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Abstract

Purpose—There are many proven problems associated with traditional surgical planning
methods for orthognathic surgery. To address these problems, we developed a computer-aided
surgical simulation (CASS) system, the AnatomicAligner, to plan orthognathic surgery following
our streamlined clinical protocol.

Methods—The system includes six modules: image segmentation and three-dimensional (3D)
reconstruction, registration and reorientation of models to neutral head posture, 3D cephalometric
analysis, virtual osteotomy, surgical simulation, and surgical splint generation. The accuracy of the
system was validated in a stepwise fashion: first to evaluate the accuracy of AnatomicAligner
using 30 sets of patient data, then to evaluate the fitting of splints generated by AnatomicAligner
using 10 sets of patient data. The industrial gold standard system, Mimics, was used as the
reference.
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Result—When comparing the results of segmentation, virtual osteotomy and transformation
achieved with AnatomicAligner to the ones achieved with Mimics, the absolute deviation between
the two systems was clinically insignificant. The average surface deviation between the two
models after 3D model reconstruction in AnatomicAligner and Mimics was 0.3 mm with a
standard deviation (SD) of 0.03 mm. All the average surface deviations between the two models
after virtual osteotomy and transformations were smaller than 0.01 mm with a SD of 0.01 mm. In
addition, the fitting of splints generated by AnatomicAligner was at least as good as the ones
generated by Mimics.

Conclusion—We successfully developed a CASS system, the AnatomicAligner, for planning
orthognathic surgery following the streamlined planning protocol. The system has been proven
accurate. AnatomicAligner will soon be available freely to the boarder clinical and research
communities.

Keywords

Computer-aided surgical simulation; Virtual surgical planning; Orthognathic surgery; Computed
tomography; Composite skull model; Neutral head posture; 3D cephalometric analysis; Virtual
osteotomy; Streamlined surgical splint design

Introduction

Orthognathic surgery is a surgical procedure to correct dentofacial (jaw) deformities. Each
year thousands of patients elect to undergo various orthognathic surgical procedures.
However, due to the complex nature of the dentofacial anatomy, orthognathic surgery often
requires extensive presurgical planning. Whereas surgical techniques have seen rapid
improvement in the last 50 years, e.g., rigid fixation, resorbable materials, and distraction
osteogenesis, available orthognathic surgical planning tools have remained unchanged since
the 1960s, e.g., two-dimensional (2D) cephalometry, prediction tracing, and stone dental
model surgery [1-3]. There are many documented problems associated with these traditional
techniques, which have often led to less than optimal surgical outcomes [3].

Computer-aided surgical simulation (CASS) for orthognathic surgery is not new. Early
studies mainly focused on visualizing the planned postoperative outcome on the computer
without a physical modality that could be used in the surgery [4-9]. Computer-aided
designing/computer-aided manufacturing (CAD/CAM) surgical splints were not used as a
modality for transferring the computerized plan to the patient at the time of the surgery until
2005 [10]. Since then, CASS for orthognathic surgery has entered into the modern era [11-
19]. Commercial software, e.g., Pro-Plan CMF (Materialize NV, Belgium), Dolphin 3D
Surgery (Dolphin Imaging and Management Solution, USA) and 3dMDvultus (3dMD LLC,
USA), also became available off the shelves.

Planning orthognathic surgery using CASS differs fundamentally from planning the same
surgery using traditional planning methods [20]. In order to efficiently plan an orthognathic
surgery, streamlined planning protocol and sophisticated planning software are required. As
a result, our team has developed a clinical protocol using a CASS method for planning
orthognathic surgery [3,20]. It includes a detailed protocol on generating an accurate
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composite skull model by registering digital dental models into computed tomography (CT)
models [21], correctly developing a unique global reference frame for the head models [22—
26], performing true 3D cephalometric analysis (in opposite to so-called “3D” analysis that
is directly expanded from its 2D counterpart) [24-26], logically simulating surgical
movement [20], and designing surgical splints [20,27]. Our CASS protocol has proven to be
imperative in producing a more accurate and effective treatment plan [16,28,29]. It is now a
new standard of care.

Technically, any graphic or modeling software can be used as a planning software as long as
it is capable of translating and rotating 3D models with 6-degree of freedom. In fact, the
authors used Mimics (Materialize NV, Belgium) and 3D Studio Max (Autodesk, USA) to
plan orthognathic surgeries during the early stages of developing our CASS planning
protocol. To our knowledge, there is no known planning system available with the
capabilities of performing every task required for implementing our aforementioned
streamlined CASS protocol to complete the task. In addition, none of commercially
available software is easy to use. Surgeons must not only use different software to complete
different tasks, but also have extensive experience in computer graphics and modeling to use
these software. Therefore, CASS is often outsourced to expensive commercial services.

With these primary concerns in mind, the purpose of this project was to develop a CASS
system: the AnatomicAligner, a free-to-use and user-friendly software for orthognathic
surgical planning. A preliminary version of this CASS system was reported at the 7th
International Conference on Medical Imaging and Augmented Reality [30].

Materials and methods

System development

The AnatomicAligner is a multiprocessing computation-based system. The software is
programmed using object-oriented programming (OOP) utilizing Microsoft Visual C++,
Visualization Toolkit (VTK), and Insight Segmentation and Registration Toolkit (ITK). The
user interface is wizard-driven.

The system includes the following six modules (Fig. 1). In the Segmentation/3D Models
module, CT dataset are imported for segmentation and 3D model reconstruction. In the
Registration/NHP module, a composite skull model is constructed to accurately render
skeleton, dentition, and facial soft tissues [21]. In addition, the global reference frame for
surgical planning is established, i.e., placing all the models in a unique 3D coordinate
system [22,23,25,26,31]. In the 3D Cephalometric Analysis module, our innovative 3D
cephalometry [24,25], which solves many problems associated with current 2D and
purported 3D cephalometry, is incorporated for the first time. In the Virtual Osteotomy
module, various osteotomies (cuts) to the 3D bones are performed to simulate orthognathic
surgery [3,7,8,10,13,20]. In the Surgical Simulation module, a surgical plan is formulated.
The optimal surgery is chosen based on both visual results and mathematical calculations.
Finally, in the Surgical Splint/Template module, surgical guides, including splints and
templates, are designed to guide surgeons during surgery [12,27]. The computerized surgical
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plan is transferred to the patient intraoperatively through 3D printed surgical guides, the
splints and templates. The details of each module are described in detail below.

Module 1: 2D segmentation and 3D model reconstruction—The purpose of this
module is to generate a group of 3D models capable of displaying an accurate rendering of
the skeleton and facial soft tissue for surgical planning. First, CT scans following the Digital
Imaging and Communications in Medicine (DICOM) standard are imported into the system.
Then, segmentation tools, including thresholding, regional thresholding, manual editing,
region growing, and Boolean operations, are used to create masks for individual models
(e.g., maxilla, mandible). Finally, the resulting masks are used to generate 3D surface
models using Marching Cubes algorithm [32].

In order to plan an orthognathic surgery, at least four CT models need to be generated:
midface, mandible, soft tissue, and fiducial markers [20]. In addition, high-resolution upper
and lower digital dental models and their fiducial markers need to be imported. A special
feature of this system is that the system includes a predefined hierarchy that incorporates
each 3D model. Once a unique name is assigned to a 3D object, it is automatically placed
within the hierarchical structure. This system defined hierarchy will ensure ease of use
during surgical simulation.

Module 2: model registration and reorientation to NHP—There are two main
functions in the second module. The first is to construct the composite skull model, which
accurately renders bones, soft tissues, and teeth for surgical planning. High-resolution digital
dental models are needed for the composite skull, because 3D CT models do not produce
highly accurate virtual replicas of the teeth [3,20,21]. In CT scans, teeth are often affected
by artifacts from orthodontic braces, wires and bands, and dental restoration materials (e.g.,
amalgam). Therefore, it is necessary to replace the inaccurate CT teeth with the highly
accurate digital dental models. These models are generated using high-resolution laser scans
or cone-beam CT scans [20]. Correctly assembling the digital dental models and CT models
is done by registering the fiducial markers of the dental models to the corresponding fiducial
markers of the CT bone models. Automatic (iterative closest point), semiautomatic (paired
landmarks), and manual registration tools are implemented to register 3D models. In
addition, the registration process uses the hierarchical structure to ensure that correlated
models are collectively selected and then moved and rotated together [7,20,33].

The second function of this module is to define a global reference frame (global Cartesian
coordinate system) for the head [24—26]. The global reference frame is defined using the
following steps: (1) establishing the correct orientation of the head, NHP, and (2) defining
the correct position of the midsagittal, coronal, and axial planes of the reference frame. NHP
refers to the head orientation where the patient’s head is relaxed and the visual axis is
parallel to the floor. By establishing NHP, the digital environment directly reflects the
clinical environment, as if the surgeon is actually examining the patient. NHP can be
recorded using a digital orientation sensor [22,23,31], a self-leveling laser [16,34], or the
standardized photograph method [3] during the patient’s clinical examination. The clinically
recorded NHP, in pitch, roll, yaw, is then applied to the original data space, mapping the
entire original 2D and 3D datasets into the patient’s NHP. After establishing NHP, the next
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step, in establishing the global reference frame, is to define the midsagittal plane based on
either a mix of clinical measurements and the doctor’s judgement [3,20,24,25] or a
mathematical algorithm [26]. Subsequently, the head is further divided into upper and lower
halves and front and back halves by the axial and coronal planes, respectively. These two
planes are perpendicular to the midsagittal plane and pass through the midpoint of the right
and left porion, the most superior anatomical landmark of the left and right external meatus.
In the following steps, all calculations are carried out in the global reference frame, unless
stated otherwise.

Module 3: 3D cephalometry—In this module, our innovative 3D cephalometric analysis
[24,25] is incorporated into the AnatomicAligner, which has never been done before.
Cephalometry, or cephalometric analysis, is a group of anatomical landmark-based
measurements used to quantify deformities of the head and facial units (e.g., midface,
maxilla or mandible). Traditionally, cephalometric analysis is performed two-dimensionally
on a cephalogram (a 2D plain radiograph that is acquired in a calibrated condition), where
all the 3D anatomical structures are projected onto a 2D plane (either sagittal or coronal)
[35]. There are many documented problems associated with 2D cephalometry
[3,11,25,36,37].

The recent introduction of low-radiation low-cost cone-beam computed tomography (CBCT)
scanners has promoted the usage of 3D images in an office setting. 3D cephalometry based
on CBCT or CT scans can correct the problems associated with its 2D counterpart. However,
3D cephalometry is more complicated than just giving 2D analysis a “third” dimension [38].
Besides the global reference frame for the head, it also requires building local reference
frames, explained below, for each individual facial unit and bony model. Optimal 3D
cephalometry should include all five geometric properties: symmetry, shape, size, position
and orientation. Our 3D cephalometry is achieved in the following steps.

(1) To define the cephalometric analysis scheme: Our 3D cephalometric analysis is a
modular system (Table 1). All measurements are displayed in a grid, where they are grouped
by geometric property (object symmetry, shape, size, position, and orientation), as well as
anatomical location (e.g., mandible, maxilla, etc.) [7,25]. Other descriptive information of
cephalometric analysis, e.g., name, description, facial unit category, measurements/
landmarks used, is stored in a database file.

Symmetry analysis encompasses measurements for both object symmetry and symmetrical
alignment [24,25]. In human anatomy, object symmetry refers to the intrinsic local mirror
symmetry of each facial unit. The object symmetry of a facial unit is analyzed by triangular
technique and standard or weighted Procrustes analysis. Symmetrical alignment refers to the
alignment of each facial unit with respect to the midsagittal plane of the head, in the global
reference frame. This measurement requires an object reference frame for the facial unit to
be measured. The object reference frame is established using triangular technique, principal
component analysis (PCA)-based adaptive minimum Euclidean distances (PAMED) [39], or
standard PCA [25,26,38]. The degree of symmetrical alignment of a facial unit is quantified
by comparing the object reference frame to the global reference frame [25]. First, the
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transverse (right-left) deviation to the midsagittal plane is measured, and then the yaw and
roll of the facial unit are measured using 3D orientation measurement (described below).

Shape is a geometric property unaffected by changes in size, position, and orientation. Shape
is analyzed using Procrustes or weighted Procrustes analysis [25]. It is the method that most
clearly shows distortions in shape, since two objects are scaled to the same size, placed in
the same location, and rotated into alignment. For example, a patient’s mandible is
compared to the averaged mandible of a population with the same ethnicity, gender, and age.

Size measurement in 3D cephalometry is determined using linear measurements: length,
width, and height. It is an intrinsic property of the object that is unrelated to the space the
object occupies. It is simply the distance between two landmarks.

Position is the location occupied by the object in space. It is a relative measurement between
the object-global or object-object reference frames. It is measured using either a Cartesian
system (X, y, z) or a cylindrical coordinate system (radius, theta, transverse distance) [24,25].

Finally, orientation is also a relative measurement in either the object-global or object-object
coordinate systems. The measurement is measured as the rotation from a reference position
(global or object) to the current position (object). However, a 3D composite angle is
clinically meaningless [3]. Therefore, our program will measure orientation using Tait—
Bryan angles following a specific order—first yaw, then roll, and finally pitch, since these
rotations are not commutative. This method minimizes the influence from yaw and roll
during the pitch measurement. This is because only values of pitch have clinical
significance, whereas the clinically ideal values of both yaw and roll should be zero.

(2) To digitize landmarks and record their initial coordinates: All cephalometric
measurements are based on manually digitized (placed) anatomical landmarks. The system
includes a library with 178 of the most frequently used cephalometric landmarks. However,
the landmark library can be easily customized by adding additional landmarks as desired. In
our system, only the landmarks used by the desired measurements need to be digitized.
During the landmark digitization, a template window appears, displaying the anatomical
location on a generic 3D model, to help users identify the correct position of the digitized
landmarks.

Digitized landmarks are also linked to corresponding 3D models. When a 3D model is
osteotomized (cut) into separate pieces (explained in the next module), linked landmarks are
automatically inherited by the new models. This feature is essential during surgical
simulation. The cephalometric measurements are automatically updated in real-time, while
the bony segments are moved and rotated to the desired position.

(3) Toreport calculated results: The results of the desired measurements are displayed in a
floating window and automatically updated in real-time when bony segments and their
linked landmarks are moved and/or rotated into a new location. A cephalometric analysis
report, including measurements and the transformation matrix of each landmark before and
after surgical simulation, can be generated and printed.
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Module 4: virtual osteotomy—Virtual osteotomy is a fundamental function of the
AnatomicAligner system. Its job is to cut a 3D bone model into two bony models (medically
called “segments™). During the osteotomy, a user defines a line of landmarks indicating
where the osteotomy should take place. These landmarks are used to create a multi-
connected hexahedron cutting plane, the virtual “knife”. The virtual osteotomy is then
completed by classifying triangles that intersect with the multi-connected hexahedrons,
creating new triangles to replace the “broken” triangle, and separating the osteotomized
model into two new bony segments. Finally, the two new 3D bony segments are nested into
the hierarchical structure under their parent model. At the end of the osteotomies, users
should have at least the following bony segments, for a typical orthognathic surgical
simulation: midface, maxillary Le Fort | segment with upper teeth, mandibular distal
segment with lower teeth, and the left and right proximal segments. The steps to achieve
virtual osteotomy are described in detail below.

(1) Toform avirtual knife: The virtual knife is a group of multi-connected hexahedrons
formed from a set of manually digitized landmarks (Fig. 2). These digitized landmarks
determine the initial orientation and length of each hexahedron. To form the top face of the
hexahedron, a pair of adjacent digitized landmarks are copied and perpendicularly extended
70 mm “into” the screen. To form the bottom face of the hexahedron, the four landmarks for
the upper face are copied and extended vertically 0.5 mm. Using these default dimensions, a
hexahedron is formed between each pair of adjacent landmarks (Fig. 3). Thus each landmark
is used twice for adjacent hexahedrons, except at the beginning and the end.

The next step is to chain all the hexahedrons together to form a “curved” virtual knife based
on the digitized landmarks. If adjacent vertical faces of the hexahedrons are parallel
(threshold: <1.0e™9), the two adjacent hexahedrons are combined into a single hexahedron.
Otherwise, the two top faces of the hexahedrons are joined together by a hinge-axis joint,
and two bottom faces are adaptively adjusted, either longer or shorter, depending on the
direction of the angle. Figure 4 shows a “curved” virtual knife, the multi-connected
hexahedrons, that is defined in Fig. 2. Finally, six control spheres are added to each
hexahedron, allowing for manual adjustment of the length and orientation. A control panel is
also available to translate, rotate, or adjust the thickness of the entire virtual knife.

(2) To cut the 3D bone model into two bony segments: The cutting and separation of a 3D
bone model into two bony segments is completed through triangle classification, “broken”
triangle reconstruction, and capping the cutting surface. This process is described below in
detail.

(a) To classify triangles that intersect with the multi-connected hexahedrons: The number
of triangles in a 3D surface model is often excessive (e.g., 3 million). This is especially true
on the models generated from CBCT scans. Therefore, a two-step coarse-to-fine algorithm
was developed to efficiently classify all the triangles into four sets based on their
relationship with the hexahedron knife. They are: outside set (no intersection), upper
intersection set (intersection with the top face), lower intersection set (intersection with the
bottom face), and inside set (completely inside the hexahedron) (Fig. 5).
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The first step is to coarsely classify triangles into the outside set at the triangle level using a
subdivision classification algorithm. The bounding box of a selected bone model is first
divided into 64 evenly spaced elements that are used as basic units. A mesh collision
detection algorithm [40] is then used to identify and mark all the elements that are outside of
the virtual hexahedron knife. Afterward, the bounding box of each triangle in the bone
model is mapped to its corresponding elements. If all the elements mapped by the triangle
bounding box are “outside”, then this triangle is also classified as “outside”. No further
calculation will be performed on this triangle.

After most of the “outside” triangles have been identified by coarse classification, the next
step is to finely classify the remaining triangles at the vertex level. Each triangle has three
vertices (11, ¥, and 1), and each vertex’s relationship to the hexahedron knife is defined

using Eq. (1) below.

+1 above theplane
I (v, fj)=< 0  ontheplane . forj=1,23,...,6
—1 below the plane (1)

where /(v, ) = Sign(ax + by + ¢iz+ d) indicates the relationship between vand #; and v
= (x, y, z) represents the vertex of a given triangle; ;= ax+ b+ c;z+ djrepresents one of
the six plane functions of the hexahedron; &, 4, care three components of the normal vector
of the plane jthat points “out” of the hexahedron; and d'is the offset of the plane from the
origin of the global reference frame. If the solution of /(v 7) is “~1”, the vertex is classified
as “inside” the hexahedron. If the solution is “0”, the vertex is classified as “on” the
hexahedron. Otherwise, the vertex is classified as “outside” the hexahedron. If a triangle has
vertices related to multiple hexahedrons, then the triangle and its three adjacent neighbors
are further divided into smaller triangles. This computation iterates until each triangle is
related to only one hexahedron. Based on these rules, each triangle can now be classified as
“outside”, “upper intersection”, “lower intersection”, or “inside” at the vertex level. At this
point, all inside triangles are discarded (deleted), because they are inside the hexahedron
knife. Only the upper and lower intersection triangles are further processed in the next step.

(b) To create new triangles to replace the “broken” triangles: The virtual knife will cut
through all the upper and lower intersection triangles, resulting in “broken” triangles with
two intersection points on each side of the triangle. “Broken” triangles are fixed based on the
number of vertices that remain “outside” of the hexahedron. As shown in Fig. 6, if only one
vertex is outside of the hexahedron, a new triangle is constructed using the vertex and the
two intersection points. If two vertices of a triangle are outside the hexahedron, then two
new triangles are constructed. Using this algorithm, the original “broken” triangles are
replaced with new “intact” triangles.

(c) To separate the osteotomized model into two new bony segments: Since the 3D models
are created by surface reconstruction, the cutting surface of osteotomized segments is open.
Therefore, triangulated polygon surfaces are created to “cap” their corresponding segments
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(Fig. 6). To generate the cap, all intersecting edges between the bony model and the
hexahedron surface are contoured. Next, a new surface is reconstructed by reorganizing,
simplifying, and triangulating each contour. Afterward, all the outside, upper intersection,
lower intersection triangles, and the cap for each segment are combined to form a temporary
bone model. Finally, using the 3D region growing method, the temporary bone model is
separated into the two osteotomized bony segments.

Module 5: surgical simulation—Once the required osteotomies are performed, doctors
can simulate the desired orthognathic surgical procedure in this module. There are three
major steps in surgical simulation: establishing a final dental occlusion between the upper
and lower teeth, simulating a maxillary and a mandibular surgery by moving the related
bony segments to a desired position, and simulating a genioplasty if necessary [20]. During
the surgical simulation, all the 3D cephalometric measurements are updated in real-time,
following the movements of the bony segments (Fig. 7a). The prerequisite for any surgical
simulation is all the required bony segments for a surgery must exist, and their associated
anatomical landmarks must be digitized. Because automatically establishes a customizable
hierarchical structure for these bony segments, before the start of surgical simulation (Fig.
7b).

The first step of surgical simulation is to establish final dental occlusion. This is to restore
the patient’s malocclusion to a normal occlusion. The final occlusion at maximum
intercuspation (M) is to be determined by surgeons on a set of stone dental models, prior to
the surgical simulation [1,2,41,42]. The articulated stone dental models at Ml are then
scanned into the computer using a high-resolution laser or CBCT scanner, creating the final
occlusal template [20]. Using this template, the lower teeth and its “child”, the mandibular
distal segment, are placed to MI with the corresponding upper teeth of the maxillary Le Fort
I segment. This is the desired relation between the maxilla and the mandible. However, this
is only a temporary position, where only the desired relationship between the mandibular
distal segment and the maxillary Le Fort | segment is established. In the following steps of
surgical simulation, this relation is maintained by grouping the maxillary Le Fort | and the
mandibular distal segments into the maxillomandibular combination.

The second step is to move all bony segments, including the maxillomandibular
combination, into their final desired positions. Each segment can be moved and rotated in
six degrees of freedom. The first surgical corrections (translation and rotation) are made to
the maxillomandibular combination, usually around the maxillary dental midline point.
Following the clinical protocol, surgical corrections are then performed in a specific
sequence: midline correction (mediolateral correction), yaw correction, roll correction,
vertical position adjustment, pitch adjustment, and finally anteroposterior position
adjustment [20]. Afterward, the right and left proximal segments are aligned to the
mandibular distal segment by rotating them around their center of rotation, located in the
centers of their corresponding mandibular condyles.

The last step in surgical planning is to simulate a genioplasty. This step is optional. Its
necessity is based on the doctor’s clinical judgement. The chin segment can be osteotomized
either before or after the maxillomandibular combination is moved into the desired position.
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The chin segment is moved and rotated in six degrees of freedom around an anatomic
landmark, the pogonion, which is located at the chin point.

Finally, the initial and final position of each bony segment can be visualized and compared
using a “position review” function. A before and after view of a patient’s surgical simulation
can be seen in Fig. 7.

Module 6: surgical splint/template—The final step of our surgical simulation is to
design surgical splints, which are used to transfer the computerized surgical plan to the
patient at the time of the surgery. The surgical splint is a horse-shoe-shaped teeth-anchored
wafer that is placed between the upper and lower teeth. In a double-jaw surgical procedure,
unlike the procedure seen in surgical simulation, the maxilla and the mandible are always
osteotomized separately. One jaw is always osteotomized first and moved to the desired
position, while the other jaw remains intact. Once the first jaw is in position, the other jaw is
then osteotomized and moved to the desired position. Therefore, double-jaw surgeries
require two splints: an intermediate and final splint. An intermediate splint is used to move
the first osteotomized jaw to the desired position in relation to the intact opposite jaw. A
final splint is used to position the second osteotomized jaw in relation to the first jaw. A
doctor will decide which jaw to operate on first based on their clinical assessment, because
different clinical indicators dictate maxillary or mandibular surgery first. However, in a
single-jaw surgery, only one jaw is osteotomized and moved to the final desired position in
relation to the intact jaw. Therefore, only a final splint is required. The procedure of
streamline designing a surgical splint is described below in details [30].

(1) To select the type of splint to be designed: There are three possible types of surgical
templates: an intermediate splint for maxillary surgery first, an intermediate splint for
mandibular surgery first, and a final splint. Once the type of splint is selected, the upper and
lower dental arches are automatically moved to the correct position for the intended type of
surgery. For maxillary surgery first, the upper dental arch is displayed at its final position,
while the lower dental arch is at its original position. The opposite is true for mandibular
surgery first. For the final splint, both dental arches are displayed at their final positions.

(2) To autorotate the lower dental arch (optional): When using an intermediate splint,
only one jaw is moved to its final position, while the other intact jaw remains at its original
position. This may cause collisions between the upper and lower teeth. To avoid this
problem, the lower teeth needs to be autorotated around the center of rotation of the right
and left condyles. The same rotation is also performed clinically at the time of the surgery.
However, autorotation is usually not required for the final splint.

(3) To design the hor se-shoe-shaped raw model of the splint: The first step is to digitize
three landmarks on the occlusal surface of the upper dental arch to form a top plane for the
splint. This plane is automatically offset 2 mm away from the occlusal surface to create
enough anchorage (thickness) for the splint. The next step is to create a top contour for the
top face of the splint by manually tracing the upper dental arch onto top plane using a
cardinal spline (Fig. 8a).
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The bottom plane of the splint, for the lower dental arch, is created using the same steps as
the top plane. The top contour is then copied to the bottom plane, forming the bottom
contour, for the bottom face of the splint. It can then be manually edited to fit the lower
dental arch. This is to ensure that both top and bottom contours have the same number of
points.

If needed, a top and bottom contour extension can also be created by copying the
corresponding contours and moving them 0.5 mm toward the occlusal surface. The contour
extensions serve as transitional layers between the top and bottom face, in case there is a
large positional discrepancy between the upper and lower teeth. This is common when
designing the intermediate splint.

Collisions between contours are automatically detected to ensure the quality of the raw
splint models. Each contour and its extension can be adjusted individually to avoid the
collisions. Finally, corresponding points of each contour are automatically connected and
triangulated, forming a surface model of the raw splint (Fig. 8b).

(4) To createthefinal model of the splint: The final model of the splint is generated by
Boolean operation. It subtracts the upper and lower teeth from the raw splint model (Fig.
9a). The final model of the splint is exported as a .stl file and printed using any 3D printer
that uses US Food and Drug Administration (FDA)-approved biocompatible material (Fig.
9b). The 3D printed intermediate and final splints are now ready to be used in the operating
room during an orthognathic procedure (Fig. 9c).

Accuracy evaluation

Two evaluations have been completed to examine the accuracy of the AnatomicAligner
system. In the first retrospective study, the accuracy of 3D models generated using the
AnatomicAligner system was evaluated. In the second prospective study, the splints
designed by the AnatomicAligner system were evaluated. Both studies were approved by
our hospital Institutional Review Board [IRB(2)1011-0187x].

Validation #1—For the first validation, CT datasets of 30 historical patients were randomly
selected from our digital patient archives using a random number table. These patients were
diagnosed with dentofacial deformities and had underwent double-jaw orthognathic surgery.
The accuracy of our AnatomicAligner system was evaluated and compared to the industry
gold standard, Mimics 17.0 (Materialise NV, Leuven, Belgium), in the following areas: (1)
CT model reconstruction, (2) virtual osteotomy, and (3) translational and rotational
movements. To our knowledge, no currently available commercial software is capable of
transferring recorded NHP to 3D models or performing true 3D cephalometric analysis.
Therefore, some of the unique functions in our system, e.g., NHP and 3D cephalometry,
could not be evaluated.

To evaluate the accuracy of CT model reconstruction, the DICOM dataset of the same
patient was imported into both systems. The masks of the skeletal structure of the head were
initially created using a predetermined threshold (grayscale: 1250). Then, both masks were
manually edited to remove the spine by removing the spine mask on the same sequential
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axial slice. Finally, using region growing in each system, masks of the skull were created.
The 3D skull models were reconstructed in high resolution (sampling 2:2:1 in x;, y; 2) using
Marching Cubes algorithm in AnatomicAligner and a proprietary algorithm in Mimics. To
compare the two models, RapidForm software (INUS Technology, Korea) was used to
compute the surface deviation between the two models. Surface deviation between the two
models was calculated as the absolute mean Euclidean distance. Both the mean and standard
deviation (SD) were recorded. Since the origins of the coordinate systems were different
between the two systems, the Mimics model was registered (translation only) to the
AnatomicAligner model, in RapidForm.

To evaluate the accuracy of virtual osteotomy, we compared osteotomized segments
generated by both systems. In order to avoid confounding errors that might be the result of
segmentation and 3D reconstruction, a single midface model, generated in the
AnatomicAligner, was imported into both systems. A Le Fort | osteotomy was then
performed in both systems following the clinical standard. In the AnatomicAligner, the cut
was made using the “virtual osteotomy” function, whereas the “PolyPlane” function was
used in Mimics. Two bony segments were generated in each system: a Le Fort | segment and
the remaining of the midface segment. The surface deviation for both Le Fort | and the
remaining midface segments generated by the two systems were calculated in RapidForm.

Finally, to evaluate the accuracy of translational and rotational movements, the surface
deviation was calculated between the 3D models of the two systems after a specific
transformation matrix was applied. The Le Fort | segment generated by the
AnatomicAligner for comparing virtual osteotomy was used in both systems. This is done to
avoid confounding errors from 3D reconstruction and/or virtual osteotomy. Once the Le Fort
I segment had been imported into both systems, it was duplicated. The first Le Fort |
segment was translated 4 mm along the xaxis, 6 mm along the y axis, and 8 mm along the z
axis. The second Le Fort | segment was rotated 6° around the x axis, 8° around the y axis,
and 10° around the zaxis. The two Le Fort | segments were once again imported into
RapidForm, and surface deviation between the corresponding models was calculated.

Validation #2—The purpose of this prospective validation was to determine whether the
planned results, using the AnatomicAligner system, were at least as good as the current gold
standard (designed and printed by commercial services). Ten consecutive patients were
included based on the following criteria: (1) patients who were diagnosed with a dentofacial
deformity; (2) patients who were scheduled for double-jaw surgery; and (3) patients who
had CT scans as a part of their diagnosis and treatment. For each patient, the orthognathic
surgery was planned by a single surgeon (J.G.) in conjunction with a commercial service
provider (3D Systems—Medical Modeling, Golden, CO) following the author’s CASS
protocol [3,20]. Surgical splints (denoted as “commercial splints™) were designed and
printed by the commercial service provider, and these splints were used at the time of
surgery. The same surgeon then repeated the same surgical planning using the
AnatomicAligner system, from importing the DICOM images to designing the surgical
splints. The transformation matrix used by the service provider was then duplicated in the
AnatomicAligner system and applied to each bony segment. Finally, the intermediate splint
designed in the AnatomicAligner (denoted as “AnatomicAligner splint”) was printed by a
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3D printer (Object30 Orthodesk, Stratasys Ltd, Eden Prairie, MN) using FDA-approved
MED®610 material. Only the intermediate splint was evaluated. This is because the position
of the intermediate splint is directly determined by the system. Therefore, the accuracy of
the intermediate splint is the most direct benchmark for measuring the accuracy of the
system.

The fitting of the printed commercial and AnatomicAligner splints were evaluated by two
experienced oral urgeons for orthognathic surgery (H.M. and D.H.) in the following aspects:
total fitting (relationship of the upper and lower models) and individual fitting (rocking and
shifting). Neither evaluator was involved in the surgical planning or splint printing. The
evaluators were also blinded from each other’s evaluation results. However, since the
materials used to print splint by our laboratory and the commercial service were different, it
was impossible to blind the evaluators from the system used to design the splint. Therefore,
the following strategy was used to prevent conformation bias. For each patient, the
commercial splint was used to mount the upper and lower stone dental models onto a Galetti
dental articulator. Afterward, the commercial splint was removed, and the AnatomicAligner
splint was inserted for the evaluation. The evaluators were then asked to evaluate the fitting
of the splint based on the clinical standard. The most important aspect was to determine
whether the AnatomicAligner splint could correctly establish the desired intermediate
occlusion between the upper and lower teeth. To do this, the fitting of the AnatomicAligner
splint was evaluated, while both the upper and lower stone models were mounted on the
Galetti dental articulator, a relationship that was predetermined by the commercial splint.
Once the total fitting was evaluated, the rocking and shifting on the individual upper and
lower dental models were evaluated individually. Three ranks were given for each splint in
each respect: Rank #1 represented perfect fit, Rank #2 represented a partial fit (mild shifting
or rocking), and Rank #3 represented no fit at all. Finally, the ranking scores determined by
the two evaluators were paired and summarized descriptively.

Results

Results for validation #1

The average surface deviation between the two models after 3D model reconstruction in
Mimics and CASS was 0.3 mm with a SD of 0.03 mm. These errors were mainly attributed
to scattering at the margins of the image, where the images exceeded field of view during
CT acquisition, thin bones in the nasal cavity and orbital frames, and artifacts caused by
amalgam and orthodontic bands (Fig. 10). Once these errors were removed, the average
surface deviation was reduced to less than 0.2 mm. These error margins are clinically
insignificant.

Furthermore, the results of our virtual osteotomy comparison showed an average surface
deviation of 0.001 mm between the two Le Fort | segments with a SD of 0.001 mm. The
results of the translation comparison showed an average surface deviation of 0.001 mm with
a SD of 0.001 mm between the two Le Fort | segments. And finally, the results of the
rotational comparison showed an average surface deviation of 0.01 mm with a SD of 0.01
mm.
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Results for validation #2

The evaluation results showed that all the AnatomicAligner splints fit perfectly (Rank #1),
while the models were mounted in the intermediate occlusion on a Galetti dental articulator.
Figure 11 shows the results of total splint fitting evaluation of a set of randomly selected
patient models. In addition, all the AnatomicAligner splints were seated perfectly on the
stone models, without any rocking (Rank #1) or shifting (Rank #1) while they were
evaluated individually on the upper and lower models.

Discussion and conclusion

We successfully developed a CASS system, the AnatomicAligner, for planning orthognathic
surgery. The system will soon be available for free to the broader clinical and research
communities. The advantages of this AnatomicAligner system over other research and
commercially available systems are as follows. The first advantage is that it allows doctors,
for the first time, to accurately plan an entire orthognathic surgery within a single software
system following our streamlined clinical protocol [4]. The user interface of the system is
designed with the perception that end users are medical doctors with little knowledge in
computer graphics. Necessary prompts and self-error-checks are also implemented to guide
and warn the users. The second advantage is that the true 3D cephalometric analysis [7],
including the five geometric properties of orientation, symmetry, position, size and shape, is
implemented in a surgical planning system for the first time. This is especially important for
correctly quantifying deformities and planning treatment. The third advantage is that all
involved bony segments are moved and rotated under an automatically generated
hierarchical structure during the registration and surgical simulation. This makes possible to
efficiently plan different types of surgeries without manually relinking or regrouping the
related bony segments repeatedly. The final advantage is that the surgical splint design is a
semiautomatic procedure. To our knowledge, the authors are the first group to report this
streamlined and guided splint designing method [30]. The surgical splints can be effectively
designed in the system and printed by any in-house 3D printer that uses FDA-approved
biocompatible materials. These splints are used at the time of the surgery to accurately
transfer the computerized surgical plan to the patient. Currently, we have obtained our
hospital’s IRB approval and started to use this system in our patient care for treating patients
with dentofacial deformities.

Nonetheless, the AnatomicAligner system also has several limitations. The first limitation is
that the stone dental models are still needed to establish the final occlusion, as indicated in
our clinical protocol [20]. Although our laboratory and several others are trying to automate
the establishment of final occlusion without using the stone dental models [41-45], it is still
under rigorous clinical testing. The second limitation is soft-tissue-change prediction
following the osteotomies. As a clinical application, the prediction must be fast and accurate.
Yet attaining both is difficult because these attributes are inversely related. Several models
have been used to simulate soft-tissue deformations both commercially and in research,
including: empirical-based models [8,9,46,47], mass spring models [48-50], mass tensor
models [51,52] and finite element models (FEM) [47,49,51-56]. Among these, FEM is
reported to be the most common, accurate and biomechanically relevant method [57-60].
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However, preparation and computation time for FEM is significant (from hours to days). Our
laboratory has also solved this problem by using an eFace-template method to efficiently
generate a patient-specific and anatomically detailed facial soft tissue FEM within minutes
[61-63], which is also under rigorous clinical testing now. We hope to incorporate both
features into our AnatomicAligner system in the near future.
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Fig. 1.
The main user interface of the AnatomicAligner system
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Fig. 2.
User defined cutting line. Red/Green dots are manually digitized to generate a user defined

cutting plane. The green dot is the last digitized point
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Fig. 3.
The hexahedron is formed between two adjacent (green) points following these initial

dimensions
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S hinge-axis rotation

adaptively adjusted

Fig. 4.

Hi?]ge-axis joints combine the top faces of the hexahedrons, while the bottom faces are
adaptively adjusted. The six control spheres also adjust the cutting plane. Green spheres, at
each end, control the length of the hexahedron. The two middle green spheres (on each side
of the hexahedron) control the width of the knife. Yellow spheres adjust angle between
adjacent hexahedrons. The currently selected sphere is displayed in red
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Fig. 5.
The four different relationships between a triangle and the hexahedron
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A new triangle Two new triangles

Original triangle Original triangle

Fig. 6.
Broken triangles are fixed depending on the number of vertices still outside (green) of the

plane
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Fig. 7.
Before and after views of a virtually stimulated typical orthognathic surgery for a real

patient: Le Fort | osteotomy, bilateral sagittal splint osteotomy and genioplasty. (8) The 3D
cephalometry window shows measurements that is updated in real time during surgical
simulation. (6) The hierarchy is used to organize bony segments and make sure all related
segments are moved/rotated together. (¢) A freehand 3D/2D measurement tool is used to
ensure the bony collision is within clinical acceptable range and can be trimmed off during
the surgical procedure
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Fig. 8.
Anatomy of our AnatomicAligner splint. a The contour of the top face of the splint is traced

onto a plane. b Using the top and bottom contours, as well as, extensions if necessary, the
surgical splint is generated by the AnatomicAligner
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Fig. 9.

Sugrgical splint. a A computerized intermediate splint (for maxillary surgery first) is shown
with reconstructed bone models. The osteotomized Le Fort | segment is moved into its
desired final position, while the mandibular distal segment remains intact at its original
position. b The computerized splint is then printed using a 3D printer. ¢ The printed surgical
splint is finally used to reposition the Le Fort | segment at the time of surgery
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* Sampling Ratio : 100%
* Projection Method : Normalized

* Handiing of Unprojected Vertex : Project on Infinite Plane of Face
* Minimum Distance : 0.00000

* Maximum Distance : 0.94234

* Average Distance : 0.24811

* Standard Deviation : 0.21810

Fig. 10.
Average surface deviation between the AnatomicAligner and Mimics models after

segmentation and 3D model reconstruction
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Fig. 11.
The result of the total splint fitting evaluation. a Mounting the upper and lower stone dental

models onto a Galetti dental articulator using the commercial splint; b The commercial
splint was removed, and the AnatomicAligner splint was inserted for the fitting evaluation
without breaking the relationship established by the commercial splint
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