluation guideline for mandibular reconstruction using
CAS. A comparison is made between the total planned mandibular reconstruction and the total actual
mandibular reconstruction, measured by axial, coronal, and sagittal mandibular angles. The angles are
calculated based on four bony landmarks (the condyle superior, condyle posterior, vertical corner and hor-
izontal corner) and the midsagittal line. Comparing the actual and planned reconstruction results is a valid
clinical outcome evaluation as it measures the total deviation. However, when measuring the total devia-
tion, it is not possible to determine the cause of the deviation. For example, the sagittal mandibular angles
are calculated between the lines from the condyle posterior to the vertical corner and the lines from the ver-
tical of the mandible. In the simplest case, this angle consisted of a remnant mandibular segment and one
fibula segment. The deviation of this angle is, however, caused by at least the accuracy of two osteotomies
(mandible and fibula) and the fixation of these segments together. If two fibula segments are used to re-
construct this sagittal angle, the deviation factors even double (four osteotomies, two times fixation). The
deviation’s origin cannot be determined from this measurement alone, making further improvements hard.

Osteotomy localisation

The osteotomy localisation is performed on the post-operative imaging by manually setting points. A plane
is automatically fit through these points, representing the actual osteotomy. A similar approach is used by
Weijs et al. [34]. They determined the actual osteotomy from the 2D axial slices. The osteotomy plane was
indicated using 25 landmarks, which were used to calculate the resection plane with the least-square fitting
principle. Other studies mostly determined the osteotomy based on the post-operative 3D models instead
of the post-operative imaging [12, 16, 18, 21, 25, 30]. When establishing the osteotomy on 3D models,
segmentation errors can influence the result. Consequently, determining the osteotomy plane directly from
2D slices may yield a more reliable result.

Brouwer de Koning et al. [12] performed a more automatic approach for point selection. One point was
manually selected on the 3D resection surface, for which the outward-facing normal vector was calculated.
All adjacent points were considered part of the resection surface if their normal vectors differed by no more
than 10 degrees. The method may reduce the risk of manual errors but might again be highly influenced
by segmentation errors.

Instead of automatically fitting a plane through selected points, Modabber et al. and Pu et al. [21, 25, 30]
manually aligned a plane. The osteotomies are planned as a straight plane. During surgery the osteotomy
is manually sawn, making it impossible to create a perfectly straight line. Thus, determining the actual
osteotomy requires reaching a consensus. While Modabber et al. and Pu et al. [21, 25, 30] achieve this
consensus manually, in this study, the consensus is automatically reached.

Distance deviation

The distance deviation of the resection osteotomies is measured by comparing the COMs of the actual and
planned intersections. The intersections are taken between the pre-operative mandible model and the os-
teotomies. Assessing the osteotomy translation by comparing the deviation in the COM of the intersection,
takes an average measurement. This is a proper approach when summarising a complex transformation
into a distance deviation. Brouwer de Koning et al. [12], Schepers et al. [32] and yang et al. [35] also
compared the distance deviation by the distance between the midpoint of the resection osteotomies.

To still maintain clinically valuable outcomes, the max distance is measured. This measurement combines
an angular deviation with a distance deviation and is important when planning the resection osteotomies
at a specific margin. Similar measurements were conducted by de Maesschalck et al. and Roser et al.
[19, 31]. To our knowledge, no article in the literature presented the methodology used for assigning the
direction of the osteotomy deviation in perspective to the tumour.
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Due to the fibula bone’s homogeneous shape and lack of landmarks, a different approach was necessary,
compared to the distance deviation of the resection osteotomies. Since aligning the actual segment (with
osteotomies) to the full pre-operative fibula bone was unfeasible, alignment was performed between the
actual segment and the planned segment. However, this alignment is limited in determining the correct
longitudinal position of the segment on the fibula. Therefore, the distance deviation of the reconstruction
osteotomies is defined as the difference in fibular segment length. Most studies in the literature also mea-
sure the distance deviation of the reconstruction osteotomy by assessing the difference in fibular length [11,
26, 37].

These longitudinal displacements in the alignment will not affect the segment length difference and, there-
fore, will not influence the results. However, during surgery, the reconstruction PSC placement is often
adjusted based on the perforator’s location. As a result, the PSC can be positioned more proximally or
distally along the fibula’s length, creating a longitudinal deviation. While this deviation will not impact the
segment length, these deviations are interesting factors for future research.

Angular deviation

Angular deviation of the resection osteotomies must be defined by two angular differences based on the
saw slot, i.e. the angle across the saw slot (x-axis) and the angle through the saw slot (y-axis). These
angles are both relevant when assessing the accuracy of angular deviation. In literature, most articles only
present a singular angular deviation for the resection osteotomies [18, 23, 26, 34, 35]. Only Hanken et
al. [23] and Moe et al. [26] clarified the method of the angle calculation, which can be compared to the
x-axis deviation of this methodology [Chapter 3.1.5]. Brouwer de Koning et al. [12] and Bernstein et al.[16]
calculated two angular measurements, but assessed the deviation in reference to anatomical axes. These
anatomical axes are static while the osteotomy can vary in location and position throughout the mandible.
Measuring the angle using this method will not provide a uniform deviation result. The result depends on
the location of the osteotomy in relation to the static anatomical axis. In the developed method of this study,
the angular deviation is determined in reference to the PSC slot/flange design (i.e. the orientation of the
planned osteotomy).

The angular deviations of the reconstruction osteotomies are determined in an identical way to the angular
deviation of the resection osteotomies. In the literature, the angle deviations are again mostly measured
in one angle [11, 20, 23, 28, 29], resulting in similar limitations as for the resection osteotomies. Through
registration, as proposed in the methodology, is the actual segment aligned to the planned segment, posi-
tioned in the pre-operative fibula model. The registration methodology is important for measuring the full
deviation in the angular measurement. Goormans et al. [11] aligned the actual segment to the planned
reconstruction, while other articles did not mention the specific registration methodologies used [20, 35].

3.3.2. Strengths, limitations and future research

Repeatability

To evaluate reproducibility, the observer variability of the actual osteotomy localisation was determined.
The distance and angular deviation differed by an average of 0.3 mm and <2.2° for the intra-observer
variability. The inter-observer variability was larger, with a distance deviation difference of 0.8 mm and an
angular deviation of < 2.8°. As also indicated by ICC, the inter- and intra-observer agreement was excellent
(> 0.87). However, when comparing the observer variations with the order of magnitude of distance and
angular deviations, these variations are still of influence and even better reproducibility should be pursued.

Usability

The developed method remains time-consuming due to a series of manual steps. Further automation
within the analysis would enhance user-friendliness and decrease the likelihood of manual errors. The
challenge in enhancing automation primarily arises from the patient-specific nature of the 3D planning.
The placement of osteotomy and the design of PSC are tailored and refined according to each patient’s
unique requirements. As a result, evaluation data varies due to patient-specific choices.

The registration algorithms in 3-Matic (Materialise NV, Leuven, Belgium) [53] demonstrate high quality and
user-friendliness, ensuring the reliability and convenience of the registration process. While implementing
similar functionalities in Python (python software foundation, Wilmington, Delaware, USA) is feasible, it
must adhere to the same standards of quality and usability.



3.4. Conclusion 20

Outcome comprehensiveness

This evaluation guide focuses on the accuracy between planned and actual osteotomies in segmental
mandible resection and reconstruction. The methodology measures inaccuracies arising during the trans-
lation from the virtual osteotomies to the actual osteotomies. The outcome measure cannot differentiate
between errors caused by PSC misplacement or deviations caused by the direction of the saw through the
slot or along the flange. Brouwer de Koning et al. [12] conducted an intra-operative CT scan to determine
the position of the PSC, enabling differentiation between these two sources of deviation. Furthermore,
an additional methodology should be developed to evaluate the deviation errors caused by fixating the
segments.

3.4. Conclusion

The evaluation methodology offers complete guidelines for evaluating the accuracy of computer-assisted
segmental mandibular resection and reconstruction by comparing the planned and actual osteotomies. It
provides guides for gathering and creating the input data and conducting the osteotomy comparison.



Accuracy of computer-assisted surgery
In segmental mandibular resection and
reconstruction:

Results of a single-center series

Abstract

Background Mandibular segment resection with subsequent reconstruction is often prepared using virtual
surgical planning. Patient-specific cutting guides translate the planned resection and reconstruction of
osteotomies into surgery. This study evaluates the accuracy of computer-assisted mandibular segment
resection with fibular free flap reconstruction by comparing planned and actual osteotomies.

Method Sixteen patients were retrospectively included. Actual osteotomies were defined by a plane fitted
through manually defined points on the post-operative imaging. The actual osteotomies were aligned to
the pre-operative mandible or fibula model. Distance and angular deviation were measured between the
planned and actual osteotomies. Resection osteotomy distance deviation was defined as the distance
between the centre of mass of the actual and planned intersection of the pre-operative mandible model and
the osteotomies. The maximum distance between the intersections was also measured. Reconstruction
osteotomy distance deviation was defined as the length difference between the planned and actual fibula
segments. Angular deviation of the resection and reconstruction osteotomies were defined by two angular
differences based on the saw slot, i.e. the angle across the saw slot (x-axis) and the angle through the saw
slot (y-axis).

Results For the resection osteotomies, the absolute average deviation was 2.1+ 1.9 mm for the centre
of mass and 3.1 £ 2.3 mm for the maximum distance. The fibular segments differed by 2.4 £ 2.5 mm in
length. Angular deviations around the x-axis were 3.7 + 3.4° for resection and 6.9 £ 7.1° for reconstruction
osteotomies, and deviations around the y-axis were 5.7 + 5.8°and 9.1 + 11.4°, respectively.

Conclusion The difference in distance deviated was within an absolute average of 3 mm. The angular
deviation was significantly larger for the reconstruction osteotomies compared to resection osteotomies,
requiring further research.

4.1. Introduction

Patients who suffer from conditions such as osteomyelitis, osteoradionecrosis, or tumours affecting the
mandibular bone may require a segmental mandibular resection as treatment. The surgical removal of the
affected bone of resection leaves a discontinuity in the mandible, which requires reconstruction to restore
functionality and aesthetics. Microvascular free fibula transfer (FFF) is a common method of reconstruction
[3, 4]. This treatment remains one of the most challenging operations in head and neck surgery. Surgical
accuracy, morphological results, and patient outcomes have significantly improved with the introduction of

21
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computer-assisted surgery (CAS), compared to conventional methods [58-60]. CAS involves several steps,
including analyzing pre-operative imaging data [61], creating 3D models, determining the location and orien-
tation of the resection and reconstruction osteotomies, and designing patient-specific cutting guides (PSC).
The PSC is used to transfer the virtual osteotomies to the actual surgery [61-63].

The accuracy of CAS is evaluated by comparing the planned resection and reconstruction to the post-
operative results. The inaccuracies arise at different stages in the CAS process; the preoperative imaging,
image segmentation, additive manufacturing, the surgery, and the evaluation of postoperative results [13].
These inaccuracies can be categorized into intentional and unintentional deviations. Intentional deviations
may occur, if the tumour has grown significantly since the initial planning [9]. Unintentional deviations, on
the other hand, arise from errors such as misplacement of the PSC, incorrect saw orientation within the
PSC saw-slot, or imprecise fixation of graft segments, thereby deviating from the virtual surgical plan [64].
These unintentional deviations can affect the adequacy of tumour margins and the preservation of vital
structures such as nerves. This may result in suboptimal reconstruction, leading to less favourable patient
outcomes and prolonged surgical duration [12]. The literature reports deviations ranging between 0 mm
and 12.5 mm and between 0.9° and 17.5° [13]. However, the heterogeneity in assessment methodologies
across studies withholds inter-study comparisons and meta-analysis.

Chapter 3 introduces a novel methodology for reproducible and comprehensive accuracy analysis of CAS in
segmental mandibular resection and reconstruction. This methodology depicts the assessment of distance
and angular deviations between the planned and the actual executed osteotomies. Focusing on osteotomy
deviation, the methodology offers the advantage of identifying deviations that arise during the translation
of the virtual osteotomies to the actual surgery using the PSCs.

This study will retrospectively analyse the accuracy of CAS in segmental mandibular resection and re-
construction, by comparing the location and orientation of the planned osteotomy planes with the actual
osteotomies using the novel method of Chapter 3.

4.2. Method

4.2.1. Patients

Patients who underwent a segmental mandibular resection with subsequent reconstruction between May
2020 and January 2024 at the Leiden University Medical Center, were retrospectively included. Inclusion
criteria were: 1) The use of an in-house developed virtual surgical plan; 2) Availability of post-operative
CT imaging on which the complete remnant mandible and reconstruction are depicted; 3) Reconstruction
using a FFF approach.

All patients underwent a preoperative CT scan and MRI scan of the head and neck region along with
a preoperative CT angiography (CTA) exam of the pelvic and legs. The same technical physician per-
formed all virtual surgical plans. The preoperative scans were imported for segmentation in the medical 3D
image-based engineering software program Mimics (Materialise NV, Leuven, Belgium) [52]. The resection
osteotomies were determined in consultation with the oncology surgeon, taking into account oncological
and functional considerations. Based on the resulting bone defect, the number of fibula segments and their
respective length and orientation were determined. Subsequently, a resection PSC for the mandible, a
reconstruction PSC for the fibula, and a reconstructed mandible model were designed. The PSCs directed
the saw with either slots (6 mm height, 1 mm width, n=25) to cut through or with flanges to cut along (6 mm
height, n=6). The osteotomies were made using a reciprocating or oscillating saw blade (3 - 5 mm blade
width and 0.3 blade thickness) (B Braun Medical B.v., Melsungen, Germany). The planning and the design
were performed using 3DSMax (Autodesk, San Rafael, California, USA) [65], Blender (Blender, Amster-
dam, The Netherlands) [66] and 3-Matic (Materialise NV, Leuven, Belgium) [53] software. The PSCs were
printed using Selective Laser Sintering technology with Polyamide 12 by the external company Oceanz
(Oceanz, Ede, The Netherlands) [67]. During the operation, small fixation plates were manually bent ac-
cording to the 3D-printed model of the reconstructed mandible.

4.2.2. Postoperative accuracy measurement

The methodology developed in Chapter 3 was used to evaluate the deviation between the virtually planned
osteotomies and the actual performed osteotomies. Postoperative CT imaging was used to create 3D
models of the postoperative reconstruction in Mimics (Materialise NV, Leuven, Belgium) [52] (Section 3.1.2).
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Figure 4.1: Distance deviation

Figure 4.1.A shows the distance deviation of the resection osteotomies. The figure shows the preoperatively planned resection plane
of the right mandible and the actual resection plane of the right mandible in relation to the pre-operative mandible. The position of
the actual osteotomy planes is determined by the registration of the actual right remnant mandible with the planned right remnant
mandible. Intersections of both osteotomy planes (planned & actual) with the original mandible are taken. In light blue, the Euclidean
distance between the centre of mass of these intersections is presented. In dark blue, the maximum distance is shown. Figure 4.1.B
The distance deviation for the reconstruction osteotomies. The figure shows the preoperative fibula model with the planned fibula
segment and osteotomies in 4.1.B1 and the aligned actual fibula segment with osteotomies in 4.1.B2 illustrates the measurements of
the fibula segment length. Intersections are determined between the fibula model and the osteotomy planes. The Euclidean distance
is defined between the centre of mass of the intersections. The actual fibula length is subtracted from the planned fibula length to
obtain the length deviation.

A minimum threshold of 267 HU for CT and 400 for CBCT images was used for the segmentation of the
neo-mandible. Individual models for the different fibula segments and remnant mandible were created and
defined as the actual models. A plane is automatically fit through manually placed points adjacent to the
ends of the bone segments on the post-operative imaging, representing the actual osteotomy (Section
3.1.2). For analysis, the actual models are aligned with the planned models (Section 3.1.3).

The accuracy of the resection osteotomy planes was determined by comparing the planned osteotomy
with the actual osteotomy made in the mandible. To measure accuracy, the following parameters were
computed: the distance between the COMs, the maximum distance (Section 3.1.4) and the angular devia-
tion (Section 3.1.5). The COM and the maximum distance are measured on intersections created between
the planned/actual osteotomy and the pre-operative mandible model, see Figure 4.1.A. Angular deviation
of the resection and reconstruction osteotomies were defined by two angular differences based on the saw
slot or flange (Section 3.1.5), i.e. the angle across the saw slot (x-axis) and the angle through the saw slot
(y-axis), see Figure 4.2a.A.

The accuracy of the reconstruction osteotomy planes was determined by comparing the planned osteotomy
with the actual osteotomy made in the fibula. Translation of the osteotomy was measured by comparing the
planned and actual fibular segment length (Section 3.1.4), see Figure 4.1.B. The angular deviation (Section
3.1.5) was defined by similar angles as for the resection osteotomies, see Figure 4.2b.

4.2.3. Statistics

The deviation between planned and actual osteotomies was statistically evaluated. The averages and
standard deviations were calculated from all measurements. Outcomes were subdivided into comparison
groups. The effect of resection osteotomy location was analysed based on the deviation difference be-
tween anterior and posterior osteotomies. Furthermore, the influence of PSC types (flanges vs. slots) was
examined per osteotomy. Lastly, the angular deviations between resection and reconstruction osteotomies
were compared. The normality of the data was determined using the Shapiro-Wilk test. Depending on the
outcome, an independent two-sample t-test was used for parametric data and the Mann-Whitney U test
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Figure 4.2: Angular measurement
The angular deviation is determined using the same method for both resection and reconstruction osteotomies. Figures 4.2a.A and
4.2b.A show how the direction of the angular deviation is determined based on the PSC. The x-axis is defined by the height of the
PSC slot, and the y-axis is defined by the length of the PSC slot. Figures 4.2a.B and 4.2b.B provide an example of deviation around
the x-axis, resembling the angular deviation across the saw slot. Similarly,Figures 4.2a.C and 4.2b.C show the deviation around the
y-axis, resembling the angular deviation through the saw slot.
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Table 4.1: Patient characteristics

PatientID Age Sex ;ndication Staging R_esected SR::SZ::O" D_onor #Fib Condyle ) Re_section th(:ﬁg:on
or surgery side . side segments preservation guide type .
type guide type
Pt001 76 M SCC pT4aN1MO0  Left Class IV Left 2 Yes Slots Slots
Pt002 53 F SCC pT4aNOM1  Left Class Il Right 2 Yes Slots Slots
Pt003 51 M ScC T4bN2bM0O  Right Class | Left 2 Yes Slots Slots
Pt004 61 F SCC T4N2bMO  Both Class IV  Right 3 Yes Slots Slots
Pt005 22 M AC Unknow Right Class IV Left 2 No slots Slots
Pt006 67 F SCC T4NOMO Right Class IV Left 2 Yes Slots Slots
Pt007 60 M  SCC T4bN2bMO  Right Class|  Right 2 Yes g"‘érl‘gf(ngR) Slots
Pt008 71 M PF n/a Right Class | Left 1 Yes Slots Slots
Pt009 67 M ERS T4aNOMO  Both Class IV Left 3 Yes Slots Slots
Pt010 77 M AC Unknow Right Class Il Left 2 Yes Slots Slots
PtO11 37 M SCC T4aNOMO  Right Class Il Left 2 yes Flanges Slots
Pt012 57 M SCC pT1INOMO  Right Class | Left 1 Yes Slots Slots
Pt013 63 M SCC cT4aNOMO  Left Class Ill Right 2 Yes Slots Slots
Pt014 66 F  SCC cT4bNOMO  Left Classll  Right 2 Yes ;'aSTgf(SR()L) Slots
Pt015 63 M SCC cT4aNOMO  Left Class | Right 1 Yes Slots Slots
Pt016 58 M ScC T4aNOMO  Right Class | Left 1 Yes Flanges Slots

* The type of reconstruction was determined using the Brown et al. classification system [68].
Abbreviations: AB: Ameloblastoma, ERS: Epithelioid rhabdomyosarcoma, L: Left, PF: Pathological Fracture, R: Right, SCC: Squa-
mous Cell Carcinoma.

was conducted for non-parametric data. For each test statistical significance was set at P < 0.05.

4.3. Results

A total of 17 cases involving segmental mandibular resection with reconstruction were included. One patient
was later excluded as no reliable actual osteotomies could be localised on the post-operative imaging, which
may be due to the long time interval between the operation and the scan (1104 days).

Patient characteristics are shown in Table 4.1. The male/female distribution is 12/4, and the average age
at reconstruction is 59 years (range, 22 — 77 years). The primary indication for reconstruction was tumour
resection (n = 16); the other indication was a pathological fracture caused by osteoradionecrosis (n=1).
The reconstruction types were class | (n=6), class Il (n=4), class lll (n=1), and class IV (N=5). The pre-
operative CT scans were acquired on a Siemens Somatom Drive (slice thickness 1.0 mm, pixel spacing
0.74-0.77mm x 0.74-0.77mm, 70-100 kVp), a Canon Medical Systems Aquilion One (slice thickness 0.5-
1.0 mm, pixel spacing 0.43-0.93mm x 0.43-0.93mm, 100-120 kVp) or a Planmeca Promax (slice thickness
0.4 mm, pixel spacing 0.40-0.40mm x 0.40-0.40mm, 96 kVp). The post-operative imaging characteristics
are presented in Table 4.2. The post-operative scans CT scans (n=13) were acquired on a Canon Medical
Systems Aquilion One (slice thickness 0.5-1.0 mm, pixel spacing 0.53-0.63 mm x 0.53-0.6 3mm, 120
kVp), a Philips Vereos PET/CT (slice thickness 1.0 mm, pixel spacing 0.63-0.66 mm x 0.63-0.66 mm, 120
kVp) or a Philips Brilliance Big Bore (slice thickness 2.0 mm, pixel spacing 1.0-1.08 mm x 1.0-1.08 mm, 120
kVp). The post-operative scans CBCT scans (n=13) were acquired on a Planmeca ProMax (slice thickness
0.4 mm, pixel spacing 0.40 mm x 0.40 mm, 96 kVp). The average time interval between operation and
postoperative imaging was 134 days (range, 8 — 386 days).

4.3.1. Post operative accuracy
An overview of all results is shown in Table 4.3.

Distance Deviation

The average deviation of the COM of the resection planes was 2.1 + 1.9 mm (range, 0.1 - 8.3 mm). The
maximum deviation was 3.1 &+ 2.3 mm (range, 0.2 - 12.2 mm). In 13/31 (41.9%) resection osteotomies,
less mandibular bone was resected, decreasing the planned tumour margin. Figure 4.3a shows a box plot
of the deviation in the resection osteotomies’ centre of mass (COM) and maximum deviations. Negative
values represent deviations where less mandible tissue is resected, placing the osteotomy closer to the tu-
mour. Positive values represent deviations where more mandible tissue is resected, moving the osteotomy
further away from the tumour. One notable outlier was observed, with a COM deviation of -8.3 mm and a
maximum deviation of -12.2 mm. Appendix E.1 presents a table with the distance deviations of the resec-
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Table 4.2: Post-operative imaging characteristics

Time till Post-op Imaging Slice Pixel
Patient ID post-op imaging M - Thickness spacing kVp Manufacturer Model name
odality
(days) [mm] [mm]
Pt001 308 CT 0.5 0.53/0.53 120 Canon Medical Systems Aquilion One
Pt002 174 CT 1.0 0.63/0.63 120 Canon Medical Systems Aquilion One
Pt003 386 CBCT 0.4 0.40/0.40 96 Planmeca ProMax
Pt004 9 CTA 0.5 0.60/0.60 120 Canon Medical Systems Aquilion One
Pt005 8 CT 0.5 0.52/0.52 120 Canon Medical Systems Aquilion One
Pt006 134 CT 1.0 0.66/0.66 120 Philips Vereos PET/CT
Pt007 33 CT 2.0 1.08/1.08 120 Philips Brilliance Big Bore
Pt008 8 CBCT 0.4 0.40/0.40 96 Planmeca ProMax
Pt009 49 CT 2.0 1.14/1.14 120 Philips Brilliance Big Bore
Pt010 42 CBCT 0.4 0.40/0.40 96 Planmeca ProMax
Pt011 36 CT 2.0 1.02/1.02 120 Philips Brilliance Big Bore
Pt012 261 CT 0.5 0.63/0.63 120 Canon Medical Systems Aquilion One
Pt013 383 CT 2.0 1.03/1.03 120 Philips Brilliance Big Bore
Pt014 35 CT 2.0 1.0/1.0 120  Philips Brilliance Big Bore
Pt015 36 CT 0.2 0.63/0.63 120 Canon Medical Systems Aquilion One
Pt016 236 CT 1.0 0.63/0.63 120 Philips Vereos PET/CT

Abbreviations: CBCT: cone-beam computed tomography, CT: computed tomography, kVp: Kilovoltage peak

Table 4.3: General results

Distance Angle
Resection Reconstruction Resection Reconstruction
COM (mm) Max (mm) SegLength (mm) | x-Axis ° y-Axis ° x-Axis°® y-Axis°®
Absolute Average 21 3.1 24 3.7 5.7 6.8 9.1
STD 1.9 2.3 2.5 3.4 5.8 7.1 1.4
Absolute Min 0.1 0.3 0.4 0.1 0.3 0.0 0.6
Absolute Max 8.3 12.2 12.0 17.5 24.5 38.2 52.9

Abbreviations: COM: centre of Mass, Max: Maximum, Min: Minimum, Seg: Segments

tion osteotomies per patient.

Thirty fibular segments were evaluated, ranging between 1, 2, or 3 segments per reconstruction, see Table
4.1. The absolute average deviation in fibular segment length was 2.4 + 2.5 mm (range, -9.6 - 12.0 mm).
Twelve of the thirty (40%) segments were shorter than planned. The data is shown in the box plot of Figure
4.3b. The two outliers came from two different patients. The first outlier showed an actual segment that
is 12.0 mm shorter than the planned segment. The other segment of this reconstruction is in line with the
average, with a deviation of -1.1 mm. The other outlier shows a segment which was 9.6 mm longer than
planned. The deviations of the other segments of this reconstruction were -2.4 mm and -3.6 mm. Appendix
E.2 presents a table with the distance deviations of the reconstruction osteotomies per patient.

Angular deviation

The average angular deviation of the resection osteotomy was 3.7 + 3.4° (range, 0.1-17.5°) for the x-axis
and 5.7 £ 5.8° (range, 0.3 - 24.5°) for the y-axis. For the reconstruction osteotomy, the deviation was 6.8
+ 7.1°(range, 0.0 - 38.2°) for the x-axis and 9.1 + 11.5° (range,0.6 - 52.9°) for the y-axis. All data was
non-parametric. A significant difference was observed between the resection and reconstruction deviation
in the x direction (p= 0.02); however, this was not observed in the y direction (p= 0.19). A box plot of the
data can be seen in Figure 4.3c. The reconstruction angular deviation outcomes have larger values and
more outliers than the resection angular deviation. Appendices E.3 and E.4 present a table with the angular
deviations per patient.

Anterior and posterior resection osteotomies

The deviations in the COM distance for anterior and posterior osteotomies were 2.2 £+ 2.1 and 1.9 + 1.7
mm, respectively. The deviation in the maximum distance for anterior and posterior osteotomies were 3.4 +
2.8 and 2.8 £ 1.9 mm, respectively. The angular deviation around the x-axis was 3.9 + 3.9° for the anterior
osteotomies and 3.4 + 2.8° for the posterior osteotomies. The angular deviation around the y-axis was
5.5 + 6.3° for the anterior osteotomies and 5.9 + 5.4° for the posterior osteotomies. All data was non-
parametric. No significant difference was observed between the anterior and posterior osteotomies in all
four measurements.
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Figure 4.3: Boxplots

Figure 4.3a shows the distance deviation between the centre of mass of the intersections in light blue. The maximum distance
deviation is presented in dark blue. The values are positive(+)/negative(-) representing more/less mandible resected compared to the
planning. Figure 4.3b shows the difference in length between the planned fibula segment and the actual fibula segment. Negative
values represent the segments that are actually shorter than planned, and positive values represent segments that are longer than
planned. Figure 4.3c shows the difference in orientation between the planned and the actual osteotomy plane in the X and Y axis for

the resection and reconstruction osteotomy.

25

20

Deviation (mm/deg)

I Anterior °
[ Posterior

25 A
I Slot

[ Flang
20 A

15 A

10 A

Deviation (mm/deg)

Max Distance  Rotation X axis  Rotation Y axis

Measurements

COM Distance

(a) Influence of the location resection osteotomy (anterior vs
posterior)

57 42

COM Distance Max Distance  Rotation X axis  Rotation Y axis

Measurements

(b) Influence of the resection guide design

Figure 4.4: Boxplots

Figure 4.4a shows the difference in all measurements subcategorised into the anterior and posterior osteotomy location. Figure 4.4b
shows the difference in all measurements subcategorised into the type of resection PSC. The difference is made between saw slots

and flanges.
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Cutting guide design

The discrepancies in the absolute average of COM distance for slots and flanges resection guides were
1.7 £ 1.5 and 3.6 £ 2.5 mm, respectively. For the maximum distance, the absolute average for slots was
2.6 + 1.6 mm and for flanges 5.2 + 3.8 mm. Similar to the distance deviation, is the angular accuracy of the
flanges lower. An angular deviation in the x-axis for the slots and flanges being 3.5 + 3.4° and 4.5 £ 3.5°,
and a deviation in the y-axis being 5.2 + 4.9° and 7.9 + 8.7°, respectively. The sample size of the flanges
was too small (n=6) to perform a statistical analysis.

4.4. Discussion

This study performed a novel accuracy assessment method to evaluate the deviation between planned
osteotomies and actually executed osteotomies in segmental mandibular resection and reconstruction. The
methodology focuses on distance and angular deviations between planned and actual osteotomies. The
study showed an absolute average deviation of 2.1 + 1.9 mm for the COM and 3.1 £ 2.3 mm for the
maximum distance for resection osteotomies. Additionally, the deviation in fibular segment length was 2.4
+ 2.5 mm. The average angular deviations around the y-axis were 5.7 + 5.8° for resection and 9.1 + 11.4°
for reconstruction osteotomies. Deviations around the x-axis were 3.7 + 3.4° and 6.9 £ 7.1°, respectively.
There is a lack of standardization within the evaluation of CAS, resulting in various methods used in the
literature. Consequently, a comparison between this study and the literature is only limitedly possible.

Distance deviation

The COM distance of the reconstruction osteotomies deviated with an absolute average of 2.1 £ 1.9 mm.
The deviation was larger than the 1 mm width of the slot of the PSCs. The distance deviation is, there-
fore, also caused by other factors like misplacement of the PSC or incorrect angulation of the saw during
osteotomy creation. Brouwer de Koning et al. [12], Scherpers et al. [32] and yang et al. [35] measured
resection distance deviation with a similar methodology by calculating the distance between a midpoint of
the intersections. They measured the following deviations: 1.3 + 0.9 mm [12], 2.0 £ 1.3 mm [32] and 3.2 +
1.3 mm [35], respectively. These results are in line with the results measured in this study.

The results showed a maximum absolute average deviation of 3.1 + 2.3 mm, cutting into the margins. High
accuracy is important in mandibular resection to avoid vital structures like nerves and ensure complete
tumour removal with an adequate margin. A general margin of at least 10 mm is used to plan the resection
osteotomies. The patient with the largest maximum deviation of -12.02 mm was the only patient whose
tumour margin was completely exceeded. For this particular patient, two virtual plans were created pre-
operatively. The first plan involved a smaller resection, but the frozen section pathology performed intra-
operatively showed a positive anterior margin. As a result, the second plan for a larger resection was
carried out, for which the margin was clean. During the post-operative evaluation, it was discovered that
while using the resection guides from the second plan; the resection osteotomy was still positioned as
close to the tumour as planned in the first plan. The design of the PSC may have contributed to this
deviation. The PSC was designed with flanges without a connecting arch. The absence of a connecting
arch halves the total support surface of the PSC, thereby diminishing the uniqueness and stability of the
PSC fit. Furthermore, a flange was used instead of a slot. The flange only guides the saw on one side,
potentially leading to larger deviations as saw position and tilting are unrestricted, see Figure 4.5.A/B. De
Maesschalck et al. [19] and Roser et al. [31] measured the maximum distance between the planned
resection osteotomy and the actual remnant model. They measured a maximum deviation of 2.3 £ 1.0 mm
and 2.0 £ 1.12 mm. As indicated in Section 3.3, this measuring method can be influenced by segmentation
errors.

The segment length deviation was 2.3 £ 2.6 mm (range, -9.6 - 12.0 mm). Goormans et al. [11] measured
the fibula segment length deviation based on three anatomical measurements: the outer upper margin, the
outer lower margin, and the inner median margin deviations. The average segment length deviation was
1.74 mm (range, 0.02 — 6.10 mm). Hanken et al. [23] performed a similar methodology to Goormans et al.
[11] and measured an average length difference of —0.12 mm (95 %CI (-0.89 — 0.65 mm)).

Angular deviation

The average angular deviation along the x-axis was 3.7 + 3.4° (range, 0.1 - 17.5°) for the resection os-
teotomies and 6.8 £ 7.1° (range, 0.0 - 38.2°) for the reconstruction osteotomies. The average angular
deviation along the y-axis was 5.7 + 5.8° (range, 0.3 - 24.5°) for the resection osteotomies and 9.1 + 11.5°
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Figure 4.5: Deviation caused by the cutting guide
Figure 4.5.A/B Shows a PSC design with a slot and flange, respectively. Line 1 represents the ideal cutting line designed in the virtual
surgery, line 2 and 3 represent the maximum possible angular deviation in the x-axis. More angular deviation is possible when using
a flange. The red line shows the maximum distance deviation for the slot design. Figure 4.5.C illustrates the movement possibilities
of the resection PSC. The fibula has a cylindrical shape, resulting in possible errors in positioning the guide by placing it either too
distal, too proximal or circumferentially around the fibula. Similarly, some degree of positional errors can also be observed with the
resection guide.

(range, 0.6 - 52.9°) for the reconstruction osteotomies. Angular deviation arising from saw orientation in the
PSC slot depends on the width of the saw blade for the x-axis deviation and the thickness of the saw blade
for the y-axis deviation. In this study, a minimum saw blade width of 3 mm was used, yielding a maximum
x-axis angular deviation of 13.7° in a slot with a 1 mm width. The thickness of the saw blade was 0.3 mm,
resulting in a maximum y-axis angular deviation of 6.5° for a slot with a 1 mm width and a 6 mm height.
The results did contain values that were larger than these maximum values. This may be caused by the
saw cutting through the material of the PSC or by misplacement of the PSC. These maximum values do
not apply for PSCs designed with a flange for reasons similar to those stated above.

Brouwer de Koning et al. [12] measured the angular deviation of the resection osteotomies in two angles:
the angle along the cranial-caudal axis (yaw) and the angle along the lateral-medial axis (pitch). With
this methodology, the orientation and location of the osteotomies influence the results. Osteotomies that
are located medial and in a straight line with the cranial-caudal and lateral-medial axes, resembled the
outcomes from this research. The pitch will be comparable to the x-axis deviation, and the yaw will be
comparable to the y-axis deviation. The pitch deviation found was 3.1 + 1.5°, and the yaw deviation found
was 7.0 £ 6.4°, which are both in line with the resection angular deviation found in this study.

A significant difference was observed between the resection and reconstruction angular deviation, possibly
due to the accuracy of positioning a PSC on the fibula compared to the mandible. The mandible is a distinct
structure where accurate positioning and orientation of the resection guide are important. While reconstruc-
tion osteotomies do not require consideration of tumour removal or avoidance of vital structures, surgeons
must adjust the placement of the PSC to the position of the perforator. Consequently, the PSC may be
positioned more proximal or distal along the length of the fibula. The PSC can also be placed in a different
circumferential position due to the cylindrical shape of the bone, as illustrated in Figure 4.5.C. Although the
changes in PSC position will not impact the length of the fibula segment, it will cause the osteotomy to be
oriented differently compared to the fibula and, thus, the planned reconstruction osteotomies. This results
in a different cross-section of the fibular segment end, leading to sub-optimal reconstruction.
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Figure 4.6: Segment rotation along the length of the fibula

The Figure shows the effect of a circumferential rotation of reconstruction PSC. The planned fibular segments and osteotomies are
presented in green, and the actual fibular segments and osteotomies are in blue. Figure 4.6.A shows the planned reconstruction with
the planned bone-cut surface of the right fibular segment in A2. Figure 4.6.B shows the actual reconstruction with the actual bone-cut
surface of the right fibular segment in B2. Based on the fibula shape, it can be concluded that the right fibular segment is rotated
around its longitudinal axis. Figure 4.6.C shows the osteotomy deviation according to the method employed in this study, where the
actual fibula segment (blue) is aligned based on its shape, see C2. In Figure 4.6.D, the alignment is based on the position of the
actual fibula segment in the reconstruction. Although there is no match between the shape of the planned and actual fibula segment,
the osteotomy angular deviation is smaller. This suggests that there may have been some rotation of the reconstructive PSC.

These PSC positional deviations could account for the outliers in reconstruction data of angular deviation,
especially when considering the methodology employed. According to accuracy assessment methodology
[Section: 3.1.5], the fibular osteotomy angle deviation was measured based on the planned position of the
reconstructive PSC on the pre-operative fibula model. For the measurement, the actual fibula segment
was aligned to the pre-operative fibula based on its shape, see Figure 4.6.C. A difference in circumfer-
ential position will result in a (large) deviation of the angles, mainly unrelated to the saw deviation within
the PSC slot. If angular measurements of the fibula segments were taken in the context of its position
in post-operative reconstruction, deviation of the PSC position in the circumferential position is neglected,
see Figure 4.6.B. This leads to smaller angular deviations but an incomplete measurement of osteotomy
accuracy, see Figure 4.6.D. The circumferential position of the PSC on the fibula is important as the spe-
cific fibular bone-cut intersection surfaces are used in the planning for optimal surface alignment between
segments. The accuracy assessment method used in this study offers a comprehensive analysis of os-
teotomies, aligning with the study’s objectives. The results, however, should be interpreted with care as
large angular deviations in fibula segments may not directly affect the final reconstruction outcomes to the
same degree. Goormans et al. [11] calculated the osteotomy angle deviation for each fibula segment by
comparing an angular measurement taken on the planned and actual segment. The angular measurement
was obtained by measuring the angle between a plane on the lateral side and a plane on the outer side
(the cut side). The average angular deviation of osteotomy planes was 1.98° (range 0.04 — 5.86°). This
measurement is most comparable to the y-axis results of this study, which was 9.1 + 11.4°. Reasons for
this difference might correspond to the different assessment methodology used by Goormans et al. [11].
It measured the angular deviation based on the position of the fibular segment in the final reconstruction,
as explained above. Hanken et al. [23] measured the angular deviation of the angular deviation of the
resection osteotomies by an angle defined in a plane orthogonal to the planned intersection direction. This
outcome is most comparable with the x-axis angular deviation. The method of registration was undefined.
A deviation of 10.81° (95% CI (9.44°-12.17°)) was measured. These results were slightly larger than the
x-axis angular deviation of the resection osteotomies of 6.8 £ 7.1°, measured in this study.
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Anterior and posterior resection osteotomies

When comparing anterior and posterior resection osteotomies, a higher deviation was observed in the
anterior osteotomies for both the COM and maximum distances. The outcomes did not differ significantly.
This result was unexpected as a greater deviation in more posterior osteotomies was anticipated due to
reduced surgical freedom when deeper into the patient’s anatomy. Brouwer de Koning et al. [12], however,
showed a difference of 0.9 + 0.5 mm anterior compared to 2.0 + 1.0 mm posterior.

4.41. Strengths and weaknesses

The methodology used in this study is designed to produce comprehensive and reproducible results. By
analysing the deviation between planned and actual osteotomies, a more focused analysis of specific de-
viations within osteotomies can be achieved. Enabling a deeper understanding of their origins. To ensure
clinical relevance, the assessment included measuring the maximum distance to integrate both distance
and angular aspects. This parameter is essential for tumour margin planning and protecting vital structures
such as nerves.

This retrospective study has several limitations. Firstly, the results should be interpreted cautiously, as
the sample size of 16 patients was relatively small. Secondly, CT and CBCT are both included as post-
operative imaging modalities. A CBCT is more sensitive to metal materials, causing image artefacts. These
artefacts influence the segmentation, which is important for model registration. Manually altering is used to
improve inaccurate segmentation, which maintains the quality of the results. Thicker slices can also influ-
ence the segmentation and actual osteotomy localisation. There was a large variation in the time interval
of the post-operative imaging after surgery (8-386 days). Over time, the chance of bone segment shifting,
consolidation, and resorption increases [54]. Due to the retrospective nature of this study, consolidation
and resorption may influence the determination of the actual osteotomies.

Lastly, the fit and the surgical compliance to the PSC are highly important for identifying the reasons for
inaccuracy, specifically in outliers. Due to the retrospective nature of this study, information about the
intra-operative usage of the PSC depends on the comprehensiveness of the post-surgical reports. Specific
details on the usage of the PSC were only provided in limited patient cases.

4.4.2. Future research

Future comparative studies with the proposed standardized methodology of Chapter 3 must be performed
to facilitate valid comparisons and strengthen the scientific conclusions of the results. In addition to re-
searching the accuracy of osteotomy planes, researchers should investigate other factors that may cause
inaccuracies, such as the positional relationship between segments after fixation of the reconstruction. An
overview analysis would be of value to draw relations and provide a total evaluation of the accuracy. Fur-
thermore, prospective comparative studies could diminish current limitations by creating an objective study
outline. The prospective approach facilitates further clarification of the underlying cause of the observed
errors. This will enhance the understanding of intra-operative execution of the virtual plan by expanding
the surgical report on the usages of the PSC and the creation of the osteotomies. Brouwer de Koning et
al. [12] conducted intraoperative CT scans to research the position of the PSC to be able to differentiate
between positional PSC and saw errors. Lastly, to our knowledge, no studies have yet been performed
evaluating the required level of accuracy, which would still affect patient outcomes. The level of sufficient
accuracy is currently constituted by outcomes of other studies performed with different methods and logical
reasoning. A scientifically grounded understanding of the requisite accuracy level is necessary to guide
innovation and evaluate institutional accuracy outcomes properly.

4.5. Conclusion

Deviations were found between the location and orientation of the planned and actual osteotomy planes.
The difference in distance deviation was within an absolute average of 3 mm. Both the distance and an-
gular deviation measurements surpassed the maximum deviation constrained by the PSC slot, indicating
that inaccuracies also arise from other origins. The angular deviation was significantly larger for the recon-
struction osteotomies compared to the resection osteotomies, requiring further research.
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User guide: Preprocessing data

To evaluate the accuracy of computer-assisted surgery in mandibular segment resection and reconstruction,
the planned osteotomies are compared to the actual executed osteotomies. The comparison is conducted
on virtual representations of the anatomical structures and osteotomies. The virtual representation of the
planning can be derived from the computer-assisted pre-operative plan. The virtual representation of the
actual post-operative result is created from the post-operative imaging. All models that are created in the

planning will be referred to as planned. All the models representing the post-operative result will referred
to as actual.

In this manual, you will gather the required planned models and use Mimics [52] and 3-Matic [53] (Mate-
rialise NV, Leuven, Belgium) to create 3D models of the actual reconstruction. These models are 1) the
remnant mandible (left and right), 2) the fibula segment(s), and 3) the resection and reconstruction os-
teotomies. This manual is intended to provide guidance through the following sections:

Planned models:
1. Loading planning data
Actual models:
2. Post-operative imaging
3. Segmentation
(a) Threshold-based segmentation
(b) Editing of segmentation
(c) Part creation
4. Osteotomy localisation

(a) ldentification of the osteotomy
(b) Point measurement
(c) Fit plane and verification

36
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A.l. Loading planning data

The first part of the analysis will be performed in 3-Matic (Materialise NV, Leuven, Belgium). The planned
and actual 3D models need to be imported into a new 3-Matic project per each patient. The planned models
have already been created for the planning and will be loaded into 3-Matic as the first step in this manual.

1. Start 3-Matic and open a new file by clicking New Project from the File menu toolbar.

2. Save the file under a standardized name by using Save As from the File menu toolbar. Example
{StudyNumber_Measurement}.

3. Import the following STL models from the planning file.
(a) Anatomy
i. Mandible
ii. Fibula used for reconstruction (left or right)
iii. Optional: Corresponding Artery and Tibia
(b) Planning
i. Remnant Mandible Left
ii. Remnant Mandible Right
iii. Fibula segment(s)
iv. Resection osteotomies
v. Reconstruction osteotomies
(c) Guides
i. Resection cutting guide
ii. Reconstruction cutting guide
iii. Optional: Reconstruction model

An overview of the models is shown in figure A.1

ANATOMY PLANNING GUIDES

Figure A.1: Input models from the planning
A)/B) The original anatomy, including the mandible and fibula. C) The reconstructed mandible consists of separate models of the
remnant mandible (left/right), fibula segment, and osteotomies. D)/E) The resection and reconstruction patient-specific cutting guides

4. Rename all models according to abbreviations in Table A.1.

5. For organisational purposes, group all the models loaded above in a group called Pre-operative mod-
els and create the subgroup Anatomy, Planning and Guides according to the list above. A group
is created by right-clicking on a selection of specific models in the project management tab. Select
Create Group.

6. The Mandible and Fibula model [Figure A.1.a] will later be used in a Boolean Intersection operation.
Therefore, these models must be solid. If this is not the case, hole-filling editing should be performed.
This can be done in the original file of the mask segmentation in Mimics [52] (Materialise NV, Leuven,
Belgium).
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Table A.1: Abbreviations planned models

Models Abbreviation
Left Remnant Mandible Man L P
Left Remnant Mandible Man_R_P
Left Fibula segment Fib L P
Right Fibula segment Fib_R_P
Guides

Reconstruction guide -
Resection Guide -
Reconstruction Model -

Osteotomy

Left Resection Osteotomy Man_L Osteo P

Right Resection Osteotomy Man_R Osteo P

Left Reconstruction Osteotomy Left segment Fib L Osteo L P

Right Reconstruction Osteotomy Left segment Fib L Osteo R P

Left Reconstruction Osteotomy Right segment Fib R Osteo L P

Right Reconstruction Osteotomy Right segment Fib_ R _Osteo R P
L: Left, R; Right, P: Planned, Osteo: Osteotomy

A.2. Post-operative imaging

Post-operative imaging is the input for the creation of the actual 3D models. The imaging quality plays
an important role in the precision of generating 3D models, consequently influencing the accuracy of the
osteotomy analysis results. Key considerations should be given to imaging parameters, movement errors,
comprehensive capture of relevant structures, slice thickness, kilovoltage (kV), and milliampere seconds
(mAs). These parameters collectively impact the quality of the imaging data, ultimately shaping the reliability
and robustness of the analyses.

A.3. Segmentation

In this section, the actual 3D Models are created from post-operative imaging using multiple segmentation
techniques.

7. Open the post-operative CT imaging in Mimics [FigureA.2].

% Import Wizard O X

Images

Check images to open

Number of images Modality Series Date Slice Thickness KVP  Pixel Spacing
B® R FFF_024 (FFF_024)
v [¥]  CT Aangez-Sinus-Orbita-Maxilla-Mandib. Z M C (FFF) (1)

B Bone 05 CE Vol Hals_AIDR 30 &STD s A oS o Josswess ]

Customize Columns Add Remove

% Check all images

Preview DICOMtags Grouping = Log
Bone 0.5 C...

Images (1151) Scouts (0)

Help

Figure A.2: Loading post-operative imaging in Mimics [52]

8. Save the file under a standardized name by using Save As from the File menu toolbar. E.g. {Stu-
dyNumber_Segmentation_Osteotomy}
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Threshold-based segmentation
9. Create an initial segmentation by activating New Mask from the Segment Menu Toolbar [FigureA.3].
Apply a minimum threshold of 267 HU* for CT imaging and 400 HU for CBCT imaging to create a
mask of the bone. Crop the included threshold area in the different image views to the region of
interest.
*The set threshold depends on imaging parameters and can be altered if needed. To find an appropriate initial threshold, the
function Draw Profile Line can be used.

Figure A.3: Create new mask using threshold segmentation

Editing segmentation
10. To separate the target bone from any additional structures and noise, activate Region Growing from
the Segment Menu Toolbar. Click on the reconstructed mandible. Check the box Multiple layers
and 6-connectivity. In the initial segmentation, the reconstructed mandible may still be connected to
different bone structures, but these will be separated later.

11. Rename the Mask Bone_segmenation by double clicking on the mask in the Project Management
Masks tab.

12. View the created mask in the different Slices viewers and in the 3D Viewport. To visualise a mask in
the 3D Viewport, activate Mask 3D Preview and select the mask in Project Management Masks tab.
[Figure A.4]
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The
rate

Figure A.4: Initial bone segmentation after region growing

created segmentation is a combination of different bones. The reconstructed mandible must be sepa-
d and split into the remnant mandible (left and right), and the fibula segment(s) to achieve the desired

3D models. This is done by manually editing the mask using functions like Region Grown, Split Mask

and

Edit Mask. The Region Grown function will separate selected structures from other floating pixels or

structures. The Split mask function allows for the separation of connected structures.

13
14

15.

16.

17.

18.

19.

. Selected the Mask Bone_segmenation

. The mandible is an unconnected structure from the skull. However, with initial segmentation it can
become connected, often in the cranial parts. Analyse the Mask Bone_segmenation and remove any
connected parts of the mandible to the skull with Edit Mask function.

Activate Region Grown to split the reconstructed mandible from the Bone_segmenation and name
this Mask Mandible_A*.

*The A stands for Actual and will later be useful if you have both Planned and Actual models.

Activate the Split Mask tool in the Segment Menu Toolbar to separate the Reconstructed Mandible
from the Skull. To effectively use the Split Mask Tool, it is crucial to mark each structure in all three
slice directions. The level of precision in marking depends on the complexity of the splitting task.

Create a region for every segment in the reconstructed mandible. In the example below this would be
3 regions: remnant mandible left, remnant mandible right and one fibula segment. Name the regions
accordingly and split the mask.

+ Remnant Mandible Left: Man_L_A
* Remnant Mandible Right: Man_R_A
* Fibula segment: Fib_A

Identify any falsely categorized areas in the created result. If necessary, redo the previous step in
more detail. Small adjustments can be fixed using the Edit Mask function.

Use the Smart Fill function to fix any holes that are present in the masks.

The Smart Fill tool is a function that fills up cavities and gaps in a mask, using both a global and local
approach. The parameter Hole Closing Distance will determine the size of the holes that will be
filled. Be aware, when using a large Hole Closing Distance the mask can be smoothed. The Smart
Fill tool also provides the option of Local Hole Filling. In this mode, the cursor has two circles: an
inner circle (solid) and an outer circle (dotted). The inner circle will add precise pixels to the mask,
while the outer circle will only add the pixels necessary to close the hole before filling it.
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Part Creation
20. Calculate parts of the mask of the reconstructed mandible and the separate parts (mandible Lefft,
Right and fibula segments). Select the mask and right click, select Calculated parts. In the calculate
part window, check if all the right masks are selected and use the optimal quality to generate the
parts.

21. The parts are now located in the object window. For organisation purposes, group the parts by select-
ing them all. Right-click on the selection and select the function Group. A shortcut for this function is
Ctrl-G. Name the group as Models.

22. Next, the models are exported from Mimics and imported in 3-Matic. Selected the models that need
to be exported (mandible left, mandible right, fibula segments and the reconstructed mandible) and
copy them to the clipboard by pressing Ctrl + ¢. Open the 3-Matic files of the patient (this is the same
file as the planning models were loaded in). Paste the models (Ctrl + v) in the 3-Matic file and group
them as Actual models.

23. The last step is wrapping the models. The Wrapping Tool filters out minor inclusions or closes small
holes by generating a wrapping surface around the chosen models. Set the Closing Gap to 0.5,
this parameter determines the maximum size of the gaps that will be filtered away. Set the Smallest
Detail to 1.0; this parameter determines the size of the triangles on the new surface.

You have now completed the segmentation part of this manual. As a result, you have multiple objects: the
remnant mandible (left & right), the fibula segments and the post-operative reconstructed mandible.

A.4. Osteotomy localisation

The next step is to localise the osteotomy made during the surgery. The osteotomies are located on the
ends of the remnant mandible and fibula segments. The natural shape of the structure is disrupted here,
which is seen as an abrupt and unexpected change in the contrast. The same protocol is used for local-
isation of the resection and the reconstruction osteotomies. However, prior to the determination of the
resection osteotomies, an examination of the cutting guide design must be performed. The PSC translates
the planned osteotomy from the virtual environment to the operation room. The designed saw slot of the
guide does not always cover the full cross-section of the mandible. Especially osteotomies, which cross
the ramus or dentition. The distal part of these osteotomies requires high accuracy for the tumour margin
and reconstruction. The proximal part can be done free-handed. It is important to review the PSC design
and evaluate where the osteotomy is made according to the planning.

The osteotomy location is used to differentiate between osteotomies within one subject (see Figure A.5).
These locations are abbreviated for more user-friendliness, as shown in Table A.2. This table illustrates
the names of osteotomies for mandible reconstruction with multiple fibula segments.

Table A.2: Abbreviations

Osteotomy location Abbreviations
Left resection osteotomy Man_L Osteo
Right resection osteotomy Man_R_Osteo

Left osteotomy of the left fibula segment Fib L Osteo L
Right osteotomy of the left fibula segment Fib_L_Osteo_R
Left osteotomy of right fibula segment Fib_ R Osteo L
Right osteotomy of right fibula segment Fib_ R Osteo R
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Man_L_Osteo_A

Fib_L Osteo L A

Fib_L_Osteo_R_A

Fib_R_Osteo_L_A

Fib_R_Osteo_R_A
Figure A.5: Abbreviations osteotomies based on the location

24. Open the 3-Matic file of the evaluated patient, which has been created in the previous steps of this
manual.

25. Create a new group called Actual osteotomies and create a subgroup for each osteotomy. Includ-
ing two for the resection osteotomies (Man_L and Man_R) and two per fibula segment (Fib_X L
Fib_X_R).

The following part is only for resection osteotomies. If you are assessing reconstruction osteotomies, go to
step 31 to continue.

26. Start with one of the resection osteotomies: Man_L or Man_R
27. View the resection guide on the pre-operative mandible in 3-Matic. [A.6.a.b]

28. Inspect and verify if the cutting guide fully or partly covers the osteotomy surface. If it fully covers the
bone surface, go to step 31. If not, continue with the next steps.

Figure A.6: Analyse resection cutting guide
A) and B) Overview of models delineating the precision area for osteotomy, including the resection cutting guide and the
pre-operative mandible. C) Registration of the planned remnant mandible to the actual remnant mandible. D) Cutting guide aligned
with the actual remnant mandible.

The osteotomy is partially guided by the PSC. The assessment of the actual osteotomy is only valid for
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the guided part. Therefore, the PSC must be aligned with the post-operative imaging to properly consider
where to assess the post-operative osteotomy. To register the PSC to the post-operative images, the
planned remnant mandible of the evaluated side needs to be aligned to the actual remnant model [A.6.c],
moving the resection PSC [A.6.d] with the same transformation.

29. To align the resection guide with the post-operative imaging; you must align the planned remnant
mandible (left or right) to the actual remnant mandible, moving along the resection guide.

1. First use n-point registration
2. Later use global registration

30. Copy the transposed resection guide by selecting the object and pressing Ctrl + c. Paste the resection
guide in Mimics Ctrl + V.

Point measurement

The osteotomy is determined by systematically setting points at the end of the sawn bone segments. These
will form a point cloud through which a plane can be fitted. A point cloud will be created for each osteotomy.
The following steps will guide you through the point measurements:

31. Start with one osteotomy that you want to determine. In this example, the right mandible resection
osteotomy will be analysed.

« If you are analysing a resection osteotomy you need to verify which part of the osteotomy is
made according to the PSC.

* Visualise the PSC in the 2D image viewer by making the object and its contours visible in the
object tree [Figure A.7].

» Analyse the PSC slot of the guide and set the points within that range.

“| objects | Reslice Objects
Name Visible Contours Visible Transparency  Images
v [ Models

Fib_LA ® @ Opagque  [HH_LDCT] 1mm, i}
W FibRA ® ® Opagque  [HH_LDCT] 1mm, i}
Mandibula_A % @ Opagque  [HH_LDCT] 1mm, i|
B ManRA ® @ Opague  [HH_LDCT] Imm, i
Man_LA ® @ Opagque  [HH_LDCT] 1mm, i|

v [3 osteotomy
0 Man_L

v R
I ResectionGuide_ M. & ~ @ Opaque I
) Points

D Fib L L
™ Fib LR
[ FibRL
™ Fib R R

Figure A.7: A) The contour of the cutting guide on the post-operative imaging and the PSC on the post-operative mandible
reconstruction. B) Visualize the resection guide in the 2D and 3D viewer.

32. To create a point measurement, activate Point in the analyze menu Toolbar.

33. Scroll through the axial, sagittal, and coronal slices and identify in which view the bone cut is seen
the most clearly.

34. Begin by positioning a point on one side of the bone cut. Progress through the slices towards the
opposite side of the bone cut, marking two points on every couple of slices adjacent to the outermost
edge of the bone segment. Ensure that the points are placed only in areas that are clearly visible. Be
aware that certain regions are hard to assess due to artefacts from the fixation material. [A.8].

35. The mask of the segmented parts may be used for orientation but must be turned off when setting the
points to prevent bias.
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SBr+0& 0% @ pES

Figure A.8: Setting points.
A) Two points on the outermost edge of the bone segment. B) Only one point is set due to a scattered view caused by artefacts from
fixation material

36. Complete the points for one osteotomy.
37. Confirm the points on the three different views (axial, coronal, sagittal) and adjust if necessary.

38. The created points will together form a point cloud. Select all the points and group them in a group
named after the osteotomy location.

39. Select all the points again and export them as STL files by right-clicking and selecting STL+ [Figure
A.9].

40. In the STL+ window press Add to add the points to Objects to be converted. Change the output
directory by selecting the File Icon. Navigate to the analysed subject, load the files in a folder named
after the assessed osteotomy and press Finish.

STL+ - Mask/Part/Analysis/FEA mesh selection X
Start
Objects | Reslice Objects mask | part  Analysis | mesh |
Name Visible Contours Visible Transparency Images
[ Models Label ~
v [3 osteotomy :ann
v [ Man_L Point 2
: @aPoint 3
v [ Points T New @ Point 4
* Point 1 © ’ @aPoint 5
* Point2 ® O Copy @aPoint 6
* Point3 ® X Delete Del @@ Point 7
* Point4 @ i @aPoint 8 .
* Point5 @ M Duplicate -
* Point6 @ - Output Directory: Output Format:
* Point7 ® 2:\30Lab_FFF_1507\TM3_Lisa\Data\...\Man_R| Binary STL Files (*.STL) ~
* Point8 ®
* Point9 @ O Group Cut+G Objects to convert:
(X Ungro Ctri+Shift+G
* Point 10 @ group Object to convert  Output Filename A
* Point 11 Lo} ® Mask from Object Point 1 FFF_022_Point 1_001
* Point 12 @ . Point 2 FFF_022_Point 2_001 Remove
[ Man_R i STL+ Point 3 FFF_022_Point 3_001
™ Fib, L-L L Iges Export STLs Point 4 FFF_022_Point 4_001
—— Export tit Point 5 FFF_022_Point 5_001
ib_L Point 6 FFF_022_Point 6_001
M FibRL
2 fib R Point 7 FFF_022_Point 7_001 e,
3 FibRR Point 8 FFF_022_Point 8_001
Point 9 FFF_022_Point 9_001 v | [ 10000

Figure A.9: Export point as STL

Fit plane

For the next step, the generated point cloud is imported into 3-Matic, and a datum plane is fitted through.

41. Open the 3-Matic file of the patient you are analysing.
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42.
43.
44.

45.

46.
47.
48.
49.

50.

51.

Import the point cloud by clicking on Import Part from the File menu toolbar and import all the points.
Group all the points to a group named after the assessed osteotomy.

To fit a plane through the point cloud, navigate to the Design Toolbar, select Analytical and choose
Datum plane.

The Create a Datum plane tab will open in the Operation section. Selected Fit Plane as Method and
add the points cloud as Fitting entities. Press apply [Figure A.10].

Operations a x

Properties Create Datum Plane

E Datum plane

Method Fit plane F
(TJ)FFF_022_Point 1_001

Fitting entities ﬁ FFF_022_Point 2_001
(T FFF_022_Point 3_001

Figure A.10: A) Operational window Create Datum Plane. B) Fitted datum plane through points

Create an STL model from the datum plane by pressing Analytical to Part in the Design toolbar.
Rename the create plane; according to Table A.2
Transfer back to Mimics by Copying the plane in 3-Matic and Pasting it in Mimics.

Verify the location of the created osteotomy on the images in the axial, coronal and sagittal view. If

the osteotomy is positioned incorrectly, check the placed points and adjust where necessary [Figure
A11].

Repeat steps 31 to 49 until you are satisfied with the result.

Figure A.11: Verification osteotomy post-operative images

Perform steps 31 to 49 for all the osteotomies of the patient.

Saving results
52. Save the Mimics and 3-Matic file.

53. Repeat the manual for all subjects.



User guide: Osteotomy accuracy

In user guide A, the actual models and osteotomies are created from the post-operative imaging. In this
user guide, you will use 3-Matic (Materialise NV, Leuven, Belgium) and run the Python script to measure
the distance and angular deviation between the planned and actual osteotomies. This user guide provides
a detailed step-by-step guide for each part of the process. The parts include:

1. Resection osteotomies
(a) Registration
(b) Distance deviation
(c) Angular deviation
2. Reconstruction osteotomies
(a) Registration
(b) Distance deviation
(c) Angular deviation
3. Run Python script

Input for this guide are the planned and actual models. Table B.1 presents the abbreviations used for the
different objects that will be used in this user guide.

After completing all the steps in 3-Matic (Materialise NV, Leuven, Belgium), the following objects and ma-
trices are created:

1. Planned and Actual intersection of all osteotomies
2. Planned and Actual local coordinate systems
3. Reference point of the tumour

The outputs stated above will be the inputs of the Python script. This script will perform the distance and
angular measurements between the osteotomies and provide the results in an Excel sheet.

46
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B.1. Loading data

The analysis will be performed in Materialise 3-Matic (Materialise NV, Leuven, Belgium). When correctly
followed user guide A. All the needed models are already located in the patient 3-Matic file.

1. Start 3-Matic and open the patient file that will be analysed. Example {StudyNumber_Measurement}.

B.2. Resection osteotomies

In this section, you will create all the necessary parts to evaluate the resection osteotomies. The models
used as input are listed below and shown in Figure B.1.

* Pre-operative mandible model

» PSC in reference to the planned reconstructive mandible.
» Planned remnant mandible (left and right)

 Actual remnant mandible (left and right)

Planned and actual resection osteotomies

PRE-OPERATIVE MANDIBLE RESECTION GUIDE PLANNED RESECTION ACTUAL RESECTION

!
{l

Figure B.1: Input models for the resection osteotomy analysis
A) The mandible before surgery. B) The cutting guide is used to execute the planned resection of osteotomies. C) The planned
resection with the remnant mandible parts (left and right) in blue with associated resection osteotomies. D) The actual resection with
the remnant mandible parts (left and right) in green, with associated reconstruction osteotomies.

2. Verify if all needed models (listed above) are present in the opened file.

B.2.1. Registration

The first step is to align the actual osteotomy to the pre-operative mandible model to establish the proper
baseline for the deviation measurements. The actual remnant mandible will be aligned to the planned
remnant mandible, the actual osteotomies are transformed using the same transformation.

3. Start with one of the two resection osteotomies. In this example, the left mandible resection osteotomy
is analysed.

4. Create a Duplicate of the actual remnant model, the planned remnant model and the actual osteotomy
(e.g. Man_L P,Man_L_A and Man_L_Osteo_A).

5. Align the actual remnant model to the planned remnant model moving along the actual osteotomy by
first roughly aligning them followed by a surface registration algorithm.

(a) Selected Align from the Menu Toolbar and activate N Points Registration. The planned rem-
nant mandible is the Fixed Entity, the actual remnant mandible is the Moving Entity and the
actual osteotomy is the Moving along entities, see Figure B.2.A.

(b) Selected a minimum of three triangle nodes on each model. Make sure to pick specific landmarks
that are easily recognised on both models and press Apply to perform the transformation, see
Figure B.2.B/C. Close the operation by pressing Cancel
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Fixed entity Moving entity
Man_L Osteo A N Points Registration: Step 1 [ [
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B Selection
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Fixed entity
@Man,L,A
Moving entity .
@Man_L_Osteo_A ’, ) J '; ~ . Z
Moving along entities A »J
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Figure B.2: Landmark registration
A) The operation window with the chosen entities. B) The landmarks on the planned remnant mandible. C) The landmarks on the
actual remnant mandible in the same position.

(c) Activate the Global Registration from the Align toolbar and selected similar Fixed, Moving
and Moving along entities, see Figure B.3.A.

(d) The Distance Threshold parameter be set on automatic. The number of iterations should be
set to min 1000.

(e) Apply the global registration and evaluate the average distance error in in the logger. Press
Apply again until you are satisfied with the results and the average distance error has stabilized,
see Figure B.3.C.

Operations qx
Properties Global Registration
B Selection
@Man_L_P
Fixed entity
@Man_L_A
Moving entity

@Man_L_Osteo_A
Moving along entities

Parameters

A B C

Figure B.3: Global registration
A) The operation window with the chosen entities. B) The starting position of the models. C) The end position of the models

(f) Create a new group called Measurements. With a subgroup named after the location of the
evaluated osteotomy (e.g. Man_L). Group the aligned models in a new subgroup called Aligned
models, and story this subgroup in the designated group (e.g. Man_L).

6. Add the planned osteotomy (e.g. Man_L_Osteo_P) to the newly created group of the aligned models.

B.2.2. Distance deviation
7. Activate Update OCS of the align menu toolbar. Selected the planned osteotomy (e.g. Man_L_Osteo P)
as an entity and inertia axis as method and press Apply. This function will update the coordinate sys-
tem of the Man_L_Ostoe P to its inertia axes.

8. Selected Mesh form the Design menu toolbar, and activate Box. Create a box around the osteotomy.
The box should have a thickness of 0.2. The height and the weight should be set so the box covers
the whole cross-section of the pre-operative mandible model, see Figure B.4.A. Rename the box to
the location and if it was actual or planned (e.g. Box_L_P and Box_L_A), see Figure B.4.B.
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Operations 4 x

Man_L_ Osteo P Create Box
Apply || Cancel
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Method(Around Part Dimensions
Dimension x 0.2000
Dimension y 50.0000
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Figure B.4: Create Box
A) The operations window; make sure the thickness of the box is 0.2 mm. B) The created Planned and Actual Box

9. Hide all objects except the pre-operative mandible and the PSC. Inspect which area of the mandible
is cut according to the guide, see Figure B.5.A. If the guide only partly guides the saw across the
osteotomy; the relevant part of the mandibular should be evaluated.

(a) Activate Analytical from the Design menu toolbar. Create two Datum planes one at the top part
of the PSC and one at the bottom part, see Figure B.5.B. A datum plane is an endless plane.

(b) The datum plane is created using 3 points as method. The first point is the origin of the datum
plane. The second point defines the x-axis together with point one. The third point defines the
y-axis together with point one. Make sure that the datum plane is in line with the top/bottom of
the PSC.

(c) Duplicate the pre-operative mandible model (make sure the model is completely filled).

(d) Activate Cut from the Design menu toolbar. Selected the duplicated mandible model as entities
and the datum planes aligned at the top of the PSC as cutting entities. Press apply.

(e) The mandible will be cut into separate parts.

(f) Perform the cut operation again. Select the bottom part of the mandible as the entity and the
bottom datum plane as the cutting entity.

(g) The results will be the part of the mandible for which the osteotomy is translated accurately from
the planning to the surgery, see Figure B.5.C. Rename this part to Man {side} accurate, e.g.
Man_L_accurate

Figure B.5: Part of the mandible accurately cut by cutting guide guidance
A) The cutting guide only partially guides the osteotomy. B) Two datum planes are created on the top and bottom of the cutting
guide. C) The mandible is cut according to the design of the cutting guide.

Create a Boolean intersection with the pre-operative mandible model or the just created Man_{side} accurate.
A boolean intersection results in a new volume that includes only the common volume of the selected parts.
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10. Hide all objects except the two boxes around the osteotomies created in step 8 and the pre-operative
mandible model / Man_{side} accurate

11. Startwith the planned osteotomy. Duplicate the box and the pre-operative mandible model Man_{side} accurate.

12. Activate Boolean Intersect from the Design menu toolbar. Selected the box of the planned osteotomy
and the pre-operative mandible model / Man_{side} accurate as entities and press apply, see Figure
B.6.A/B.

13. A intersection between the two parts will be end result B.6.C.

14. Rename this part to the following name: PatientNumber_Man_{side} Inter_Planned.
e.g. PT001_Man_L_Inter_Planned

Operations g x
0 >s Boolean Intersection

Apply || Cancel

[ Selection
Peox-Lp

Entities (FMan_Accuracte_L

Figure B.6: Boolean intersection of the planned osteotomy with the mandible
A) The operations window with the box and the pre-operative mandible as entities. B) The preoperative mandible with the planned
box. C) The created intersection

15. Repeat from step 11 onwards for that actual osteotomy.
16. Group the following objects into a group called Intersection

+ Boxes of the osteotomies (planned and actual)
* Man_{side} accurate (if applicable)
* Intersections (planned and actual)
17. Add the Intersection group to the correct subgroup in the Measurement group.

B.2.3. Angular deviation

The angular deviation is determined by a change rotational change in the local coordinate systems (LCS)
of the planned and actual osteotomies. Start with the coordinate system of the planned osteotomy. This
coordinate system is defined based on the saw slot/flange of the PSC. The saw slot/flange is designed to
guide the saw through the bone in one specific direction, identical to the planned osteotomy. The x-axis of
the local coordinates system is presented by the height of the slot/flange. The y-axis of the local coordinate
system is defined by the length of the PSC slot/flange. The z-axis points out the plane, and the right-hand
rule determines the direction.

18. Start with defining the LCS of the planned osteotomy. This is done according to the slot/flange of the
PSC.

19. Only show the the PSC.
20. Activate Datum Plane in the Analytical Tab from the Design menu toolbar.

21. Create a Datum Plane representing the cutting direction. The order of selecting the point will de-
termine the direction of the x and y-axis. It is therefore important to precisely follow the order of
instruction below:

(a) Point one: This point is the origin of the plane/LCS and should be placed on the front side in the
top corner of the PSC slot.
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(b) Point two: This point will create the x-axis together with point one. Place this point right across
point one; on the back side of the top corner of the PSC slot.

(c) Point three: This point will create the y-axis together with point one. Place this point right below
point one; on the front side in the bottom corner of the PSC slot.

22. Press apply, see Figure B.7.
23. Rename the datum plane to PatientNumber_Man_{side} TM* Planned. e.g. PT001_Man_L_TM_Planned.

*TM: Transformation Matrix.

24. Activate Analytical to Mesh to convert the created datum plane to a mesh object, see Figure B.7.B.
Selected the datum plane PatientNumber_Man_{side} TM_Planned as Entity.

A B

Figure B.7: Local coordinate system of the planned osteotomy
A) Create a datum plane by placing 3 points on the correct position of the cutting guide slot. B) convert the datum plane to a mesh
object

The coordinate system of the actual osteotomy is roughly determined. The x and y axes will again be in
plane while the z-axis is pointing outwards. The direction of the x and y axes should roughly align to the x
and y axes of the planned plane but will later be positioned correctly by an automatic rotation around z-axis.

25. Show the box of the actual osteotomy; created in step 8, together with the PSC.

26. Create a Datum Plane by picking points that correspond to the LCS of the planned osteotomy the
best, use the resection guide as orientation, see Figure B.8.A. The order of selecting the point will
determine the direction of the x and y-axis. It is therefore important to precisely follow the order of
instruction below:

(a) Point one: This point is the origin of the plane/LCS. and should be placed on the ventral top
corner of the box.

(b) Point two: This point will create the x-axis together with point one. Place this point right across
point one; on the dorsal side of the top corner of the box.

(c) Point three: This point will create the y-axis together with point one. Place this point right below
point one; on the ventral bottom corner of the box.

27. Make sure that all the points are either on the front side or the back side of the box and press apply
to create the datum plane.

28. Rename the datum plane to PatientNumber_Man_{side} TM_Actual. e.g. PT001_Man L TM_ Actual.

29. Activate Analytical to Mesh to convert the created datum plane to a mesh object, see Figure B.8.B.
Selected the datum plane PatientNumber_Man_{side} TM_Actual as Entity.
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Figure B.8: Local coordinate system of the actual osteotomy
A) Create a datum plane by placing 3 points in the correct position of the actual box. B) convert the datum plane to a mesh object

30. Verify the orientation of the LCS of the planned and actual osteotomy by clicking on the plus sign in
front of the mesh object in object three. Right-click on Object coordinate system and press Show.
The x- (red) and y-axis (green) should be in plane and have roughly the same direction. The z-axis
(blue) should be pointing in the same direction.

31. Group the following objects into a group called LCS

» Created datum planes of the LCS (planned and actual)
» Mesh objects of the datum planes (planned and actual)
32. Add the LCS group to the correct subgroup in the Measurement group.

Repeat all the steps above for both the left and the right resection osteotomies.

B.2.4. Reference point tumour
A reference point of the tumour is created to determine the direction of the displacement of the resection
osteotomies.

33. Show only the pre-operative mandible and the two planned resection osteotomies.
34. Activate Point in the Analytical Tab from the Design menu toolbar.

35. Select Coordinates as method. Select a point on the pre-operative mandible in the middle of the
resected part.

36. Convert the analytical to a mesh with the Analytical to Mesh function from the Design menu toolbar.
37. Rename the part to {StudyNumber_Tumor}.
38. Manually align the part to the centre or the resected part of the mandible.

B.2.5. Save results

All outcomes should be saved in a common location. The outcomes of this section are the intersections of
resection osteotomies with the pre-operative mandible model and the actual and planned local coordinate
systems of the resection osteotomies.

39. Start with saving the intersection by activating export from the file menu toolbar. Select STL as the
export type.
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Figure B.9: Save intersection

40. Selected all created resection intersection and the reference point of the tumour as Entities. Change
the Output directory to a common location. and press Apply, see Figure B.9.

To save the local coordinate systems a transformation matrix will be exported from from all local coordinate
systems to the world coordinate system.

41. Start by defining the world coordinate system, see B.10.A/B. Do this by creating a new datum plane
created by the following three points:

(a) Point one: [0;0;0]
(b) Point two: [1;0;0]
(c) Point three: [0;1;0]
42. Rename the datum plane to origin.
43. Activate Analytical to Mesh to convert the created datum plane to a mesh object.

44. To export the transformation matrix, activate export from the file menu toolbar and select Tranforma-
tion Matrix as export type.

45. Select one of the LCS as the Entity, select the origin as the Target Entity and keep the output directory
similar to step 40, see Figure B.10.C.

Operations 2 x Operations 2 x
Properties  Create Datum Plane PTXXX_Man_L_LCS Planned  Export Transformation Matrix
Apply || Cancel Apply || Cancel
B Datum plane
3 Points Cl S osaction
Point 1 00000 00000 00000 (5P _Man_L_LCS_Planned
Point 2 1.0000 0.0000 0.0000 Enti
Point 3 0.0000 1.0000 0.0000 Y
E Hint
To interactively position the analytical primitive,hold down the ‘CTRL' @origin
key until the interactive operation is complete. Hold down the ‘CTRL"
and ‘SHIFT" keys to position a point freely in 3D work area. Target entity
Output directory Specify the directory
A N

Figure B.10: Saving local coordinate system
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B.3. Reconstruction osteotomies

In this section, you will create all the necessary parts to evaluate the reconstruction osteotomies. The
models used as input are listed below and shown in Figure B.11

* Pre-operative fibula model
* Planned fibula segments

Actual fibula segments
» Reconstructin PSC in reference to the pre-operative fibula.
* Planned and actual reconstruction osteotomies

PRE-OPERATIVE FIBULA RECONSTRUCTION GUIDE PLANNED RECONSTRUCTION ACTUAL RECONSTRUCTION

Figure B.11: Input models for the resection osteotomy analysis
A) The fibula before surgery. B) The PSC is used to create the planned reconstruction osteotomies. C) The planned reconstruction
segments in blue with associated reconstruction osteotomies. D) The actual reconstruction segments in green with associated
reconstruction osteotomies.

46. Verify if all needed models (listed above) are present in the opened file.

B.3.1. Registration

The first step is to align the actual osteotomy to the pre-operative fibula model to establish the proper
baseline for the deviation measurements. The actual fibula segments will be aligned to the planned fibula
segments moving along the actual osteotomies.

47. Start with one fibula segment with the two associated osteotomies.

48. Create a duplicate of the planned fibula segment, the actual fibula segment and the actual os-
teotomies (e.g. Fib_L_P,Fib_L_A,Fib_ L Osteo L Aand Fib_L Osteo R_A).

49. Align the actual fibula segment to the planned fibula segment moving along the actual osteotomies.
First, an initial alignment is performed, followed by an alignment using a surface registration.

(a) Selected Align from the Menu Toolbar and activate N Points Registration. The planned fibula
segment is the Fixed entity, the actual fibula segment is the Moving entity and the actual
osteotomies are the Moving along entities, see Figure B.12.A.

(b) Selected a minimum of three triangle nodes on each model. Make sure to pick specific land-
marks that are easily recognised on both models and press apply to perform the transformation,
see Figure B.12.B. Close the operation by pressing Cancel
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Figure B.12: Landmark registration
A) The operation window with the chosen entities. B) The landmarks on the planned fibula segment. C)The landmarks on the actual
fibula segment mandible in the same position

(c) Activate the Global Registration from the align toolbar and selected similar fixed, moving and
Moving along entities, see Figure B.13.A.

(d) The distance threshold parameter be set on automatic. The number of iterations should be set
to min 1000.

(e) Apply the global registration and evaluate the average distance error in the logger. Press apply

until you are satisfied with the results and the average distance error has stabilized, see Figure
B.13.B/C.

(f) Verify the position of the segment and evaluate if the results are optimal. If needed, adjust the
position of the actual segment manually by matching the bone surfaces of the segments.

Operations g2 x
Fib_L_Osteo R A  Global Registration

| Apply || Cancel

& Selection
ribLr
Fixed entity
FrioLa
Moving entity
(rio_L_osteo L A
Moving along entities (rio_L_Osteo R A
E Parameters -

Figure B.13: Global registration
A) Shows the operation window with the chosen entities. B) Shows the starting position of the models. C) shows the end position of
the models

(g) Create a new group called Measurements. With a subgroup named after the location of the

evaluated segment (e.g. Fib_L). Group the aligned models in a new subgroup called Aligned
models, and store this subgroup in the designated group. (Fib_L).

50. Add the planned osteotomies (e.g. Fib_L Osteo L P & Fib_L_Osteo_R_P) to the newly created
group of the Aligned models.

B.3.2. Distance deviation

51. Activate Update OCS of the align menu toolbar. Selected the planned osteotomies (e.g. Fib_L_Osteo L_P
& Fib_L_Osteo R _P) as an entity and inertia axis as method and press apply. This function will up-
date the coordinate system of the Fib_L Osteo_ L P /Fib_L_Osteo R _P to its inertia axes.

52. Selected Mesh form the Design menu toolbar, and activate Box. Create a box around the planned
and actual osteotomies. The box should have a thickness of 0.2. The height and the weight should be
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set so the box covers the whole cross-section of the pre-operative fibula model, see Figure B.14.A. Re-
name the box to the location of the osteotomy and osteotomy type(actual or planned) (e.g. Box_L L P,
Box_ L R P,Box_L_L_AandBox_L_R_A), see Figure B.14.B.

Operations a4 x
Properties Create Box

B Box

Method Around Part
(JFib_L_Osteo L P

Entity

Method(Around Part) Dimensions
0.2000

Dimension y 65.9211

Dimension z 65.9211

Figure B.14: Create a box
A)The operations window with the osteotomy as the entity; with the thickness of the box set to 0.2 mm. B) The created planned
(blue) and actual(green) boxes in relation to the fibula model (grey)

53. Perform a Boolean intersection with the pre-operative fibula model and the 4 osteotomies.

(a) Start with one of the planned osteotomies. Duplicate the box and the pre-operative mandible
model and hide all other objects.

(b) Activate Boolean Intersect from the Design menu toolbar. Selected the box of the planned
osteotomy and the pre-operative fibula model as entities and press Apply, see Figure B.15.A/B.

(c) An intersection between the two parts will be end result B.15.C.

(d) Rename this part to the following name: {Patient number} Fib_{(side segment} Inter {side os-
teotomy} Planned (e.g. PT001_Fib_L Inter L _Planned).

Operations 3 x

Box-LLP  Boolean Intersection
Apply || Cancel |

B Selection
(fibula

Entities (DBox-Lp

C D

Figure B.15: Boolean intersection of the left planned osteotomy with the fibula
A) The operations window with the box and the pre-operative fibula as entities. B) The preoperative fibula with the planned box. C)
The created intersection. D) Shows all the intersections related to one fibula segment (the two planned intersections (blue) and the
two actual intersections (green)

54. Repeat from step 53 onwards to create the three other intersections; one more of the planned os-
teotomy and both the actual osteotomies, see Figure B.15.D.

55. Group the following objects into a group called Intersection
» The four boxes of the osteotomies
* Intersections
56. Add the Intersection group to the correct subgroup in the Measurement group.

B.3.3. Angular deviation
The angular deviation is determined by a change rotational change in the local coordinate systems (LCS)
of the planned and actual osteotomies. Start with the coordinate system of the planned osteotomy. This
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coordinate system is defined similar as the planned LCS of the resection osteotomies.

57

58.

59.
60.
61.

62.
63.

64.

65.

Start with defining the LCS of the planned osteotomy. This is done according to the slot/flange of the
PSC.

Ensure that the fibula bone is correctly oriented, with the proximal end pointing upwards and the distal
end pointing downwards, see Figure B.16.A.

Only Show the the reconstruction PSC, see Figure B.16B.
Activate Datum Plane in the Analytical Tab from the Design menu toolbar.

Create a Datum Plane representing the cutting direction. The order of selecting the point will de-
termine the direction of the x and y axis. It is therefore important to precisely follow the order of
instruction below:

(a) Pointone: This point is the origin of the plane/LCS. and should be placed on the front side in the
top left corner of the PSC slot.

(b) Point two: This point will create the x-axis together with point one. Place this point right across
point one; on the back side of the top left corner of the PSC slot.

(c) Point three: This point will create the y-axis together with point one. Place this point right to the
side of point one; on the front side in the top right corner of the PSC slot.

Press Apply, see Figure B.16.C.

Rename the datum plane to {Patient Number} Fib_{side segment} TM* {side osteotomy} Planned.
e.g. PTOO1_Fib_L_TM_L_Planned.

*TM: Transformation Matrix.
Activate Analytical to Mesh to convert the created datum plane to a mesh object, see Figure B.16.D.

Selected the datum plane {Patient Number} Fib_{side segment} TM* {side osteotomy} Planned as
Entity.

Repeat for the other planned osteotomy.

Figure B.16: Local coordinate system of the planned osteotomy

A) Verify the correct orientation of the fibula, with the proximal end pointing upwards and the distal end pointing downwards. B) Only
show the resection PSC. C) Create a datum plane by placing 3 points in the correct position in the PSC slot. D) Convert the datum

plane to a mesh object

The coordinate systems of the actual osteotomies are roughly determined. The x and y axes will again be
in-plane while the z-axis is pointing outwards. The direction of the x and y axes should roughly align to
the x and y of the planned plane but will later be positioned precisely by an automatic rotation around the
z-axis.

66.
67.

Show the box of the actual osteotomy; created in step 52, together with the PSC.

Create a Datum Plane by picking points that correspond the most to the LCS of the planned os-
teotomy. Use the PSC as orientation, see Figure B.17.A. The order of selecting the point will de-
termine the direction of the x and y axis. It is therefore important to precisely follow the order of
instruction below:

(a) Point one: This point is the origin of the plane/LCS and should be placed on the left top corner
of the box.
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(b) Point two: This point will create the x-axis together with point one. Place this point right across
point one; on the back side of the top corner of the box.

(c) Point three: This point will create the y-axis together with point one. Place this point right below
point one; on the ventral bottom corner of the box.

68. Make sure that all the points are either on the front side or the back side of the box and press apply
to create the datum plane.

69. Rename the datum plane to {Patient Number} Fib_{side segment} TM* {side osteotomy} Actual.
e.g. PTO01_Fib_L TM_L_actual.

70. Activate Analytical to Mesh to convert the created datum plane to a mesh object, see Figure B.17.B.
Selected the datum plane {Patient Number} Fib_{side segment} TM* {side osteotomy} Actual as
Entity.

Figure B.17: Local coordinate system of the actual osteotomy
A) Create a datum plane by placing 3 points in the correct position on the actual box. B) Convert the datum plane to a mesh object

71. Verify the orientation of the LCS of the planned and actual osteotomy by clicking on the plus sign in
front of the mesh object in the object three. Right-click on Object coordinate system and press Show.
The x- (red) and y-axis (green) should be in plane and have roughly the same direction. The z-axis
(blue) should be pointing in the same direction.

72. Group the objects listed below into a group called LCS

« Datum Planes of the LCS (planned and actual)
* Mesh objects of the datum planes (planned and actual)
73. Add the LCS group to the correct subgroup in the Measurement group.

Repeat all the steps above for all fibula segments.

B.3.4. Save results
All outcomes should be saved in a common location. The outcomes of this section are the intersections
and the local coordinate system of reconstruction osteotomies.

74. Start with saving the intersection by activating export from the file menu toolbar. Select STL as the
export type.

75. Selected all created reconstruction intersections as Entities. Change the Output directory to the
common location and press Apply.

To save the local coordinate systems a transformation matrix will be exported from all local coordinate
systems to the world coordinate system.

76. Use the plane (named origin) representing the world coordinate system, defined in step 41.

77. To export the transformation matrix, activate export from the file menu toolbar and select Transfor-
mation Matrix as export type.

78. Select one of the LCS as the Entity, select the origin plane as the Target Entity and save to the
common output directory.
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B.4. Abbreviations

Table B.1: Abbreviations

Models

Abbreviations (Planned)

Abbreviations (Actual)

Left remnant mandible

Right remnant mandible

Left side of left fibula segment
Right side of left fibula segment
Left side of right fibula segment
Right side of right fibula segment

Man_L_P

Man_L_A

Osteotomy

Left resection osteotomy

Right resection osteotomy

Left resconstruction osteotomy of the left fibula segment
Right resconstruction osteotomy of the left fibula segment
Left resconstruction osteotomy of the right fibula segment
Left resconstruction osteotomy of the right fibula segment

Man_L_Osteo P
Man_R_Osteo_P
Fib_L_Osteo_ L P
Fib_L_Osteo_ R P
Fib_ R Osteo L P
Fib_ R Osteo_R_|

P

Man_L_Osteo_A
Man_R_Osteo_A
Fib_L_Osteo L_A
Fib_L_Osteo R_A
Fib_ R Osteo L_A
Fib_R Osteo_ R_A

Intersections

Left resection Intersection

Right resection Intersection

Left resconstruction Intersection of the left fibula segment
Right resconstruction Intersection of the left fibula segment
Left resconstruction Intersection of the right fibula segment
Left resconstruction Intersection of the right fibula segment

PTXXX_Man_L_Inter_Planned
PTXXX_Man_R_Inter_Planned
PTXXX_Fib_L_Inter_L_Planned
PTXXX_Fib_L_Inter_R_Planned
PTXXX_Fib_R_Inter_L_Planned
PTXXX_Fib_R_Inter_R_Planned

PTXXX_Man_L_Inter_Actual
PTXXX_Man_R_Inter_Actual
PTXXX_Fib_L_Inter_L_Actual
PTXXX_Fib_L_Inter_R_Actual
PTXXX_Fib_R_Inter_L_Actual
PTXXX_Fib_R_Inter_R_Actual

Local coordinate system (LCS)

Left resection LCS

Right resection LCS

Left resconstruction LCS of the left fibula segment
Right resconstruction LCS of the left fibula segment
Left resconstruction LCS of the right fibula segment
Left resconstruction LCS of the right fibula segment

PTXXX_Man_L_TM_Planned
PTXXX_Man_R_TM_Planned

PTXXX_Fib_L_TM_L_Planned

PTXXX_Fib_L_TM_R_Planned
PTXXX_Fib_R_TM_L_Planned
PTXXX_Fib_R_TM_R_Planned

PTXXX_Man_L_TM_Actual
PTXXX_Man_R_TM_Actual
PTXXX_Fib_L_TM_L_Actual
PTXXX_Fib_L_TM_R_Actual
PTXXX_Fib_ | L_Actual
PTXXX_Fib_ _R_Actual

£

R_TI
R_TI

==




User guide: Python script

When all the intersections and LCS of the osteotomies of all patients are created, the Python script can be
run. This script calculates the distance and angular deviations and exports the results to an Excel sheet.

o M Ddh =

Start by opening the Main.py and functions.py files.

Change the base_directory to the location where the intersections and LCS are saved.
Change patients to all the included patients.

Run the script.

The results will be exported to an Excel file called results.xIsx. The Excel file will be saved in the same
location, as where the the Python script is saved.

This Excel file will have three tabs:
» Mandible Distance: contains the distance deviation (mm) of the resection osteotomies
+ Fibula length: contains the distance deviation (mm) of the reconstruction osteotomies
* Rotation: contains the angular deviations (°) of the resection and reconstruction osteotomies.
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User guide: Observer variability

A method has been developed to evaluate the accuracy of computer-assisted surgery in mandibular re-
section and reconstruction. This method consists of a combination of manual and automatic steps, each
with its own variability risk. To assess the reproducibility of the developed method, a variability analysis is
developed. The analysis will assess the intra- and inter-variability of the manual step, which is assumed to
have the highest risk of introducing variability: post-operative osteotomy determination. This manual takes
the observer through a step-by-step guide on localising post-operative osteotomies. The post-operative
osteotomies will be localised three times:

+ Initial localisation osteotomies (Primary observer)
* Intra-observer: Second localisation osteotomy (Primary observer)
* Inter-observer localisation osteotomies (Second observer)

The primary observer will execute the remaining steps of the designed method, and the disparities in the
final outcomes will give valuable insights into the effect of the variability of the osteotomy localisation.

The osteotomy location is used to differentiate between osteotomies within one subject (see Figure D.1).
These locations are abbreviated for user-friendliness, as shown in Table D.1.

In this manual, you will use Mimics [52] and 3-Matic [53] to view the pre-operative model and create the
post-operative resection and reconstruction osteotomies. The analysis will be performed on five randomly
selected subjects. The input and output for this analysis will be as follows for each subject:

Input Output
 Post-operative imaging » Osteotomies
* Pre-operative models — Points
— Mandible — Plane

— Remnant mandible (left and right)
— Resection guide

» Post-operative models
— Remnant mandible (left and right)
— Fibula segments

Table D.1: Abbreviations

Osteotomy location Abbreviation
Left remnant mandible Man_L
Right remnant mandible Man_R

Left side of left fibula segment Fib L |
Right side of left fibula segment  Fib_L_
Left side of right fibula segment Fib_ R |
Right side of right fibula segment Fib_R

L
R
L
R
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Fib_R_R

Figure D.1: Osteotomy locations

The manual will walk you through the following steps:
1. Loading files

Identification of the osteotomy

Point measurement

Fit plane

o~ wbd

Saving results

Osteotomy localisation
Loading files

The materials required for the osteotomy localisation are located in a shared file. Each subject has a Mimics
file, a 3-Matic file, and an empty folder for each osteotomy location.

1. Open one of the Mimics files called Subx_osteofomy_mimics.mcs.

2. In the Mimic file, the post-operative models can be seen in the group models, including the overall
reconstruction and the individual segments (mandible and fibula).

3. Review the object in the 2D and 3D viewer to get a general idea about the anatomy of the different
segments making up the reconstructed mandible.

Identification of the osteotomy

The next step is to localise the osteotomy made during the surgery. The osteotomies are located on the
ends of the remnant mandible and fibula segments. The natural shape of the structure is disrupted here,
which is seen as an abrupt and unexpected change in the contrast. The same protocol is used to localise
the resection as the reconstruction osteotomies. However, prior to the determination of the resection os-
teotomies, an examination of the cutting guide design must be performed. The patient-specific cutting guide
translates the planned osteotomy from the virtual environment to the operation room. The designed saw
slot of the guide does not always cover the full cross-section of the mandible. Especially osteotomies, which
cross the ramus or dentition. The distal part of these osteotomies requires high accuracy for the tumour
margin and reconstruction. The proximal part can be done free-handed. It is important to review the cutting
guide design and evaluate where the osteotomy is made according to the planning. If the osteotomy is
partially guided by the cutting guide, the assessment of the actual osteotomy is only valid on the guided
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part. Therefore, the cutting guide must be aligned with the post-operative imaging to consider where to
assess the post-operative osteotomy properly. To register the cutting guide to the post-operative imaging,
the planned remnant mandible of the evaluated side is aligned to the actual remnant model [D.2.c], taking
along the resection cutting guide [D.2.d]. The translated cutting guide is subsequently imported to Mimics
[52].

For the variability analysis, the resection-cutting guide has been assessed and aligned to make the process
less time-consuming. The aligned resection guides are available in the subgroup Man_L or Man_R in group
Osteotomy.

Figure D.2: Resection cutting guide
A) and B) Overview of models delineating the precision area for osteotomy, including the resection cutting guide and the
pre-operative mandible. C) Registration of the planned remnant mandible to the actual remnant mandible. D) Cutting guide aligned
with the actual remnant mandible.

Point measurement

The osteotomy is determined by systematically setting points at the end of the sawn bone segments. These
will form a point cloud through which a plane can be fitted. A point cloud will be created for each osteotomy.
The following steps will guide you through the point measurements:

4. Start with one osteotomy that you want to determine. In this example, the right mandible resection
osteotomy will be analysed.

« If you are analysing a resection osteotomy, you need to verify which part of the osteotomy is
made according to the cutting guide.

+ Visualise the cutting guide in the 2D image viewer by making the object and its contours visible
in the object tree [D.3].

+ Analyse the cutting slot of the guide and set the points within that range.
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“| objects | Reslice Objects
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Figure D.3: A) The contour of the cutting guide on the post-operative imaging and the object on the post-operative mandible

reconstruction. B) Visualizes the resection guide in the 2D and 3D viewer.

To create a point measurement activate point in the analyze menu Toolbar.

Scroll through the axial, sagittal, and coronal slices and identify in which view the bone cut is seen
the most clearly.

Begin by positioning a point on one side of the bone cut. Progress through the slices towards the
opposite side of the bone cut, marking two points on every couple of slices adjacent to the outermost
edge of the bone segment. Ensure points are placed only in areas that are clearly visible. Be aware
that certain regions are hard to assess due to artefacts from the fixation material. [D.4].

The mask of the segmented parts may be used for orientation but must be turned off when setting the
points to prevent bias.

® i

Br4+o& 0+ @ i

m I
N

Figure D.4: Setting points

A) Two points on the outermost edge of the bone segment. B) Only one point is set due to a scattered view caused by artefacts from

12.
13.

fixation material

. Complete the points for one osteotomy.
10.
11.

Confirm the points on the three different views (axial, coronal, sagittal) and adjust if necessary.

The created points will together form a point cloud. Select all points and drag them to the group points
of the assessed osteotomy.

Select all points again and export them as STL files by right-clicking and selecting STL+ [D.5].

In the STL+ window press Add to add the points to Objects to be converted. Change the output
directory by selecting the file icon. Navigate to the subject that is analysed, select the folder named
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after the assessed osteotomy and press finish.

STL+ - Mask/Part/Analysis/FEA mesh selection X

Start

Objects | Reslice Objects Mask | Part Analys-s| Mesh |
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Figure D.5: Export point as STL

Fit plane

For the next step, the generated point cloud is imported into 3-Matic, and a datum plane is fitted through.
14. Open the 3-Matic file called Subx_Measurement 3 _matic.mcs
15. Import the point cloud by clicking on Import part from the File menu toolbar and import all points.
16. Drag all points to the point group of the assessed osteotomy.

17. To fit a plane through the point cloud, navigate to the design Toolbar, select Analytical and choose
Datum plane.

18. The Create a Datum plane tab will open in the Operation section. Selected Fit plane as Method and
add the points cloud as Fitting entities. Press apply [D.6].

Operations

Properties Create Datum Plane

E Datum plane

Method Fit plane E]
()FFF_022_Point 1001
Fitting entities (J)FFF_022_Point 2_001

(T])FFF_022_Point 3001

Figure D.6: A) Operational window Create Datum Plane. B) Fitted datum plane through points.

19. Create an STL model from the datum plane by pressing analytical to part in the design toolbar.
20. Rename the create plane; SubX _ Osteotomylocation_Osteotomy.
21. Transfer back to Mimics by Copying the plane in 3-Matic and pasting it in Mimics.
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22. Verify the location of the created osteotomy on the imaging in the axial, coronal and sagittal view.
If the osteotomy is positioned incorrectly, check the placed point and adjust where necessary [D.7].
Repeat steps 12 to 21 until you are satisfied with the result.

Figure D.7: Verification osteotomy post-operative imaging

23. Perform steps 4 to 21 for all the osteotomies.

Saving results
24. Save the Mimics and 3-Matic file on the original location.

25. Repeat the manual for all 5 subjects.



67

T 1

o —

Results



E.1. Distance deviation resection osteotomies
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E.1. Distance deviation resection osteotomies

Patient ID Osteotomy Location

Center of Mass Distance

Maximum Distance

Pt001 Man_L 1,7 2,9
Pt001 Man_R 3,9 6,4
Pt002 Man_L -0,4 -1,4
Pt002 Man_R -0,8 -1,4
Pt003 Man_L -1,2 -3,1
Pt003 Man_R 0,0 0,2
Pt004 Man_L 2,1 2,2
Pt004 Man_R 0,5 1,6
Pt005 Man_L 1,2 2,3
Pt006 Man_L -1,7 -3,4
Pt006 Man_R 3,7 4.9
Pt007 Man_L -1,4 -2,5
Pt007 Man_R 3,8 4.1
Pt008 Man_L -0,8 -1,9
Pt008 Man_R 1,1 2,0
Pt009 Man_L 0,4 1,6
Pt009 Man_R -1,5 -2,3
Pt010 Man_L -0,9 -1,7
Pt010 Man_R 0,8 0,9
Pt011 Man_L -8,3 -12,2
Pt011 Man_R -0,8 -1,6
Pt012 Man_L 0,6 1,4
Pt012 Man_R 0,7 1,9
Pt013 Man_L 0,7 1,5
Pt013 Man_R 2,2 2,8
Pt014 Man_L 5,9 6,2
Pt014 Man_R -4.9 -5,1
Pt015 Man_L 3,7 6,0
Pt015 Man_R -3,1 -3,8
Pt016 Man_L -2,2 2,7
Pt016 Man_R 3,0 4.4
Absolute Average 2,1 3,1
Absolute STD 1,9 2,3
Absulute Median 1,4 2,3




E.2. Distance deviation reconstruction osteotomies

E.2. Distance deviation reconstruction osteotomies

Table E.2

Fibula Segment Fibula Segment Fibula Segment

PatientID  Osteotomy Location Length Planned Length Actual Length Difference

Pt001 Fib_L 62,7 59,2 3,4
Pt001 Fib_R 35,8 31,3 4,5
Pt002 Fib_L 38,6 36,9 1,7
Pt002 Fib_R 29,8 31,9 -2,0
Pt003 Fib_L 52,4 40,4 12,0
Pt003 Fib R 43,7 44,8 -1,1
Pt004 Fib_L 27,9 29,8 -1,9
Pt004 Fib_R 31,9 31,6 0,4
Pt004 Fib_M 69,3 67,9 1,4
Pt005 Fib_L 52,1 52,7 -0,7
Pt005 Fib R 51,2 50,4 0,8
Pt006 Fib_L 29,4 26,9 24
Pt006 Fib_R 54,6 53,7 0,9
Pt007 Fib_L 65,2 65,6 -0,4
Pto07 Fib R 32,8 34,6 -1,8
Pt008 Fib 53,3 54,1 -0,8
Pt009 Fib_L 63,5 67,0 -3,6
Pt009 Fib_R 29,5 31,9 -2,4
Pt009 Fib_M 32,5 42,1 -9,6
Pt010 Fib_L 28,5 26,8 1,7
Pt010 Fib R 49,1 49,8 -0,7
Pt011 Fib_L 36,6 33,3 3,4
Pt011 Fib_R 33,5 30,7 2,8
Pto12 Fib 54,3 55,4 -1.1
Pt013 Fib_L 35,3 34,2 1,1
Pt013 Fib_R 30,3 27,5 2,8
Pt014 Fib_L 31,8 30,6 1,2
Pt014 Fib_ R 46,3 44,2 21
Pt015 Fib 57,9 56,6 1,3
Pt016 Fib 66,4 64,8 1,6
Absolute Average 44,2 43,5 24
Absolute STD 13,4 13,5 2,5

Absolute Median 411 41,2 1,7




E.3. Angular deviation resection osteotomies
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E.3. Angular deviation resection osteotomies

Table E.3

Patient ID Osteotomy Location Rotation X axis Rotation Y axis

Pt001 Man_L 4.8 6,4
Pt001 Man_R 17,5 0,8
Pt002 Man_L 4.9 3,8
Pt002 Man_R 2,3 2,2
Pt003 Man_L 3,7 13,0
Pt003 Man_R 0,1 2,9
Pt004 Man_L 0,9 3,8
Pt004 Man_R 4.6 0,9
Pt005 Man_L 3,0 6,6
Pt006 Man_L 0,5 11,5
Pt006 Man_R 5,8 0,3
Pt007 Man_L 3,4 5,9
Pt007 Man_R 3,0 4,3
Pt008 Man_L 5,3 1,8
Pt008 Man_R 0,8 12,8
Pt009 Man_L 2,2 13,0
Pt009 Man_R 4.9 3,3
Pt010 Man_L 3,2 1,4
Pt010 Man_R 0,2 0,8
Pt011 Man_L 4.4 24,5
Pt011 Man_R 1,3 5,4
Pt012 Man_L 1,6 5,9
Pt012 Man_R 2,2 19,0
Pt013 Man_L 4.0 1,0
Pt013 Man_R 2,1 4.4
Pt014 Man_L 3,9 4,0
Pt014 Man_R 0,8 0,9
Pt015 Man_L 9,6 1,4
Pt015 Man_R 3,8 2,8
Pt016 Man_L 0,9 1,8
Pt016 Man_R 75 10,3
Average 3,7 57

STD 3,4 5,8

Median 3,2 3,8
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Table E.4

Patient ID Osteotomy Location Rotation X axis Rotation Y axis

Pt001 Fib L L 6,7 45
Pt001 Fib_L R 5,6 8,3
Pt001 Fib R L 5,6 1,2
Pt001 Fib R R 5,2 16,3
Pt002 Fib_L_L 3,6 3,0
Pt002 Fib L R 6,6 7,3
Pt002 Fib R L 6,8 14,1
Pt002 Fib R R 0,5 17,2
Pt003 Fib_L_L 11,9 8,3
Pt003 Fib_L_R 1,9 1,0
Pt003 Fib_R_L 8,8 30,1
Pt003 Fib R R 6,2 25,3
Pt004 Fib_L_L 4,2 0,8
Pt004 Fib_L_R 0,6 0,7
Pt004 Fib_ R L 3,0 2,6
Pt004 Fib R R 4,7 2,3
Pt004 Fib_M_L 0,6 2,4
Pt004 Fib_M_R 0,0 0,8
Pt005 Fib_L_L 4,8 7,9
Pt005 Fib_L_R 8,1 1,1

Pt005 Fib_ R L 8,2 5,2
Pt005 Fib R_R 2,3 3,5
Pt006 Fib_L_L 2,3 5,6
Pt006 Fib_L_R 6,4 4,5
Pt006 Fib_ R L 2,5 10,4
Pt006 Fib R R 4,7 7,8
Pt007 Fib L L 1,3 3,6
Pt007 Fib_L R 13,2 4,7
Pt007 Fib R L 7,7 2,2
Pt007 Fib R R 1,0 0,8
Pt008 Fib_L 0,6 2,3
Pt008 Fib_R 3,1 8,6
Pt009 Fib L L 38,2 5,5
Pt009 Fib_L R 26,6 52,9
Pt009 Fib_ R L 7,0 0,6
Pt009 Fib R R 9,3 5,7
Pt009 Fib_M_L 257 9,9
Pt009 Fib M_R 19,7 5,4
Pt010 Fib_L L 6,7 42,8
Pt010 Fib_L_R 15,7 37,5
Pt010 Fib_ R L 6,7 43,0
Pt010 Fib R R 13,8 1,7

PtO11 Fib L L 2,9 4,7

PtO11 Fib_L R 5,4 1,5

PtO11 Fib R L 2,1 3,9

PtO11 Fib R R 2,4 13,1
Pt012 Fib_L 16,2 8,6

Pt012 Fib R 10,8 0,6

Pt013 Fib_L L 0,1 4,1

Pt013 Fib_L R 2,0 10,1
Pt013 Fib_ R L 0,7 10,7
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Pt013 Fib R R 12,4 6,5
Pt014 Fib L_L 1,7 1,7
Pt014 Fib_ L_R 21 8,5
Pt014 Fib_ R L 10,5 4,5
Pt014 Fib R R 3,1 28,8
Pt015 Fib_L 1,3 4,6
Pt015 Fib_R 1,7 51
Pt016 Fib_L 3,7 4.5
Pt016 Fib_R 12,1 3,5
Average 6,8 9,1
STD 7,1 11,4
Median 5,0 4.9
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